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Abstract

Diarylethenes (DAE) are a class of photochromic molecular switches that convert
between two structural isomerpan excitation with light. A great deal of research has been
dedicated to elucidating the mechanisms of the reversible electrocyclic redctioake optical
memory devices with DAE compoundsut details of the fundamental reaction mechanism after
one or two-photons of light is still lacking Theprimary DAE discussed in this digrtation is
1,2-bis(2,4dimethyl-5-phenyt3-thienyl)perfluorocyclopentene (DMPRPFCP), which is a
model compound for studying the fundamental reaction dynamics usingaodéno-photon
excitation experiments. Pumpprobe spectroscopy was used to study the é@mephoton
guantum vyield cycleversion reaction of DMRPFCP by changing thexcitation wavelength,
solvent, and temperature describe the dynamics on the grouaddexcited states. However,
the primarygoal of this work was to use sequential {pltoton excitation with fi&aserpulses to
map outthe cycloreversiorreaction dynamicgor DMPT-PFCP compound on thdirst and
higherexcited states.

The cycloreversion quantum yieldas selectivelyncreased using sequential tpboton
excitation, where after promotion to the State, a second excitation pulse promotes the
molecules to an even higher excited state. The mechanismareésingheyield by promoting
the molecules to a higher excited statas explored using purmgpumpprobe (PReP)
spectroscopy. The PReP experinsdiollow the excitedstatedynamics as the molecules sample
different regions of the :otential energy surface. h& prgection of the $dynamics onto the
higher excited stateshowed that Y changing thesecondary excitatiowavelength anthe delay
between excitation pulsethe cycloreversion quanturyield was selectively controlledFuture
studies to obtain the spdcifmodes involved in the ringpening reaction coordinate on the

excitedstate would further improve our knowledge of the cycloreversion reaction and therefore



improve the efficiency of the sequentiatwo-photon excitationprocessto make very efficient

optical memory devices using DAE compounds.
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1. Chapter One: Introduction to Photochromic Molecular Switches
1.1  Overview of Dissertation

Diarylethenes have been shown to be promising candidates for optoelectronic
applications such as erasable optidala storagé. While many pumgprobe (PP) experiments
have been reported for different diarylethene (DAE) derivatives, we report here some key
mechanistic details of the cycloreversion reactioy using pumprepumpprobe (PReP)
spectroscopy. The majority of this dissertation will focus on the reaction dynamics of the
cycloreversion reaction for 1f3is(2,4dimethyt5-phenyt3-thienyl)perfluorocyclopentene
(DMPT-PFCP) using onphoton and sequentibwo-photon excitation. DMP-PFCP is a great
model system for studying the enand twephoton dynamics, and the concepts learned with
DMPT-PFCP can be applied to other DAE compounds to construct efficientreaiterase
data storage devices.

Our PP eperiments address some of the key details missing in understanding the one
photon cycloreversion reaction. We have explored how changing the excitation wavelength
across the visible absorption band and the setmmest absorption band affects the
cycloreversion rates and the quantum yield. We used shoetion UV and visible pulses to
observe new ultrafast dynamics and to explore changes in the cycloreversion reaction when
directly exciting to higher excited states. Temperature and solvent effattatéam describing
the reaction dynamics on the grourahd exciteestate surfaces. We demonstrated how the
cycloreversion yield can be controlled using sequentiatgiuaton excitation by changing the
secondary excitation wavelength or delay. Thesehresults are essential for understanding
how the higher excited states contribute to the cycloreversion reaction mechanism and how

improvements can be made for applications in optoelectronic devices.



1.2  Motivation for Diarylethene Photochromic Molecular Switches

Photochromic molecular switches, or photoswitches, reversibly convert between two
isomers (an opering and a closedng isomer) upon absorption of light. The
photoisomerization of these molecules can be utilized in many optoelectronic apmdicatch
as switches and memory devices because the isomeric state of the molecule is easily controlled
by irradiating with UV or visible light? The ideal photoswitch should be thermally stable and
fatigue resistant for applications in optoelectronic devices. Fatigue resistance, or photostability,
is the ability of the photoswitch to reversibly convert betwtentwo isomers several times
without decomposition or the formation of byproducts. There are several classes of
photochromic molecular switches including diarylethenes (DAE), fulgides, and spiropyrans.
DAE derivatives tend to be very photochemicallybitebecause they have a very low quantum
yield to form unwanted byproducts, meaning that the photoisomerization reaction can cycle
between the two isomers many times without degradation. Even though fulgides are just as
thermally stable as DAE (unlike sppyrans), fulgides are limited to less than 100 cycles
whereas DAE can undergo up to 4t&gcles in favorable casés.

DAE molecules are promising materials for optical data storage because experiments
have shown high recording sensitivity, fast data transfer,lamge readout repeatability.For
most DAE molecules, the opeimg isomer undergoes the photoinduced cyclization reaction
(ring-closing) in very high quantum yield while the closéty isomer undeyoes the
photoinduced cycloreversion reaction (Hogening) in very low quantum vyield. The high
cyclization quantum yield with the low cycloreversion quantum yield makes them ideal systems
for optical data storage to record and reproduce informatispectively! Using DAE

molecules as the recording medium, UV light is used to initiate thecluosgng reaction to



Awriteodo data efficientl-gewhi Uet v vasdbechukedoftieea d &t d
low ring-opening quantum yield. However, to make erasable data storage devices using DAE
molecules, Irie and cworkers propose sequential typboton excitation as a method to
effectively enhance the cycloreversion yield, allowing for tewgaderase capabilit§®

Sequential twephoton excitation is a resonanttpoh ot on process whe@ere t he
excites the groundtate () molecules to the first excited state)Sand aseend phe@t on ( h
promotes the molecules oy $ a higher excited state 5 The sequential twphoton

excitation mechanism is shown in equatieh. 1

3 3 3 (1-1)

Sequential twephoton excitation of 1;Dis(2,4dimethyt5-phenyt3-
thienyl)perfluorocyclopentene (DMPFPFCP), the compound shown in Figurel,lis the
foundation of the research in this dissertation, which describes the role of the excited states in the
cycloreversion reaction.

The operring isomer of DMPTPFCPhas an absorption band in the UV at 280 nm. The
closedring isomer has a UV band at 375 nm and a broad band in the visible, both of which are
energetically separated from the opem ng | somer 6 s abso+pAPjthen b an c
quantum yield for cycl@version is ~29%%! whereas the yield for cyclization is 46% in
solution!? Cyclization yield is limited by roughly equal populations of reactive andreaative

conformers
1.3  Woodward-Hoffmann Rules for Electrocyclic Reactions

Robert Woodward and Roald Hoffmann developed a set of rules based on conservation

of orbital symmetry that explains electrocyclic mechanisms by predicting electronic barrier
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Figurel-1: UV-Vis absorption spectra of the opemd closeding isomers of DMPIPFCP



heights'* Thepor bi t al s at -corfjugatee systesn ofoafpolyerte enust rotate in a
concerted fashion in order to -ongesomerapgttend f o
termini of the open chain conjugat polyenes, the symmetry of the highest occupied molecular
orbitals (HOMO) -elearons will psefererntialyrundergo adconrotatory process
on the ground state where th@ibitals both rotate cloewise or counter clockvise. A system
cont ai ni n-glectdomspraferéntially undergoes a disrotatory process on the ground state
where one forbital rotates clockvise and the other rotates counterclack se t o f or m a
Promoting an electron to the excited state will reverse thartaksymmetry relationships, e.g.,
a molecule that undergoes a conrotatory process on the ground state will undergo a disrotatory
process on the excited stafe.

The orbital symmetry for the electrocyclic reactions of H&%atriene follows the rule
f or 4ateetr®dns and therefore prefers a thermal disrotatory process on the ground state and
conrotatory process on thexcited staté®> A steric barrier can be created to block the thermal
disrotatory process from occurring on the ground state by attaching methyl groups to the 1 and 6
positions on hexatriene. With the disrotatory process blocked on the ground state, the only
favorable electrocyclic reaction is the conrotatory process in the excited state, according to the
WoodwardHoffmann rules. The conrotatory rotation will avoid any steric hindrance between
the two methyl group¥ The underlying framework of DAE molecules is 1;Béxatriene, and
the addition of the ethyls to DAE molecules is to prevent the thermal disrotatory reaction from
occurring so that the reaction only occurs photochemically for their uses in optoelectronic
devices. The photochemical reaction will follow a conrotatory process on the exafted st

The addition of the methyl groups to prevent dmotatory reaction on the ground state

for photochemical control of the electrocyclic reactions is just one example of how DAE



compounds have been chemically engineered over the years to make for optimal materials for
optoelectronic devices. Understamglihow the structure affects the physical properties of DAE

is important for designing ideal photoswitches for the desired application. The physical
properties determined by the structure are directly related to the potential energy surfaces (PES).
Undesstanding how the structure changes the ground and excited PES will allow for better

optical control of the electrocyclic reactions.
1.4  Structure and Physical Properties of Diarylethene Derivatives

Stilbene is an example of a DAE, which connects two phenylpgréogether by a C=C
double bond. In theis conformation, stilbene can form a bond between the two phenyl groups
creating the closedng isomer (dihydrophenanthrene), but the clesed isomer is thermally
unstable and readily converts back to thenegieg isomer ¢is-stilbene)! Kellogg et al. showed
that the lifetime of the closedhg isomer of stilbene is prolonged by replacing the phenyl
substituents with thienyl group®. Figure 2 illustrates that the grourstate of the closedng
isomer of a DAE compound is stabilized when the phegngups are replaced with thienyl
groupst’ The closedring isomer with thienyl groups now has an even larger cycloreversion
reaction barrier thermally separating the
synthesized and studied the physical properties of a wide variety of thermally stable DAE
molecules that incorporate thienyl groups for applications in data stdrdge.

Dithienylethenes (DTE) can have ttigenyl groups attached to the ethene bridge via the
3 position, which is called normal type, or at the 2 position, which is called inverse type, shown
in Figure x3.2°2! There are dramatic differences in the cyclersion reaction between the two
types. For the normal type compounds, e.g. DNFFCP, the cycloreversion quantum yield is

less than a few percent, whereas the inverse type has a cycloreversion quantum yield-that is 10
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Figurel-2: Ground state energy surface of a dithienylethene (blue) and a diphenylethene (red)
illustrating that the barrier of the closeidg isomer is affected by the aromaticity of the aryl
groups on the DAE. Heterocyclic arylogips lower the energy of the closed state to make the
closedring isomer thermally stable. Figure created based on ref 18.
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fold larger. The dramatic change in the quantum yield between the two types has been explained
using computational chemigtto examine the first excited state surface, which is where the
cycloreversion reaction typically occurs. For normal type DTE, there is a small activated barrier
on the first excited state that is due to th&€ ®ond stretching process in the Hogening
reaction?2?® For the inverse type DTE, there is no barrier on the first excited state for the ring
opening reactio”’?! These results suggest a correlation between the cycloreversion quantum
yield and the existence of a barrier arfs

A limitation of the simple C=C double borfatidge between the aryl groups, like in
stilbene, is that theis-transisomerization can also occur upon photoexcitation. Replacing the
ethylene bridge with a cycloalkene bridge disruptsdisdrans isomerization around the C=C
double bond so that the only possible photoisomerization reactice the ringpening and
closing?® Unfortunately, the cycloalkene bridge does not prevent the existence of another non
reactive conformation, which exists tihe operring form? The nonreactive conformer has a
geometrywherethe twoaryl groupsareoriented parallel to each other, which prevents the ring
from closing. This nomeactive conformer reduces the quantum yield of the cyclization reaction
in solution, but in therystalline phase, the opemg isomers are fixed in the conformation that
will undergo the cyclization reactidn.

Another advantage of the cycloalkene bridgeher tharethanejs that further spectral
separation can be achieved between the absorptiors ledritle two isomers. Fluorinating the
cycloalkene ring reahifts the absorption band of the closedy isomer because the lowest
unoccupied molecular orbital (LUMO) is stabilized by the high electron affinity of the
fluorines?8?® Fluorinating the cycloalkene bridge also increases the photochemical and thermal

stability compared to the hydrogenated cycloalkene bAtigBecreasing the ring size of the



cycloalkene bridge also causes a-sédt, which is due to an increase in planarity of the
molecule and therefore incs# in conjugatiod! Interestingly, the loss in planarity due to
increasing the ring size of the cycloalkene group increases the cyclization quantum Tield.
choice of using a fivenembered cycloalkene ring is based on maximizing the cyclization

qguantum yield and having the | argest &Separati
1.5 The Cycloreversion Reaction of 1,&Lyclohexadiene

The mechanism of the cycloreversion process forc§cBohexadiene has been well
established from many experimental and computational studies, and can be used to describe the
ring-openingreaction of DAE®?4? To summarize the results, ephoton excitation promotes
thel3cycl ohexadiene molecules from the 1A ()
which has a large oscillator st r*Thgsymmetyo mpar e
labels reflect the £symmetry that describes 1c¢§clohexadiene. Within 140 fs, the 41,3
cyclohexadiene molecules move from the Fra@ckdon region through an avoided crossing to
the 2A state, and then through a conical intersection (Cl) where 40% ctmte3{5hexatriene

and the rest return to the initial reactant form on the 1A ground®ététe.
1.6  Computational Studies for Diarylethenes

Computational studies to determine the potential energy surfaces (PES) and reaction
dynamics oDAE compounds are important to confirm the interpretation of experimental results.
There is an immense amount of computational work on DAE derivatives, mainly to describe the
electrocyclic reactions on the first excited stafg2023384446 bt higher excited states have also
been calculate@#*"4® The two main computational works that are referenced the most in this

dissertation are briefly described in the next two paragraphs.
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Boggio-Pasquaand ceworkerg® used complete active space smihsistent field
(CASSCF) theory to study the topology of the PES for the first excited state of four DAE
molecules. P-bis(2methyl5-phenyt3-thienyl)perfluorocyclopentene is one of the four DAE
systems studietf which is almost identical to our photoswitch, DMHPFCP, except for th
missing methyl groups in the 4 position of the thiophene rings. The dynamics of the
cycloreversion reaction were determined using a molecular mecheaése bond (MMVB)
method for a model hydrocarbon version of dithienylethene. Understanding tmidgrof the
molecules moving along the PES is necessary to explain how the CI is accessible in the
cycloreversion reaction for DAE derivatives. The study showed that:tBe c8ossing forms a
seam that is parallel to the@© bond stretching reaction aalinate, but is not accessible to the
closedring molecules until they move over an activated baffieBoggio-Pasqua et al. showed
that the cycloreversion reactiomreres an additional orthogonal asymmetric torsional motion in
order for the DAE molecules to reach the conical s€am.

A computational study on the higher excitedesteby Guillaumont and eworkers$’ used
CASSCEF to calculate stationary points on the hypersesfaf the ground and first through third
singlet excited states for dithienylethene. An important result is that the height oCHed
stretching barrier decreases with increasing electronic “ta@uillaumont and cavorkers’
also used timelependent density functional theory (‘FT) calculations to show that one
photon excitation directly to these higher excited states is improbable because the higher excited
states have very low osatbr strengths. Secondary excitation to promote the moleculeston S
these higher excited states was proposed to increase the product yield because the higher
electronic states have smaller energy barriers compared for®wever, a contradicting result

using TDDFT to calculate the second excited state, which corresponds to the HOMO to
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LUMO+1 electronic transition, showed a larger activated barrier than the first excited state
suggesting that the higher excited states have larger energy barriers and would suppress
photoswitching from those stat&s However, TDDFT does not accurately treat doubly ied

st at e s*and*the*djcrepancy between the two computational results on the higher
excited states may reflect differences in the level of theory as well as general differences in the

compounds studied.
1.7  Experimental Studies of the Cycloreversion Reaction for Diarylethenes

The transient absorption spectra of DAE molecules after visible excitation show excited
state absorption (ESA) bands in the UV to the 1#iRaregion with a groundtate bleach (GSB)
band in between the ESA bands. The excited state lifetimes depend on thBAEtnaolecule,
but the time constants often range from25Lps in solution. The number of time constants and
the assignment of a physical process to the time constants seem to vary among the literature,
even for the same DAE compoufitt. Research from the KryschP® and Iri¢ groups have
reported DAE systems where both the ESA and the GSB decay with the same two time constants
where the faster time component, usuaHy fis, is attributed to the ringpening process ahe
S; surface and the slower time componeng8ps) is assigned to vibrational cooling on the
groundstate. The vibrational cooling on the ground state is supported by results from another
photoswitch, a fulgide, which will be discussed below. Tlaeesother instances when only one
ESA time component is recovered, e.g. DMPAHCP was shown to only have a ~7.5 ps time
constant for the decay of the excited sfate.

Other DAE systems have been reported as having two time components that describe the
dynamics on the excited state. Ern and coworkersported the ESA of a DTE compound that

decays with ~1 and 3lps time constants, while the bleach recovers only with a ~13 ps time
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constant. The ~1 ps component is attributed to vibrational relaxationfolio®#ed by a ~13 ps
decay to the ground state. Chapter three of this thesis reports that DMPACP (the same
compound previously reported to have only a single ~7.5 ps time cdhdtast two time
consants in the excited state where a ~3 ps time component is the evolution over anstatated
barrier and a ~9 ps time component the excited state liféti@ienilarly, a benzothienyDAE
derivative (ame compound in chapter 7), which is similar in structure to DIRPTP, was
reported to have two time constants of ~4 and ~22 ps in the ESA ‘téedy.

To determine if there are two dynamical components on the excited state or a single
relaxation followed by a vibrational cooling on the ground state,-teselved fluorescence is a
technique that probes only the dynamics on the excited state-ré&soked fluorescence
measurements on benzothie®AE revealed two time constants (~4 and ~22 ps), which
supports that the dynamics on the excited state can be described-bypmténtial process.
Along with the use of timeesolved fluorescence, using analysis routines, like target anzlysis,
can help separate and assign the two dynamical components, as shown in later chapters of this
thesis.

Temperature dependent pupmbe (PP) measurementveal the reaction mechanisms
on both the openand closeeting isomers of benzothier{dAE.?? Ishibashi and cevorkers?
showed that the rirglosing quantum yield is independent of temperature, which suggests a
barrierless cyclization, while the quantum yield of the 4@pgning reaction increases with
temperature, supporting an activated barrier pasSredicted from computational calculations.
The model applied to explain the temperatependent results proposed an energy barrier in
the GC bond stretching coordinate, which leads to theirCtompetition with direct relaxation

to the ground state of the closedg isomer?? The barrier on Ssuppresses the cycloreversion
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reaction because of the competingmeadive pathway, thus resulting in the low quantum vyield.
Several mechanistic models have been proposed for the cycloreversion reaction for
photochromic molecular switch&§222352545861  The models will be explored thoroughly in
chapter 6 with a new proposed mechanism to describe the reaction mechanism fePBUIP.T
Attempts to increase the yield with excess energy either figmeh temperatures or
increasing the pumgnergy have proven to be minimally effectivé?> UV excitation to
promote the molecules to a higher excited state has not been explored extensively in DAE
derivatives. Ern and eworker$*>* reported that UV and visible excitation of a DAE compound
resulted in similar transient absorption signals and kinetics, but the quantum yields were not
reported. Excitation at wavelengths across the visible absorption band show a moderate increase
in the quantum vyield with increasing pump wavelength, but the quantum yield from exciting the
UV band has not been reported previodshy>3
Even though the omphoton excitation of a closathg isomer results in a low
cycloreversion quantum yield, Irie and-eworkers discovered that hightensity picosecond
pulses enhance the cgokversion yield. However, only the onphoton quantum yield was
obtained when using the same hjggak intensity witifemtosecongulses Based on the lack
of a yield enhancement from thegalses, simultaneous twghoton excitation was ruled out as
the mechanism for the yield enhancement because a delay between the two photons is required.
The mechanism responsible for the laoyeloreversion yield enhancement is a stépe two
photon process where the leading edge of th@slpulse prepares the molecules on the first
excited state and the trailing edge of theppkse excites the molecules again to a higher excited
state® Similar studies on various DAE derivatives also showed that yield enhancement only

occurs with ps pulsés:™
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1.7.1 Dynamics of Fulgides

It is worth mentioning another class of closely related photoswitches called fulgides,
which have two different aryl groupsttached to the 1,3sexatriene motif making them an
asymmetric photoswitch. A weditudied fulgide has a maleic anhydride and an indole group
attached to the 1,3fexatriene motif, which is called an indolylfulgide (Figuret)f®6267
Fulgides have been studied extensively for many years for their use as molecular S#t€hes.

6668 Fulgides, like DAE, only convert photochemically between two isomers when irradiating
with the appropriate excitation wavelength. The clased isomer absorbs in the visible while
the operring isomer absorbs in the UV. However, unlike DAE derivatives that have a
cycloalkene attached to the C=C double bond to presigritans isomerization fulgides can
isomerize in the opeform between Z and E isomers, Figurd.1l

A lot of comparisons are made between fulgides and DAE molecules because of the
similarity in the electrocyclic reactions. Using tiresolved fluorescence, the rhogening
reaction of an indolylfulgide had a reported ~90 fs time constant, which was assigned as the
movement along the adiabatic PES from the 1B
constant attributed to tha Bfetime 55%8 A visible pumplIR probe experiment revealed two time
constants in the GSB recovery, ~3 and ~17 ps, but only one time constant in the ESA decay, ~3
ps. The conclusion from both the IR probe and #iesolved fluorescence studies is that the
lifetime of the excited state is ~3 ps followed by a vibrational cooling of ~17 ps on the ground
state®?

Just like DAE compunds, fulgides must also move over an activated barrier along the C
C bond stretching coordinate, followed by a torsional motion perpendicular to-@hédhd

stretching reaction coordinate to reach th&°CThe cycloreversion quantum yield has been
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Figurel-4. Scheme for the Z/E isomerization and tyelization/cycloreversion reaction of an
indolylfulgide.
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shown to increase with temperature, as expected for an activated barrier Gosdihg.
guantum vyield also increases by optically preparing the closgdmolecules in a vibrationally
hot ground state by a mechanism cajpegexcitation®3%5¢° Briefly, this preexcitation sceme
initiates the ringclosing reaction with UV excitation to produce vibrationally hot clesed
isomers, and then a second visible pump pulse promotes the vibrationally hotrgigsed
molecules to § By preparing vibrationally hot closethg molecles on the ground state, the
molecules will have enough excess energy on thet&e to overcome the activated barrier
following re-excition. Ishibashi and eworkerd® have observed sequential twboton
excitation of a fulgide via ps pulseshich increased the yield from 20% to 45%. However,
unlike DAE, onephoton excitation to the higher excited states with UV light resulted in four
times more product than visible excitatidn This proposed mechanism provides an important

reference point for our interpretations of the DMPRCP reaction pathway.
1.8 Dissertation Overview

The following outline for this dsertation provides a brief description of each chapter.
Chapter 2 describes the experimental equipment used for the PP and PReP experiments. The
Ti:sapphire laser system, how we tune our pump and probe pulses, sample delivery, and an
extensive explanatioof the electronic satp and LabVIEW programs for data collection are all
described.

Chapter 3 explains a oneolor sequential twgphoton excitation experiment used to increase the
cycloreversion quantum yield, as well as a pypnpbe experiment to desceitihe first excited
state’® The PP results indicate two dynamic processes exist on the excited state, followed by a
long lived cooling component of the ground state. Comparing our experimentas neghlt

computational results from the literature, we suggest that the two dynamic processes on the
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excited state are from the molecules moving over an activated barrier that initiates the ring
opening reaction, followed by a torsional motion towards th&SCI1.22> Tuning the delay
between two successive 58fh pump pulses resolved a delay in the yield enhancement that
corresponds to the evolution over the exctemte barrier. The delay in enhancement
demonstrates the importance irepeciting the molecules in the right geometrical structure.

Chapter 4 describes more details of the gpleoton reaction dynamics using visible and UV
excitation wavelengths with sul00 fspulses, as well as using tveolor PReP spectroscopy.

UV excitation shows a new absorption band that decays on ~100 fs that is not in the transient
absorption spectrum after visible excitation. The quant@hlyiare the same for UV and visible
excitation, but 506hm excitation followed by 83@m reexcitation enhances the quantum yield
3-fold. We also show that the quantum yield is not dependent on the delay between the two
excitation pulses except at thebs200 fs region where the yield for doubly excited molecules
approaches the osghoton yield.

Chapter 5 maps out the higher excited state PES in much more detail than described in chapter
4.2 In this chapter, we vary both exdittn wavelengths and cover a wider range of
wavelengths.  Varying the initial excitation wavelength followed by -B®0 secondary
excitation gives the same biexponential behavior reported in chapter 3. Changing the second
excitation wavelength did show affdrence in the PReP signals when changing the delay
between the two excitation pulses. The second excitation wavelength determines to which
higher excited state the molecules are promoted. Our PReP experiments show that there are at
least two higher ecited states that the secondary excitation pulse can access fromsia¢eS

We also looked at the anisotropy between UV and visiblepbiogon excitation to show that the
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transient absorption bands from the PP experiments reflect different highezdextates,
consistent with our interpretation of the PReP results.

Chapter 6 explores the temperature dependence of the quantum yield and reaction rates for
cycloreversion of DMPJPFCP on the first excited stafe.The quantum yield increases with
temperature, indicating an activated process on Bhe activation energy can be determined
using different kinetic models to describe the cycloreversion reaction. Our proposed model
suggests that the molecules undergo two processes on the excited state and that the Cl can be
approached differently whahe molecules start with excess ground vibrational energy. We also
explore solvent effects on the dynamics, where our results suggest that after the molecules move
through the CI, they undergo a largeplitude reorientationalchanges back to the origina

planar structure.

Chapter 7 compares the dynamics of two additional DAE molecules using PP. Onelis(@-2
methyl3-benzothienyl)perfluorocyclopentene (MBAFCP) and the other is 1hs(2,4
dimethyt5-phenyt3-thienyl)cyclopentene (DMPTCP), the hydvgenated version of DMRT

PFCP. Preliminary results suggests that the time constant to move over the excited state barrier
remains the same but the overall excis¢ate lifetime decreases as the energy gap between S
and S increases.

Chapter 8 summarizeshe research presented in this dissertation.
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2. Chapter Two: Experimental Approach

2.1 Overview

The photochemical reaction dynamics of molecular photoswitches were investigated
using twe and threebeam electronic spectroscopy techniques called gunoipe (PP) and
pumprepumpprobe (PReP) spectroscopy. The utilization of amplified femtosecond pulses
allows for probing the evolution of ultrafast photochemical reactions. The PP experiments in
this dissertation use UV or visible light to excite a photoswitch to a specific electronic energy
level determined from the static absorption spectrum, and ithedependent absorption
spectrum of the excited molecules is probed with a second pulse, which covers the UV to near
IR. Based on the transient absorption spectrum obtained from PP, the PReP experiments use a
secondary excitation pulse that is tunedeadsonant with a higher excited state. The secondary
excitation pulse promotes the molecules to a higher excited state to probe new reaction pathways
not observed with onrphoton excitation.

The layout of this chapter is as follows: section 2.2 dessrthe details of the PP and
PReP experiments, section 2.3 describes the Ti:sapphire laser system dindandnequency
techniques to generate the pump and probe pulses, section 2.4 covers the sample preparation and
delivery, section 2.5 explains datallection using an integrating single photodiode and a
photodiode array, section 2.6 describes the LabVIEW programs, and finally section 2.7 describes

the data analysis.
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2.2  Transient Absorption Techniques: Details of the Experimental Setip
2.2.1 Pump-Probe Spetroscopy

Pumpprobe spectroscopy is a transient absorption (TA) technique. The sample is first
irradiated by a higfintensity pump pulse to promote the molecules to the excited state, which is
then followed at some time delay by a lavtensity probe pwle to obtain the excitestate
absorption (ESA) spectrum. To calculate the ESA spectrum, we measure the intensity of the
probe light on the detector with and without the pump pulse incident on the sajmpenlt)
and hump orFr respectively. To obtai lpump oNt) and pump orr We use an optical chopper
(NewFocus, 3501) set to run at half the laser rep rate, 500 Hz, so that the chopper blocks every
ot her pump pul se. We then can calcul al,e t he
which is deived using the Beelcambert law. Because the experiment needs two intensity terms
(loumpoNt) and pumporpg t 0 cal cul ate @A(t), there are two

Each time step is also averaged over a minimum of 50 laser shots.
A - O 2-1
3l O ! (3)— o

The @A(t) signals astamet aldd ovaytsi aanh e( EEXA)i
negative caused by stimulated emission (SE) or by an over subtraction of the static absorption
spectrum due to population changestioe ground state, which is called a growtate bleach
(GSB). Coherent signals, like Raman scattering or ggbase modulatiohcan also appear as
either positive or negative @A(t) signal s.

The purpose of running PP measurements is to obtain information about states involved
in a photochemicaleaction, such as the excited states or the vibrationally hot ground state. The

lifetime of these excited states is determined by measuring the change in the absorption as a
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function of the time delay between the pump and the probe pwbkesh is contolled using an

optical delay line The motion control unit (Newport, ESP30N) controls a 250 mm linear

stage (Newport, ILS250PP), which is used to delay the probe pulse. The motion control unit is
connected to the computer through a USB cord and deatrby a LabVIEW program. The

linear stage has a minimum step size of 1 um with reproducibility of 1.5 pm (5 fs). Because we
want to measure the change in absorption as a function of time, we calculate the distance the
stage moves in ps. When we tested accuracy of the stage when entering a dihag we

noticed that the stages accurately reproduce the distance Newport quoted. The TA experiments
typically move the translation stage no shorter than 10 fs (3 um, which is double the distance the
stagecan reproduce because the probe light travels on then off the delay stage). By tuning the
probe wavelength or using a broadband probe pulse, kinetic and dynamical information about the

system is revealed by the spectral changes with the time delay.

2.2.1.1Pump-Probe Using the Integrating Single Photodiode for Single-Wavelength

Detection

Figure2-1 illustrates the experimental sap for a singlecolor PP measurement using the
integrating single photodiode (SPD) (the electronic details about the SPD are described in
section2.5.1). The motion control unit, which is computer controlled, moves the translation
stage to adjust the delay between the pump and probe pulses. The cboppeler
synchronizes the frequency of a rotating chopper wheel to block alternating pump pulses to
calcul ate signals i n @A. | nt B8.2.%ar theapecal f i | t e
parametric amplifier can be used to obtain single color probe pulses. Thecsiogl@robe
pulses are focused onto the SPD after the san#pIBNC cable connects from one of the four

laser triggerst the breakout box to the SPD. The SPD will output the voltage signal to the
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AsloowDAQ card by a BNC connection to the break

the breakout box must read in the chopper signal when runningumgProbe or theSPD
LabVIEW prograns. If a second SPD is used for a reference or forcmh@ ansotropy
measurements, the second SPD is connected to channel two of the breakout box via a BNC

connection.

2.2.1.2Broadband PP with the Photodiode Array (PDA)

Figure 2-2 illustrates the components involved for collecting broadband transient
absorption measurements with the photodiode
electronic details about the PDAeaidescribed in section 2.5.2). The motion control unit, which
is computer controlled, moves the translation stage to adjust the delay between pump and probe
pulses. The chopper controller sets the frequency to block the pump pulses to calculate signals in
PA. For Dbr oadb a nlight (k) coatmuum probe light is @ocuset onto a 120
pm slit and enters an imaging spectrograph that diffracts and fothes@4. onto a photodiode
array. The gratings used in these experiments are for visibiel,(@7495) and NIR (Oriel,

77478) probe light and will be referred to as the visible or IR grating. They both are 300
lines/mm. The visible grating is blazed at 300 nm, meaning it has the highest efficiency at 300
nm but the primary wavelength regia206750 nm. The IR grating is blazed at 1000 nm with
primary wavelength region in 57800 nm.

The PDA circuit board requires the laser trigger via coaxial cable from one of the four
laser triggers outputs on the breakout box and the 500 Hz choppar\saycoaxial cable from
the chopper control unit. The PDA is triggered to begin collecting signals when the laser trigger
and chopper signal are both high, which is created by using an AND gate on the PDA circuit
board.
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2.2.2 Pump-Repump-Probe Spectroscopy

Threepulse experiments have been used by other groups to disentangle convoluted
signals, reveal spectroscopicallgvisible states, track structural changes through nuclear
wavepacket motion, and enhance a photochemical reaction yield by transferringapslation
to another state by a second excitation ptifseThere are different types of mufiulse
electronic spectroscopy techniques, but the one that applies tostestdiion is pumpepump
probe (PReP) spectroscopy, which involves a double population transfer. When the second
excitation pulse is resonant with an ESA band, the experiment is calledrppomppprobe
spectroscopy. For completeness, when the secanithtion pulse is resonant with a SE band,
the experiment is called purgumpprobe (PDP§. The signals from PDP could include a
decrease of ESA and SE bands and a positive absorption in the GSB*régiensignals in a
PReP experiment could involve new ESA bands and a decrease in the ESA and SE bands, but no
immediate changes in the bleach sighal.

By introducing a second excitation pulse compared with PP, the experiment is now multi
dimensional in that there are two time delays that can be controlled, as sh&igure?2-3.
Fixing the del ay b e t)waprdeohserting the ghsortmon gignal vetle the ( ot
pr obe dedvenlg thd eydlution of the system induced by secondary excitatiogse Th
new kinetics probe the decay of either a new ESA band or the extitedbleach signal
(analogous to GSE). The facti ond measur ement reveal s t
states by fixing the probe p u)lasdescamingthe sacand pe ct
pump with respect to pumpg1To control the respective pulse delay, two translation stages were

used to control the arrival times of the probe and pump2 pulses.
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The signal we calculate for the multii me nsi onal e x p epked(equaation i s ¢
2-2), which is the difference in absorptionWween both excitation pulses irradiating the sample,
PAs, and the sum of pp@dindirgpdhal PP signal s, @A

33 3! 3! i (2-2)

T h ein dduation 22 will be discussed below. The three TA signals are generated by using an
optical chopper in each pump line. In the first pump line, the chopper runs at 500 Hz and in the
second pump line the chopper runs at 250 Hz. The two frequencynatiois result in four
optical signals shown iRigure2-4, which are used to calculate the PReP signal in equatton 2

There can be a problem inlca u | a t dreavdnendpafipump pulses are resonant with
the grounestate absorption. When both of the excitation pulses are incident on the sample,
pump?2 fisees 0 atate populatoreecaupse pumpl thas already promoted some of
the grounestae molecules This reduces h e posi§nal sowh en s ubt r apGng2i Nng t I
signal f po@Signalt dneovergsAbtraction occurs calculatinggp g Arer because the
@Aumpz2signali s | arger whedhpumptt bos -Bis& scahgfgctomt i on
which is equal to the fraction of the grousichte population after pumpl over the original
groundstate populatioR. Because the number of molecules pump2 excites is smaller when both
pul ses are incident, mul tiplying pump2 with I
done in this dissertation, thkinetics and dynamics are minimally affected by the over

subtraction error, which will be slcussed in chapter 5.
2.2.2.1Chopper Setup for Pump-Repump-Probe Experiments

It is important that the choppers are properly synchronized to each other and to the DAQ
cad, as well as operated at the correct phases. The 7/5 slot wheel is used in both choppers and

the laser light travels through the outer slots of the wheel, so reading.¢herrthe control unit
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intensities (#1, Ip2, Ieoth, lorr) result from the two choppers running at 500 and 250 Hz in the
pumpl and pump2 beam lines, respectively.
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shows the frequency at which the chopper is running. The first chopper is synchronized to an
external electronic laser trigger TTL signal from the laser. To obtain 500 Hz, so that every other
pumpl pulse is blocked, the subharmonic (S) setting on #techiopper control is setto 2. The
TTL output (OUT1) of the first chopper (chopper 1) is used as the input for the second chopper
(chopper 2), with S set to 2 as well, so that chopper 2 runs at 250 Hz. The mode on both chopper
control units must be s& H/S for this to work.

In order to run the PReP experiments, the two chopper signals are combined to create a
single chopper signal, shown as the middle signklgare2-5, using an AND logic gate. Inside
the breakout box on the north side of the laser table contains an AND logic gate with three
additional BNC connecters: two for the two chopper signals and one is the combined chopper
outputsignal. This combined chopper signal is then an input for the photodiode array. Two
BNC cables need to run from the two chopper outpuisefRo the input of the AND gate
(labeled as AND IN on the breakout box), and a BNC cable runs from the outih& AND
gate to the PDA chopper input, where there is another AND gate to combine the chopper and
laser trigger. This sequence ensures that the acquisition consistently begins with the same
combination of pumpl and pump2 pulseg(re2-4).

The relative phase of the choppers will determine the order of pulses when the four
signals are read. Chopper 2, which is running at 250 Hz, has a very smalwimghysically
allow the pump2 beam through it without clipping. Clipping tlearh will result in a signal in
one of the other @A combinations. To check
LabVI EW VI NfnSeparate ON amde USddRvhep settimy up ttep u mp 0
chopper phases. The waveform graph is labeled with the four intensities (PP1, PP2, Both, and

Ooff) in the order they should be based on how

40



500 .0us/

chopper2 .
|
chopper1

Combined chopper signal b smms el

NN NN
PEEFCSSNENRY UUY TP TV

............................................................

Laser pulse

>
L )

Freq 498Hz

[CH 1= 508U/ m MINeE S.00U/JICH4:=: 5.00V/

Figure2-5: Oscilloscope screen shot showing the two choppers running at 250 Hz (top) and 500
Hz (second from top) to make a combined 250 Hz chopper sfgndtlle, green) The laser

pulse is the response from the fast photodiode whas placed after the two choppers and the
laser trigger is the kHz TTL signal.
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Use stray pump light on the PDA to see their sigaglsear on the waveform graph.
Adjust the chopper phases so that the appropriate pump light is at the correct labehende
waveform graph, i.e. PP1 should only see stray light from the pumpl line only. Changing the
phases of the choppers wildl change their ord
calculated, so the signatsustbe in the order assigned on the&veform graph in the VI

ASeparate ON and OFF pump repumpo.
2.2.2.2Broadband Pump-Repump-Probe with the Photodiode Array

Figure 2-6 is the experimental sefp for PReP using the PDA. An added component
compared with PP is the second chopper and second pump line. The second chopper is
synchronized to chopper 1, but thetuts of the two choppers are combined using an AND gate
in the breakout box on the north side of the laser table to combine the two choppers TTL signals.
The output of the AND gate at the breakout box is connected via BNC to the PDA. Now, the
PDA begirs collecting signals when the laser trigger is high and the two chopper signals are

high.
2.3 Laser System
2.3.1 Ti:Sapphire Lasers

This section briefly outlines the production of femtosecond laser pulses using Ti:sapphire
lasers. Recent advances in the field afaedhort pulse generaticare based on the development
of titanium-doped aluminum oxide (Ti:ADs, or Ti:sapphire) as a gain medidmThe T ion
electronic structure contains a single 3d electron and in #i@s Abst, the crystal field splits the
Ti®* electronic enagy levels into?T, and?E, the absorption of which covers 400 to 600 nm due
to strong coupling to vibrational modes of the sapphire mitrihe emission peaks around 800
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nm and extends out into the near IR. Because of the largdgathwidth, Ti:sapphire lasers are
capable of amplifying supicosecond pulses. The Legend Elite (Coherent) laser system uses a
Ti:sapphire oscillator to produce short, low energy seed pusgsting stretcher to expand the
seed pulses in time, a Ti:sapphire amplifier for regenerative amplification, and a grating
compressor to produce <35 fs amplified pulses.

The Mantis oscillator (Coherent) produces brbaddwidth seed pulses centeredusud
800 nm. The Mantis uses an optically pumped semiconductor laser, which is initially pumped by
a diode laser bar, to pump the Ti:Sapphire crystal inside the oscillator taiihe fundamental
wavelength of the semiconductor laser is 1064 nm, whichubldd in a lithium triborate (LBO)
nonlinear crystal to produce 532 nm to pump the Ti:sapphire crystal. The Mantis begins in
continuouswave (CW) mode, as indicated by a narrow bandwidth peak below 80@ mwery
important that the CW wavelength set below 800 nm, otherwise mddeking will not be
achieved

The oscillator generates ulshort pulses by Kefiens moddocking!*1® Mode-locking
is a technique that t ak egegandbarawidthatg goducd very h e
short pulses due to interferences of several thousands of longitudinal tns@eslens mode
locking is a type of passive modtiecking that uses the nonlinear optical Kerr effect, which
results from higkintensity light being focused fierently than lowintensity light in the gain
medium. To compensate for timing mismatch of the different frequency components of the
pulse due to material dispersion, the negative dispersion mirrors introduce a small amount of
dispersion with each refleon. The negative dispersion mirrors eliminate the need to include a

prism pair in the cavity, as in earlier cavity desighs.
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Chirped pulse amplification is the technique used toliéynihe shortseed pulses in a
second Ti:sapphire crystdl. To prevent damage to the Ti:sapphire crystal or the cavity optics
from the high peak power of the amplified pulses, the seed pulse is first stretched in time.
Strething the seed pulse is done by using a grating arranged in such a way as to send the higher
frequency components of the seed pulse over a longer path than the lower frequency. There are
four reflections from a single grating to stretch the pulse: twbadlyadisperse the pulse and two
reform the pulse to its original circular shape. After the fourth interaction with the grating, the
seed beam exits the stretcher and enters the regenerative amplifier. The regenerative amplifier
employs a Zold configuation with dichroic mirrors that reflect the IR but transmit the green
light that pumps the Ti:sapphire crystal. The green pump light is from the second harmonic of a
diodepumped, @witched Nd:YLF laser (Evolution, Coherent) running at a 1kHz repetitio
rate. At 527 nm, the Evolution pumps the Ti:sapphire crystal, which can still lase even without
the seed pulse because of spontaneous emission. Amplification of the seed is dependent upon
proper timing between the amplifier resonator at 1 kHz andebd pulse train. The timing,
with respect to the modecked pulse train, is controlled by the use of two Pockels cells in the
regenerative amplifier that selectively rotate the polarization of the seed pules.all of the
seed pulses are amplified because the repetition rate of the seed laser (~80 MHz) exceeds the 1
kHz repetition rate of the amplifier. The first Pockels cell switches the seed pulses into the
resonator while the second Pockels cell switches the seesdspalt of the resonator by a
polarizer after sufficient round trips, and the amplified pulses are dumped out of the cavity into
the compressor. The compressor uses a single grating to disperse the pulse in a way that the

lower-frequency components of themplified pulse cover a longer path than the higher
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frequency components in order to recompress the amplified pulse to a trahsfieac width of
<35 fs.
Oscillator and Regenerative Amplifier Maintenance

Latex/nitrile gloves must be worn before opgnihe Mantis for maintenanc&he output
power of the seed is ~0.350 W in CW mode and ~0.450 W when-lockid (ML). If the
output power has degraded by 10% or more, the Ti:sapphire crystal should be inspected and
cleaned if contaminated. Green scattéthe crystal is an indication that it needs to be cleaned.
Also, the other optics should be checked for contamination, which can often be noticed by
looking for scattered IR light.  Spectroscopic/spectrophotoragtedde methanol is the
recommended seént for cleaning the optics using lens tissue. Mirrors R1 (pump steering
mirror) and M1 with M14 (cavity end mirrors) can be adjusted to try to raise the power if
cleaning the crystal and optics fail. If the power ratio (ML/CW) becomes larger thanriD% a
minor adjustments on M1 and M14 do not decrease the ratio, then move the M5 micrometer
while keeping the CW wavelength below 800 nm to improve the ratio.

The power of the amplified, compressed pulses should be maintained around 3.5 W.
Every few monthghe output power decreases, which affects the performance of the optical
parametric amplifiers. First, the power output from the Mantis should be inspected. If the CW
to ML ratio deviates too far from 80% or the Mantis power has dropped by 10% orthere,
Mantis should first be optimized. If the Mantis does not need to be optimized, then first adjust
the seed beam entering the regenerative amplifier by adjusting SM12 and SM13. If the power is
still low, adjust PM4 and PM5. If further touetps are neded, then make small adjustments on

the cavity end mirrors, RM1 and RM4, while looking at the bujhdprofile. RM3 and RM2 can
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be adjusted as well but readjusting SM12, SM13, PM4 and PM5 will need to followter&e

the process as necessary.
2.3.2 Non-Linear Frequency Conversion
2.3.2.1Generation of White-Light Continuum

In the PP and PReP experiments presented in this dissertation, the probe pulses were
generated by focusing the 8@fn fundamental into a calcium fluoride (GaFerystal for
production ofwhite-light (WL) continuum. WL continuum generation has been well studied by
many groups and the use of broadband WL for PP experiments has also been explained in
detaill1®2>  Continuum generation is a very complex process that involves changes in the
temporal and spatial beam characteristics. The dominant process-psaselfmodulation of
short, intense pulses through the #ioear changes of the refractive index of the medium under
intense irradiation®2°

The basic setip for WL continuum generation uses a neutral density (ND) wheel, an iris,

a lens, and CaF <1 pJ of 80énm light is needed for supercontinuum generation for <100 fs
pulses. After passing 800 nm through a ND &lhend reducing the beam size with an iris,
generation of WL occurs by focusing the 800 nm interar@ Cak substrate. The focus in CaF
should occur on the back side of thenth substrate. A combination of adjustments to the z
position of the Cafcrystl, the ND wheel, and the iris is necessary to produce stable WL, which
is usually indicated by a faint red ring around a white spot. The WL is then collimated and
focused into the sample by a pair of-aKis parabolic mirrors with another iris to sphyidilter

out the red ring.
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The advantage of using Cais the high transparency in the UV, so supercontinuum in
Cak can generate wavelengths down to ~350°Am disadvantage of using Cals that it is
susceptible to optical damage from the incident-800pulse. To avoid optt damage, the
Cak crystal is continuously translated in a circular motion. The circular motion, unlike a back
andforth motion, prevents the translation from stopping temporally at the turning point of the
stage. Another disadvantage of using £@Fthe polarizatiordependence that results in an
intensity modulation of the white light with crystal orientattdn.Pumping with circularly
polarized 800 nm will eliminate the intensity modulation although we use linearly polarized
light.?2 A Glan Taylor polarizer is used to check the polarization quality of the aviite
continuum and ensure that the GaFystal axis is properly oriented.

When generating WL with 800 nm, the broadband spectrum is saturated around 800 nm
because of the excess 83 pump light. This saturation is problematic if the desired range to
probe is around 800 nm. To circumvent this issue, another wavelength can be used to pump the
Cak crystal, leaving the 808Gm region clear of interferences. One purpose for the Hmritie
optical parametric amplifier (OPA), described below, is to geneRatigght to pump the CaF

crystal so the 868m region can be probed.
2.3.2.20ptical Parametric Amplification

A parametric process is one in which the initial and final states of the system are
identical?’ In a parametric process, population is removed from the ground state for only a brief
period of time when it resides in a virtual level befoten@ng back to the ground state. Optical
parametric generation (OPG) is a process that occurs in a nonlinear crystal when a high
frequency, high ipnptegesetrtpt eps mp koadninghdreeir g n ayl
F¥i<¥< $® The signaly)fraguzDorecagmde s he i dlecanler equen
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¥p/2 to 0?° If the crystal is enclosed in an optical cavity, the parametric gain exceeds the losses

and the cawy oscillates like a laser and an optical parametric oscillator (OPO) is created.
Optical parametric amplification @p@RlAaweak s ach
seed pul s)are ¢verlapped avithin thercrystal, and amplification df e s i g nsa | pul
and gener at i q mccursf Figurd2e7 showlsl trese threar parametric procedes.

These processes only occur when the input pulses are temporally and spatially overlapped, as
well as properly phase matched, which is wkerkstki wherek represents the wave vector.

These processes occur in a birefringent nonlinear crystal that has a single optical axis,
defined as the-axis. The principal plane contains thexs and the wave vectdt, When the
polarization of the light is normal tihe principal plane, it is called an ordinary beam (0), which
has someefractive index (5. When the polarization of the light is in the principal plane, it is
called an extraordinary beam (e) and experiences a refractive index that depends on tifie angle
between the -axis and the propagation of the bearg( (d ) ) . Phase matching
adjusting the angl e d ofd d)hef cck=99Toddfllphgse obt ai
matching for thredrequency interactions, there are multiple ways the waves can interact with
different polarizations. We use the ncfinear crystal betdaium borate (BBO), whichis a
negative crystalne<n,. For a negative crystalyge | phase matching is achieved when
Kotko=ke( d) , which is referred to as fAooeod0 phase
signal, and pump pulses, respectivelyth# mixing waves are orthogonally polarized, then type
1 phase matching takes place, and fof a nega
Home-Built Optical Parametric Amplifier

A homebuilt OPA3! is used to generate IR pulses via Type |l phaaéching in a 2.5

mm BBO crystal (Red Optronics). The IR pulses are subsequently are used to generate white
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Figure 2-7. Optical parametric generatiposcillation, and amplification are illustrated. The

grey rectangle represents a Hdorear crystal and the concaved rectangular shapes in the OPO
represent end mirrors. Before the crystal shows the input beam(s) and after the crystal are the
amplified or newly generated pulses. An energy level diagram for the OPA process shows how
the idles @generated by the differ ennodesignain ener

( %), which is through a virtual state.
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light for PP measurementskigure2-8 shows a picture of the OPA with the optics labeled (top)

and the beam pathways (bottom). The input power is split into three beam |b%#s (8
beamsplitter, followed by 90% beamsplitter), two of which are used to pump the crystal, and the
third weak beam is used to generate white light. In the first pump line, a telescope is used to
make a tightly collimated pump beam so that there is highighnmtensity of light to create
superfluorescence in the BBO crystal. The negative lens is on a translation stage to control the
collimation/beam size, which will affect how much superfluorescence is generated. The
superfluoresence is generated uporaiiig the proper phase matching conditions within the
crystal. The WL continuum generation occurs in a sapphire substrate to generate the signal seed
pulse, which is in the IR. The divergence of the OPA output depends on the collimation of the

WL seed. Therefore, the WL seed needs to be properly collimated.

The WL and the first pump pulse are overlapped temporally and spatially in the non
linear crystal to generate green light and red light from sum frequency of ther8pamp with
IR signal pulses antR idler pulses, respectively. The nbinear crystal is a typ# negative
crystal so the pump will be-polarized and the seed will bepslarized with respect to the table,
and t hus f ul 4l phade matahingfitcegeremtepplayizecidlerpulses. The signal
pulse in the WL is transmitted through two custom dichroic mirrors (Femto Lasers, OC 0115)
that transmit the -polarized signal (R>99.5% 72&B0 nm ppolarized, R>99.5% 68030 s
polarized, and T>90% 1160600 nm ppolarized), but reflets the 80éhm pump pulses. The
signal beam is reflected off a silver mirror at a slight downward angle to make a second pass
through the same BBO. There is a polarizer before the silver mirror to separate signal or idler

before the second pass.
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Figure2-8: A picture of the homéuilt OPA with the optics labeled (top) and the beam paths

(bottom).
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The second pump line requires more pump energy but a larger beam size. After the first
beam splitter, the second pump passes through a telescope and is reflected off the custom
dichroic mirror into the BBO where mixing occurs with the signal beam to amplify the IR light.
There are a series of longpass filters to remove light below 1000 nm laigth aeflector to
remove some of the idler beam based on the polarizatigrol§pized). The outgupower
obtained at 1350 nm i954J. The output wavelength can be tuned by adjusting the crystal angle

as shown in Figure-Q.

Commercial Tunable OPAs

The autput pulses from two commercial OPAs (TORESLight Conversion) are used as
the excitation pulses in the PP and PReP experiments. The TOPAS is designed to produce light
from 2462600 nm from the 83@m fundamental pulses. The basic layout of the comialer
TOPASC is similar to the hombuilt OPA except there are two BBO crystals for the two pump
passes, plus up to two optional sfmequency or secordarmonic generation stages for
generating visible and UV light. The exact layout can be obtained thhenTOPASC user
manual. The TOPAS is computer controlled using a wavelength calibration already installed in
the TOPAS software (WinTOPAS) that controls the crystal angles, the two delay stages, and the
two exterior mixers. Maintenance on the TOPAS #thde minimal. Only the exterior mirrors
should be moved to direct the input pump beam to align with the three irises that are a part of
the TOPAS.An installation specification sheet is also found in the TOPAS user manual, which

gives benchmarks of treutput power for each combination of frequency conversion.
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2.4  Sample Preparation and Delivery

All of the samples in thidissertation are in solution phase. The main focus of this thesis
is on the compound 1-}/d@s(2,4dimethyt5-phenyt3-thienyl)perfluorocyclopentene (DMRPT
PFCP, TCI America, B2629). The main solvent of choice is cyclohexane due to its weak
interaction stregth®? and it also makes for a great solvent in théjethe DMPTPFCP starts in
the operring isomer, so the closathg isomer is created by UV irradiation using Mineralight
254/366 nm short/long wave lamp (UHvdolet Products). To determintbe concentration of
the closeering isomer in the solution, we use the molar absorptivity of 1.1@rvt at 534 nm
determined by lIrie et & The experiments are mostly run with a maximum peak absorbance
around 0.5 and using a flow cell or a windowless liquid jet. Roughly, about 33 sdlution is
needed for the flow cell and 50 mL for the jet, depending on the length and diameter of tubing.

Flow cells (Starna Cells, Spectrosil quartz) were purchased from Starna with path lengths
of 0.5 or 1 mm. The standard window thickness is 1.5 nThe window material, Spectrosil
guartz, is designed to transmit light from 170 through 2700 nm. Spectrosil also does not exhibit
any background fluorescence. The solution in the flow cell is circulated with a peristaltic pump
from Small Pumps. Theump is designed with variable flow rate and reversible operation. The
tubing used is 1/8 I D x 1/40 OD Viton B, whi
acetonitrile, and methanol (for extended periods of time).

The windowless liquid jet isisel mainly to improve the temporaksolution of the
experiment because the pump and probe pulses are focused directly into the solution and do not
propagate through any material. A jet is formed by forcing the solution through a sapphire
nozzle which tapps to a 200 um x 7 mm slit. The sapphire nozzle was purchased from Kyburz

Sapphire. The reason we do not always run with the jet is because of solvent evaporation, which
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changes the concentration during long scans (>30 mins), and because of noisebgaused
turbulence and bubbles. It is important to also run with a filter (SwagelokFBSEVCR-15)

attached to the Teflon tubing, particularly if high intensity pump pulses are used, to prevent any
insoluble particles from clogging the slit and thereforeuging the smooth jet stream. The
filter also seems to reduce the noise caused
circulate the solution is Teflon (Swagelok) because of its compatibility with a wide range of
chemicals. The sample is aitated through the jet using a magnetically driven gear pump

(Micropump) and the flow rate is controlled by an adjustable DC power supply.
2.5 Detection Electronics

Now that the PP and PReP experimentalupst have been outlined, the next step is to
collect and process signals from the TA measurements. The TA measurements either use single
probe wavelength detection using a single photodiode (SPD) or the broadbandigivhite
continuum to simultaneously collect a range of wavelengths using a photodiodéP&rgy In
either case, collecting the photodiode voltage signals requires the use of data acquisition (DAQ)
cards. The DAQ hardware takes the voltage signal from the photodiode, an analog waveform,
and converts it into digital datum for processing awndagfe by the computer.

The PC for data acquisition contains two identical DAQ cards in the PCI expansion slots.
We cal l one card the fAsl owo car d -GBh-t00¢ablee ot he
connects the fAsl| owdiltbrAdQa kkautd W ox aarcdi sttloan Af a st
the PDA circuit board with a second cableSingle channel differential inputs are connected to
the fislowd card t hrightByG comnectors,aradiheu th f mesx owictah d
output of the silicon photodiode array (PDA) directly. We use a-RIBL333 card made by

United Electronic Industries (UET$3” These cards only operate with a-B2 opeiating system
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Briefly, PDL-MF i s referred as the fAiLabo series boar
board has 16 analog inputs, 2 analog outputs, and 24 digital I/O. The 333 refers to the maximum
sampling rate, which is 333k samples per secoAdother important feature is the adjustable

input voltage ranges are 0 to 10 V, +5 V, £10 V. The voltage range can be changed via the
LabVIEW programs depending on the strength of signal.

Figure2-10 shows the internal circuit board inside the breakout box, including the BNC
connectors for external connections. The breakout box, created by the KU Instrumentation
Design Laboratory (IDL), provides coaxial connections to the differential analog inpdts a
digital I/0 channels. Differential inputs reduce noise by taking the difference between the high
and low voltages of two analog inputs to create a single differential input. There are 16 single
ended analog inputs from the DAQ card, but the breakouti® configured to work with
differential inputs, so there amaght differential input channels shown figure 2-10. The
breakout box also replitae s t he el ectronic | aser trigger TT
from the output of the synchronization and delay generator (SDG) box that controls the 1 kHz
laser amplifier. The TTL signal is derived from the repetition rate of the Evolg®er.| The
creation of four identical laser trigger outputs allows for synchronizing different laboratory
instruments with the optical output of the pulsed laser. The schematic for the breakout box
circuit is shown in the Appendikigure2-22. The following sections describe the details of the
analogto-digital conversion (ADC) process using the DAQ cards with our detectors so that the

LabVIEW progran can convert the voltage signals into transient absorption signals.

2.5.1 Single Wavelength Detection with an Integrating Single Photodiode

The laser pulses sampled by a PIN photodiode are very short inRigueg2-11, laser
pulse), which does not give the electronics enough time to read the voltage response of the PIN
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Figure2-10: Picture of theébreak out box interior board at the south end of the laser table with
the BNC connections labeled.
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photodiode, let alone consistently read the signal maximum for every laser shot. Because we
need to consistently record the intensity of every laser slgoyse an integrating photodiode to
integrate the total photodiode voltage response within a given integration window. The
integrating SPD is connected to the fsl owo ca
integrating SPD electronic circuit wasade by the KU IDL shown in the Appendikigure
2-23),

A large area (~13 mfp silicon photodiode (Hamamatsu, S1386Q), which has a
spectral response from 190 to 1100 nm, is used for single wavelength detdagane 2-11
shows the timing diagram for running the HfAsl o
kHz external TTL signal, which starts the int
the SPD signal will begin to rise with a time constant basethe circuit, and it will continue to
integrate any light during a 120 ps window until the SPD is reset. The SPD integration is reset
after 120 us by a multivibrator (acts like an oscillator) on the circuit board designed by IDL. The
120-ps window is bng enough to integrate the voltage response so that the DAQ card reads the
voltage consistently. Most of the light isegrated in the first several pssigure 2-12 shows
that the SPD signal (pink) is still integrating (asieaded by the slope) for 120 jgven though
the DAQ card converts the analog signal in the first few ps (yelldwgure 2-12 is a screen
shot of the oscilloscope to illustrate fowkHz laser shots (green) with four signals from the
SPD (pink) integrating over a 136 time frame.

A series of triggers control the analtmgdigital conversion (ADC) process in the DAQ
card. The channel list clock (CL) is controlled by the LabVIEW program based on the number
of analog signals to read. The DAQ card is triggered by the laser triggérete the collection

of analog signals and to Astart the sessiono
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Multiple Laser Shots d

Figure 2-12: Oscilloscope screen shot of four consecutive signals from the laser trigger (green),
laser pulse (purple), SPD (pink), and the CV clock (yellow).
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triggersthe CL clock. The conversion clock (CV) is continuously set high until there is a CL

clock trigger. Once the CL clock is high, the CV clock will trigger the ADC process at the

falling edge every 3 ps until the CL clock signal is lomigure2-11 shows the timing diagram

in the case of three analog inputs being read
Figure2-13is a screen shot of the oscilloscope showing the laser TTL trigger (purple), a

laser pulse on a fast photodiode (green), the integrating SPD signal (pink), and the two clock

pulses from the DAQ card in yellow. As shownHigure2-11andFigure2-13, the laser trigger

initiates both the SPD integration and DAQ processes. The laser pulse arrives >200 ns after the

rising edge of the laser trigger. The integration window covers 120 pys. During the integration,

the CL clock, created by the LabVIEW program, creates the corredierumh CV triggers that

initiates the ADC process in the DAQ card (marked with asterisks in the figirgire 2-13

shows an example of reading thia®alog signals. As shown kigure2-13, the first CV pulse

actually arrives before the | aser pulse has i

the first two signals read by the CV (the first two asterisks) to enserentbgration has

stabilized before acquiring the voltage (Note: this is only for the integrating SPD detector).

2.5.2 Broadband Detection with the Photodiode Array

For broadband probe detection in the UV to NIR, we use a silicon photodiode array
(PDA). The glicon photodiode array (Hamamatsu, S3HB6Q) contain 256 pixels with a
spectral range of 200000 nm and a 50 um pixel width. The operation of the PDA is controlled
by the Hamamatsu driver circuits (C7884), but the driver circuits require two extegueair
signals. The PDA circuit board, designed by the KU IDL, will provide the additional signals the
driver circuits need to initiate the collection of analog signals. The PDA circuit board schematic

is shown in the Appendixd{gure2-24).
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Figure 2-13: An oscilloscope screen shot of the laser trigger (green), laser pulse ol a
photodiode (purple), the integrated photodiode signal (red), and the conversion clock (CV) and
the channel list clock (CL) in yellow.
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Figure 2-14 shows the timing diagram for the PDA operation. The Hamamatsu driver
circuit operates with external START and master clock (CLK) inputs. The START signal pulse
is the laser trigger, which has a width of 1.1 ps. The laser trigger, or START, pulse width
determines the integration time of the image sensor. The CLK is an external clock with a
frequency that determines the analog signal (Video Data) readout frequency, and the Hamamatsu
driver circuits require four cycles of the CLK pulse for one cycle ef Mideo Data signal.
Because the DAQ card can sample no more than 333 ksamples/s, the maximum the CLK
frequency can be is 1.33 MHz, and because we need to collect 256 samples every ms, the
minimum frequency the CLK can run is 1.024 MHz (0.256x4 per g$)e CLK frequency we
use is 1.2288 MHz. The START pulse must be synchronized to the CLK. The PDA circuit
board synchronizes the CLK and the START pulses to generate a new START_SYNC signal,
which is used to initiate the sequence of timing events totheaphotodiodes on the array.

Video Trigger, Video Data, and END OF SCAN (EOS) are outputs from the Hamamatsu
driver circuit. Video Trigger is used as the CL clock for ADC because there is only one analog
channel to read. EOS is the reset. Video Dathdsanalog output signal for the individual
photodiodes in the array.

We added an AND gate to the PDA circuit board (Apperfdgure 2-24) that will
combine the signals from the laser trigger and the chopper signal. The combined signals from
the laser trigger and the chopper create EXT_TRIG_IN, which controls when the DAQ card will
start collecting the data (starting the session), which is when sbe tidgger and the chopper
signals are both high. This ensures the LabVIEW program will always start collecting data when

the pump pulse is blocked by the chopper.
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Figure2-14: Timing diagram for the photodiode array driver circuit with the two input signals,
START (laser trigger) andCLK (master clock The Hamamatsu driver circuit produces the
Video Trigger, Data Video, and Enadamdfcondggt an si
the analog signals into digital signals for the computer to read.
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2.6 LabVIEW Programs

The LabVIEW program used to run all t he
Experi ment so, and was made using L a@ranvdopénhgy 2009
amenutoselectasygpr ogram or Avirtual instrumento (VI)
be performed, shown iRigure2-15. Thereare five main programs plus two modified programs
to use with the InGaAs array detector. The seven menu choices arePrainepPhotodiode
Array (PumpProbe IR Detection), PuriRepumpProbe Photodiode Array (Puriepump
Probe Photodiode Array IR detectipnpingle Photodiode, THz, and Quantum Yield
Measurement. The individual programs are described in detail below. The LabVIEW programs
were created by wusing Avirtual i nstrument so
Instruments. The output filagenerated by each experiment are text files that can be imported

into IGOR Pro with the import procedure DatalnputV4_0_1.

2.6.1 Pump-Probe with the Photodiode Array

The name of thePmabe 4104 soriPluPpmp Probe |
LabVIEW progam i s <capable of reading both DAQ <car
photodiode array (PDA) is read at the same time as the single photodiode (SPD).

There are several important parameters for the DAQ cards located on the front panel
under the DAQ paraeters tab Kigure 2-16). These parameters apply to all the LabVIEW
programs so they will only be described here. The first input required is te arsaurce string
for each card. Card 1 is the | abel assigned
is assigned to the breakout box or Asl owo cz¢

pwrdag://Dev1/Ai0 where pwrdaq stands for Pow&EDPCI board, which is the device class of
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Figure2-15. The main menu for selecting a LabVIEW program.
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the card, Devl is the device ID specific to the PCI slot tised] AiO stands for the subsystem

analog in and the numerical channel list, which in this example is only channel zero. For the
PDA there is only one channel, Ai0. The channel list does not have to be sequential and
channels can be repeated multiple sm&Vhen running with the SPD, the channel list default is
Ail,1,1:7. The initial 1,1 sequence is used to skip the first two signals read because the SPD is
still integrating during this time, as explained in sectoh.1 ThePriccuenp4. 00 pro
recognizes the third signal, which is again channel 1 as the SPD Voltage.

The next DAQ input parameter is the number of samples per channel. Ths | owd car
coll ects 101 samples per channel and the fAfas
program will delete one laser shot from the 101 or 25,856 samples so that there are 100 samples
per channel for the fABfawboceaddandTRB&, 6ROr &
used to synchronize the two cards based on the chopper signal. This will be explained later when
discussing how to run both cards. In the case when only the PDA is being used, the last 256
samples will be deletl from the 25,856. We determined that collecting 100 laser shots is the
appropriate rate for the cards to collect and transfer the digital signals to the computer wa the on
board buffer. The remaining default parameters are differential analog inpig, mxternal
clock source (CL clock from section 2.5), the trigger source is external (laser trigger), the voltage
range for the photodiode array is set to +1 V and the range for the single photodiode is +10 V,
and the stage number for the translationestag

The default setting when opening the program is to not read the second card (SPD). The
hierarchy for retrieving the data from the DA

Figure2-17. The arrows in the figure represent the order the DAQ input parameters run through

1 The device number will either be 1 or 0 but the device numbers are switched between the computers. The back
of each computer is labeled with the device number associated with the card.
2We do not read channel 0 because there is citadls between channkzero and the chopper signal.
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UeiDagConfigureStartTrigger —3 UeiDaqStartSession — UeiDagReadScaledData —3  separating array pump probe no spd
ON avg laser shots no spd
separate ON and OFF
i OFF avg laser shots no spd
UeiDagstopSession Convert to mOD pump probe

|

UeiDaqgCloseSession
UeiDagShowError
Figure2-17. Listof the subwvl 6 s i nv ol ved inthe RumpRrdbe 4.9 pragrare dat a

when reading he #fAfasto card onl y. The program run
represent the important reference string for the DAQ card and how it is transferred through each

subVI.
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each sub/Il. The first subVI that the DAQ input parameters enter is the-gub A Read Two
Cards Voltageo. This VI edomMtUai DaqCwe atod Ai Bl
AUei DaqConfigureTimingforbufferedOo. AUei Dag
the DAQ input paraeters described above and create the reference string needed for the other

VI 6s t o communi cat e wi t h t he DAQ card.
AUei DagqConfigureTi mingforbufferedOo, which is
time the data acdagition and acquire the data in blocks specified by the input parameter number

of samples per channel. The reference string enters two differemtbubs cal | ed A Read
Separate pump probeo and ADar k Countmovedr pum
through a few other VI O&s bWlftosr.e rTelme hu :ngr thas
run a dark count to subtract any electronic noise or stray light. A dark count is collected by
blocking the probe light, and will be subtracted froifuture voltage measurements. The pump

light on the SPD should be blocked when running the dark eceitimtthe SPD. The hierarchy

with the dark count is also shownhigure2-17.

The next step before obtaining the data is to configure a start trigger with an external
source (the laser trigger), followed by starting the session. There cannot be any time delay
bet ween starting the session anadotheafifkfadsSct
from the DAQ card to the computer. By using the multiple scans polymorphic VI, the 25,600
samples per channel will be collected in a block of 100 (100 laser shots with each laser shot
containing 256 pixels) before the computer camiaee it. In the pumyprobe programs, the
blocks of 100 are split between 50 shots with the pump pulse ON the sample and 50 shots with

the pump pulse OFF the sample (because they are blocked by the chopper), which are separated

by the subVv | Ase@manmratyi pgagmp probe -Nbdospdbt andanrdd.ew
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blocks are separated and averaged, the stop session VI ends the data transfer to the computer and
the ONOFF Dbl ocks are converted into @A signals
program is closed or the Areset grapho button
clear the reference that was created by fAUei D
are on the desktop of the PC named Hydrogen.

Running Two Cards Simultaneously

The purpose of running the SPD with the pudponpadband probe experiment is to
monitor the pump intensity with the SPD to improve the signal to noise by looking for bad pump
pul ses based on a range the wuser swhehwillfi es (
remove any laser shots that deviate from that range. The SPD program is also able to record
single channel Al 6s for other purposes. Re m
noise, particularly for experiments that have small giigmr signals, such as twghoton
excitation. Figure 2-18 is the hierarchy for reading the data with the SPD running
simultaneously, which collecthte data | i ke above, ddane¢foredtle UEI
card.

A VI called AChopper high or lowdo is impo
this VI determines if the first laser shot read on the SPD is when the chopper is high or low. To
obtain the chopper signal, the chopper output is connected to the breakout box at channel 7.
Running with two cards is a bit challenging, but because the two cardeeatdirtg by usinghe
same laser triggesignal for the most part they are synchronizedowever, because the PDA
does not start to read data until there is a laser trigger AND the chopper is high, there can be a
one pulse delay when reading the SPD. The SPD is only designed to begin running with the

laser trigger, so it could start rungiwhen the chopper signal is low andrdfore one pulse

72



Pump lIobe 4.0

Read Two Cards Voltage

/

UeiDaqgCreateAlSession —3» UeiDagConfigureTimingForBufferedO

/

Dark Count for pump probe

Read Daq and Separate for dark count pump probe Read Daq and Separate pump probe

V..

UeiDaqConfigureStartTrigger2 —» UeiDaqStartSession2 —» UeiDaqReadScaledData7 —> Chopper high or low

e

UeiDaqConfigureStartTrigger — UeiDaqStartSession —>» UeiDaqReadScaledData — separating array pump probe

Figure2-18:
when

BOTH

separate ON and OFF and average SPD for pumE probe sepzlarate ON and OFF pump probe

ON Stats pump probe OFF Stats pump probe

v v

Sort out NaN ON pump probe Sort out NaN OFF pump probe

ON only
separate ON and OFF and average SPD for pump probe separate ON and OFF pump probe

|

ON Stats Only

|

Sort out NaN ON pump probe  Sort out NaN OFF pump probe

OFF only

separate ON and OFF and average SPD for pump probe separate ON and OFF pump probe

OFF Stats only

|

Sort out NaN ON pump probe Sort out NaN OFF pump probe

|

ONavg laser shots  OFF avg laser shots UeiDagStopSession

| |

Convert to mOD pump probe UeiDaqCloseSession

UeiDagShowError

Listofthesub/1 6 s i nvol ved imnthe PungpRrabe 0gprogrdme

readinganhdefdfawdboceaendd

S i

mu |

taneousl

dat
y .

bottom where the arrows represent the important reference string for the DAQ card and how it is

transferred through each siMh. The boxes are case loops, which are selected in the front panel

Only one of the boxes will run, but the options are to remove bad pulses based on an average of

73

-

C



all the pump pulses (BOTH), only the pumo pulses not blocked by the chopper (ON), or the
pump pulses that will be blocked by the chopper.

ahead of thé®DA asillustrated inFigure2-19. If the chopper is high then the two cards started

with the same laser shot and we remove the last laser shot from the SPD and PDA. If the SPD
started reading with the chopper low, thendeéete the first laser shot from the SPD and the last

| aser shot from the PDA. Because of this, th
of samples per channel o set to 25,856 and 101

To make sure theards are properly synanizeda block of 100laser sha read by the
PDA and SPD, after the SPDwentthgon t he @A chopper nhonitgrédinalre | owo
waveform graph in Figure-20 where laser light was sent through an asynchronous chopper (295
Hz in this case, but seval others were also performed) and split to focus a fraction of the light
onto the SPD and the PDAN Figure2-20, theintensity of thdight on the SPD (red circles with
line) andthe PDA (black circles with line)follow each other with the asynchronous chopper
frequency, so the two DAQ cardse synchronized to the same laser shot.

Now back to running the SPD with the PDA to remove bad pump pulses. There are three
options on the front panel to choose which pump pulses on the SPD to reference a single voltage
signal against an averaged voltage signal (the average of the block lafs#0@hots). These
three options are indicated by the three boxdsdnre 2-18, which represents a case loophe
pump signal can be compareddwery laser shot (BOTH), only to the pump ON pulses (ON
only), and only to the pump OFF pulses (OFF onlif)the SPD is placed before the chopper,
then the subprogram BOTH is appropriate. If the SPD is placed after the sample, which is great
for removirg bad pulses caused by bubbles in the sample, then removing the shots based on the

ON pulses is appropriate.
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PDA

SPD
PD_A . - d'_ E 51508 50008/ Stop § H 213V
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SPD is reading
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SP

Figure2-19: The left side shows the two possible ways the PDA and SPD cards begatto

The top is when they both start when the copper is high (H) so the last laser shot is deleted from
the two. The bottom is when the SPD starts a pulse ahead when the chopper is low (L) so the
first pulse from the SPD is deleted and the last putsm fthe PDA is deleted. The right side
show the oscilloscope screen shot when the SPD was read a pulse ahead of the PDA.
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SPD frequency of chopper=295 Hz

AT TATT

PDA

Laser Shot

Figure2-20: The red circles with lin@and the black circles with lingre thel00 laser shots on
the SPD and the PDAvhere the intensity of the laser pulses were a result from running through
an asynchronous chopper at 295 Hz
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The next important feature in all of the LabVIEW programs is moving the delay stage for

timereo | ved transient absorption measurements.

i nclude, AMove Positiono, ASt ageo, ARead Posi
VI 06s: ASeri al Porto, AOpen Seri ad, DiBwteag, A
Seri al Port o, ASeri al Port Reado, and fASeri a
A Move Positiono VI i s call ed. Firs/tl 6st hwelln
convert the position into mm®b 0@ -2 where tle factor of % is due to the roustdp

on the stage). There is a bdilterror if the user enters a delay that is too long for the stage. The
built-in error will prevent the stage from moving beyond the end of the stage, which will result in

an error onthe motion control unit. Because the preventative error is manually built in the
LabVI EW progr am, the stage position must be
transl ation stage internally call s 0 contrmol. i Ho
unit. 1 f the power in the | ab goes olhelabMIBWe st ag
program also waits to read the photodiodes until the delay stage reaches its target position.
Because of this delay in reading the d#t@ stop sessiovil has to be on the inside of the while

loop (main page block diagram). This does slow down the reading time of the program, which

can be fixed by putting the stop session VI outside the while lmgecause of the delay stage

the stop session \Has to be inside the while loop or an error will occur. The stop session VI

inside the while loop is fine for running any kind of pumpbe experiment, but if the number

of laser shots needs to be accurately accounted for, the stop session VI neeolststde and a

newprogram without twhllehavel ® |ba greatsdt (aeg €Quaniumo Yeld

Experi ment) . The other main VI for moving th
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user tells the program where the pump and probe pulses ardosep ped at Ati me ze
then calcul ates the stage position in mm rela

To run and save a transient absorption me:

VIds involved in this incl unde mMWWrdn eSawe fpump
Scano. Briefly AScan Save pumplo opens the t
Vi wi || move the delay stage to the target po
number to file at each stepf t he scan, and Al ong scano VI i

increase the delay step size during the scan.

Another important feature of the program is calibrating the probe wavelength for
broadband detection. Calibrating the probe wavelength uges a | | by reference
wi || show the front panel of the ATransmissio
selecting the fAget transmission spectrum and
will pop up and the transmissiors a function of pixel for a known standard is calibrated by
either a series of 10 nm bandwidth filters or a Holmium oxide glass filter. TRé¢subs used i
this routine are MnGet transmission spectrum
Aconver mODO, ACreate Arrayo, AfGenerate Gauss,i

Regressiono.

The VI ATransmission 3.40 also all ows you
The remaining VIOs not menti onetdncesirbtcm@ e i nc
if long scan is wused), fAcluster Scan I N and C
then undoes the cluster), and ATransmission ¢

inputs into a cluster then undoes the cluster).
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Thedi fference i n the APump Probe | R Detect.i
subsystem (pwrdaq://Dev1/Do0) with two channels for the temperature control, which is a toggle
switch on the main VI in DAQ parameters to control the thermoelectric conléneo InGaS

array detector, and the gain setting (1x or 10x).
2.6.2 Pump-Repump-Probe with the Photodiode Array

The main VI for running PReP experiments i
majority of the program runs the same way as the ppimape programparticularly in how it
collects data. This program only runs with the PDA so the number of samples per channel is
25,600 (or 100 laser shots). The hierarchy of this program is essentially the same as the pump
probe without the SPDF{gure2-17) and only the differences will be discussed in this section.
The PReP experiments involve collecting four types of signals that instead of collecting blocks
of 50 pulses ON and 50 pulses OFF, like in the PP, it will have blocks of 25 for pumpl ON
pump2 OFF, pumpl OFpump2 ON, pumpl Oump2 ON, pumpl OFpump2 OFF, shown
in Figure2-4. The program is not sep to run with the second card, so it cannot throw out bad
points based on the pump |l ight intensity. I n
check the bl ock of h2oWoupules eusidetobthaltange, Statisticallywi | |
it will always throw out 0.1% of the block but it does help with the noise, especially random
flickers caused by bubbles in the | iquid samp
determinedrom fluctuations of the WL continuum probe, rather than the pump pulse intensity.

The way the program operates with the PDA is there are two choppers, 500 and 250 Hz,
with the TTL output connected to an AND gate, which is inside the breakout box.uffthg of
the AND gate will be the chopper input for the PDA so that the PDA starts reading when the

laser trigger is high AND the two choppers are both high (see s&tfdh]). Again, at the
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PDA there is an AND gate added to the circuit board to combine the laser trigger and chopper
signal so the card begins when laser and chopper signals are high. There are two delay stages
that can beontrolled in this program. The sap in this dissertation has the probe on stagel and
pump2 on stage2. There are three options in the program for running a PReP experiment. The
first is to move stagel (probe) while stage2 (pump2) is at a fixed debmgcause stagel
corresponds to moving the probe delay and pump2 is fixed relative to pumpl, we call this a
kinetic measurement. The second option is to move the stage2 (pump2) delay and keep stagel
(probe) fixed. Delaying stage2 (pump2) relative to ttegesl (pumpl) is called an action
measurement where typically the pumpl and stagel (probe) delay is fixed. Another option in the
action measurement is instead of fixing the delay between pumpl and stagel (probe), fix the
delay between stage2 (pump2) anagsl (probe) and move both stage2 (pump2) and stagel
(probe) relative to pumpl. The third option is a multidimensional experiment where stage?2
(pump?2) is fixed at a delay and stagel (probe) is scanned, then the program will automatically
change the stage(pump?2) position and scan stagel (probe) again. There is a toggle switch in

the DAQ parameters tab to change the stages to translate either pump or probe.

2.6.3 Single Channel Detection

The main program to read a single analog input channel using the SRD alors A Si n gl
Phot odi ode 4. 00 -programs simgle shatrtoe shos, isingle shothto shot with
reference, throw out bad pump pulses, anisotropy, read voltage, and betection. Only the
Asl owo card is read f olstistteesdme asfdestribed m the pumpm d t h
probe photodiode array program, Ail,1,1:7. Because only one card is run, the number of

samples per channel is 100, and again to determine if the chopper is high or low, the chopper
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signal needs to be in channel The diagram irrigure2-21 shows the hierarchy for reading the
data.

The blocks indicate that a case loop is used to select which VI will be cdllade fAr e ad
Daq for simple scan single PDO reads and sepse
and then enters another case loop that calculates the sigp& in T hpeobepeyperiment
can be run using a probe reference where the probedigptit before the sample. Both probe
pulses pass through the sample where one probe will be the reference that does not cross with the
pump light and the other probe does. The reference probe will divide out fluctuations in the
probe light for betterisg n a | to noi se. The @A signal IS
equation, which is the same as equatieh Note that the unreferenced TA signal in deriving

equation 2 assumed that the fluctuations of the probe are small.

o . N ©) .. O (2-3)
3! 0 0 I Il I G—
S S
. (O] J0
QO J0

Another way to improve the signal to noise is to remove bad pulses by monitoring the
pump intensity on a second SPD. The third option subprogram runs like the broadband pump
probe program using the SPD to check for bad pump pulses.

The fourth option iscalculating the anisotropy by collecting the parallel and
perpendicular signals simultaneously using two SPDs. The experimentgl setlescribed in

chapter 5 and the program calculates the anisotropy directly at each time step using the usual

equationOO0 ——.

81



Single Photodicde 4.0

!

Read Voltage for simple scan single PD

UeiDaqgCreateAlSession —» UeiDaqgConfigureTimingForBufferedO

— |

Dark Count for single PD basic scan Read Daq and Separate pump probe

Cluster SP basic scan Voltage for dark count

Read Dagq for simple scan single PD Dark count

'

Read Daq for simple scan single PD

Read Daq for simple scan single PD w reference

Read Daq for simple scan single PD check pump pulse
Separate ON and OFF and average single PD — avg laser shots single PD

Read Daq for simple scan single PD with anisotropy

Separate ON and OFF and average single PD w reference —» avg laser shots single PD ref
Read Dag for simple scan single PD voltage only

Read Daq for simple scan single PD Lock IN detection Separate ON and OFF and average single PD w pump

ON Stats OFF Stats

UeiDagConfigureStartTrigger —3 UeiDaqStartSession —»  UeiDagReadScaledData —3  High or Low Chopper —3
Sort out NaNON SPD  Sort out NaN OFFSPD —  avg laser shots single PD pump

Separate ON and OFF and average single PD w anisotropy — avg laser shots single PD ref

Convert to mOD pump probe
UeiDagStopSession
UeiDaqCloseSession

UeiDagShowError

Figure2-21: The Vl listinvolved in readingth® Si fPdhloga odi ode . FhepPragramr ogr a
runs from top to bottom where the arrows represent the important reference sttimgy BkQ

card and how it is transferred through each'8ubThe boxes are case loops, which are selected

in the front panel. Only one of the boxes will run.
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The last two options are to read the voltage for every laser shot either directly from the
integrating SPD or using a lodgk detector. The lockn detector program is used to run
heterodynedetected THz absorption measurements by moving the delay stage to sample the THz
interference pattern. The lo@k detector program is different from the sho-shot voltage
program in that there is an added dwell time to allow the-loaetector to settle on an average
voltage. The dwell time set point in the program must be set according to the averaging time of
the lockin amplifier.

Another feature ithe SPD program is it can automatically calculate the full width at half
max (FWHM) for autocorrelations. The FWHM is calculated by fitting the peak from the
autocorrelation measurement to a Gaussian function and then reporting the FWHM. To calculate

thepulse duration of the pump, use equatienid sectior2.7.1

264 ARun Quantum Yield Experimento VI

This program was made specifically for collectthg voltage for every laser shot (on
two SPDs) in order to calculate the quantum yields for the photoswitches. The program is
relatively simple in that i1t only reads in da
are the number of samplesrphannel (250 shots) and the channel list (Ail,1,1:3). Also, the
stop session VI is outside the while dvayp for
singlel aser shot. The main VI, ARun Quand um Yi el
the while loop because the main function is to adjust the voltage level on the SPDs before the
measurement is ready to start collecting shots. Once the SPDs are set up using the main front
panel, the experiment will start saving every laser shotwleenth s cano button i s s

the AScanr/lQY20 sub
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265 A Teraherzo VI

The THz program was convertéwm the PReP program so it mainly follows the PReP
program with a few changes that will be discussed here. The program is for performing optical
pumpTHz probe experimentS. Because the THz signal is collected in the time domain, a
second more accurate delay stage is used to scan the heterodyne delay, which will be Fourier
transformed to give the THz signal. To run a transient THz absorption experiment, the actinic
pump neds to also be delayed. The program will move both the pump delay and the THz probe
del ay based on the inputs. The program call s
in detectiono, which wil/l read i volved tha muse | 1 &

correspond to the loek amplifier time constant.
2.7 Data Analysis

The PP and PReP measurements accumulate a lot of data that need to be imported and
analyzed in a program that can process information efficiently. Our lab uses data analysis
software IGOR Pro 5.05A (WaveMetrics), which can be run on Windows or Mac operating
systems. IGOR Pro includes a structured programming language with many lhuiittions
and operations. We use IGOR Pro to generate contour plots and to write pragdamarious
forms of data analysis. The current procedure for importing data is called Datalnputv4 0 1,
which when using one of the three functions in the procedure will import the PP, PReP, or single
probe wavelength data. The main focus of our da@lysis is to obtain time constants for
kinet