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ABSTRACT

Excited state charge transfer processes are studied using theAsiSsprobe
technique. This probe allows for multiplexed detection of Raman active vibrational
modes. Systems studied include Michler’'s Ketone, Coumarin 120, 4-dimethylamino-4’
nitrostilbene, and several others. The vibrational spectrum of the para di-se@stitut
benzophenone Michler's Ketone in the first excited singlet state is studidub first
time. It is found that there are several vibrational modes indicative of salclhianges
of the excited molecule. A combined experimental and theoretical approach is used t
study the simplest 7-amino-4-methylcoumarin, Coumarin 120. Vibrations observed in
FTIR and spontaneous Raman spectra are assigned using density functionaioredculat
and a continuum solvation model is used to predict how observed modes are affected
upon inclusion of a solvent. The low frequency modes of the excited state charge transfe
species 4-dimethylamino-4'-nitrostilbene are studied in acetonitrikuli®eare
compared to previous work on this molecule in the fingerprint region. Finally, severa
partially completed projects and their implications are discussed. Thasgeiice two
photon absorption of Coumarin 120, nanoconfinement in cyclodextrin cavities and

sensitization of titania nanopatrticles.



CHAPTER 1: INTRODUCTION

1.1 General Overview
1.1.2 Charge transfer processes
The study of ultrafast molecular processes has received greastnterecent
decades:?’ These processes, specifically excited state charge transfer fleedaefront
of current researcl??’ At the very basic level these processes involve the sub-
picosecond evolution of an electronically excited molecule as an electronsietrad
from a donor to an acceptor. Electronic excitation induces structural chaitigesthe
molecule that depend highly on environmental parameters, especially the solvent
environment. These systems are not yet fully understood and efforts continue to unravel
how and why such species undergo such dynamical structural changes.
Intramolecular charge transfer systems are composed of a donor group and an
acceptor group (see Figure 1.1A). The donor group is generally an electadnoahibe
readily donated’ Acceptor groups are generally electronegative and will readily accept
electron density from a donor group. Acceptor groups most often consist of nitro,
carbonyl, and cyano groupSThere are varying degrees of charge transfer that can be
stabilized in the excited state. Some systems exhibit a partial chemgtetr(Figure
1.1B), resulting in a partial positive charge on the donor and a partial negative on the
acceptor while others undergo a full transfer of charge in which caseisteefull
positive charge on the donor and a full negative on the acceptor.
4-dimethylaminobenzonitrile (DMABN) is the prototypical molecule todging

excited state charge transfer processes. This species, shown in Figurebk@has



studied by numerous groups and several explanations of its observed dynamics have been
laid forth!**’ Fluorescent properties of this molecule are highly dependent upon solvent
environment. In nonpolar solvents such as hexane DMABN exhibits fluorescence
appearing as a mirror image of the absorption spectrum. If the moleculead plac
slightly polar solvent such as diethyl ether, on the other hand, it exhibits twesitenice
bands, one near that observed in nonpolar solvents and another red-shift&d Iband.
highly polar solvents the fluorescence dramatically shifts to higheelemgths and the
guantum yield decreases significantly.

Such behavior of DMABN is attributed to an excited state charge trdfi$fer.
This characteristic is supported by the fluorescence shifting to highelengtles in
polar solvents, indicating that the dipolar character of the solvent stabilizegya cha
separation within the excited species, causing a stabilization of thehtsisite and a
reduction in its energy. Such behavior has been explained in many different ways
including a planarization of the amino group, rehybridization of the cyano group, and a
‘wagging’ of the amino group. The most commonly accepted explanation for this
behavior, however, involves a twisting process of the amino dfoup.

Upon excitation, in all solvents, DMABN accesses the Franck-Condonakxcite
state which is structurally very similar to the corresponding ground dtateaohpolar
solvent is present the molecule does not undergo any excited state relaxatioseproces
and fluoresces directly back to the ground state. Polar solvents are abléeliedtabi
charge separation by rearranging themselves around the excited.dpeslightly polar
solvents a partial charge transfer is stabilized and fluorescence isezbfem the

molecules that undergo this partial charge transfer (red-shifted band) antthdsethat



do not (normal band). In highly polar solvents a complete charge transfer occurs. The
decrease in fluorescence intensity in highly polar solvents is associ#teal twist of the
donor group with respect to the acceptor. This twist results in the formation of a meta-
stable excited state species termed the twisted intramolecular ttzengfer (TICT) state
for obvious reasons.

With the extensive interest in DMABN has come a desire to study and understand
molecules similar to it”%’ Figure 1.3 illustrates several species that have been
scrutinized in order to understand charge transfer processes associatie it
observed excited state dynamics. All of the structures in Figure 1.3 containnan am
group as the donor. This is the most commonly encountered donor group as it readily can
be ionized to form a charge transfer state and can twist to facilitateatisser.

CT molecules have traditionally been studied using electronic spectroscopy. The
advent of the laser in the mid*1@entury led to the development of numerous
spectroscopic methods for studying the excited-state evolution of such syétems
Subsequent advances including pulsed lasers with femtosecond duration have allowed
enhancement of the time resolution of these methods and brought with them a distinct
ability to monitor molecular dynamics with great sensitivity. Curraseit systems allow
researchers to measure the evolution of an excited molecule’s electromiarapeith

sub-100 fs time resolution.

1.1.3 Methods for studying charge transfer
For transient studies ultrashort laser pulses are used. The temporal andl spectra

characteristics of these pulses are related through Fourier transiiodniseir product is



governed by the Heisenberg uncertainty princiflé& modified version of the principle
restricts the time and frequency resolution that can be achieved simultgn&bas
product didv, the temporal duration and spectral width, respectively, cannot exceed a
certain value. This value depends upon the type of pulse being Tkedshortest pulse
duration leads to the broadest spectrum and is termed the transform limit. A good
example is a 120 fs pulse which has a 120 bandwidth. Longer duration pulses are
narrower while shorter ones have more bandwidth. These characteristicasifarit
pulses must be considered when determining the type of method used for studying

transient species.

1.1.3.1 Electronic methods

Time resolved electronic spectroscopy allows researchers to monitiedestate
dynamics with very high time resolution. With current laser sources haulmgd00 fs
duration, electronic processes occurring on these timescales can be moniteredre
two main techniques used to monitor the time resolved electronic spectrum oftad exci
species: fluorescence upconversion and transient absorption. Fluorescence upconversion
has the distinct ability to measure the emission spectrum of a molectis egalving
along its excited state potential energy surfidhis technique operates by preparing a
transient species through an energetic excitation pulse. Fluorescence fgamfie is
separated from the incident beam and molecular scatter such as Ramamascatter
removed using filters. The signal is then focused into a mixing crystatewhis
combined or ‘upconverted’ with a gate beam of known character. Combination with this

gate beam increases the intensity of the fluorescence to ease datiiacgUihe



upconverted signal is then collected though the use of a detector which is generally a
photon counter, although other detection schemes are available. During dgdes dheal
signal can be ‘downconverted’ to determine its original wavelength.

The second time resolved electronic technique is known by several names but will
be called transient absorption/emission K&fEhis technique is capable of monitoring
simultaneously the absorption and emission spectrum of a transient species. Again, an
excitation pulse prepares an excited molecule. A second beam, termed a probes beam, i
also incident upon the sample and stimulates electronic transitions from ttegl excit
species. Once excited, a molecule may undergo an excited state ‘trabs@ption’ to a
higher-lying excited state via absorption of the probe pulse. The transiermsspesi
also experience an excited state ‘transient emission’ to the ground statly, e
molecule may remain static and not interact with the probe pulse. Choice of probe beam
depends on the experimental setup but often a white light continuum is used so that a
wide range of probe wavelengths are incident upon the sample simultanewlaliaage
region of the electronic spectrum can be measured in a single experimeptobée
beam is spatially separated from the excitation pulse and spectrallysdidge that
changes in its wavelength components can be monitored.

Both fluorescence upconversion and transient absorption/emission are useful,
especially if used together. The main drawback of the latter techniquepsssibility of
a subset of molecules undergoing excited state absorption while another sebesderg
excited state emission. If this occurs it is nearly impossible to sepamaiponents from
the two processes. In most cases one process will outweigh the othes. Whese

fluorescence upconversion can be very helpful. If both techniques are used on a single



system they can be compared so the absorptive and emissive components can be bett
identified and understood.

These two techniques are extremely useful for measuring electrooitaspie
transient systems and are commonplace in current research. The amountrattiafor
gained from using such electronic methods can be staggering. Timessal2atad with
solvation, charge transfer, and a variety of other processes can be found usingahese tw
methods®?° Electronic methods are especially useful for determining if chaagsfar
is present. As mentioned for DMABN, the presence of a red-shift of the fluocescen
spectrum in polar solvents is an indicator of charge transfer.

There are certain aspects of a dynamical process that cannot Ipeetiscsng
electronic methods, howevEf.Ultrafast laser pulses are inherently broadband, making it
difficult to evaluate structural changes occurring except when thexearelementary.

The case of charge transfer may be a ‘simple’ example, especiabtisare is a high
degree of solvatochomism associated with such an occurrence. This lack afatruct
information is a huge negative for electronic spectroscopy. These methods provide a

great starting point for vibrational spectroscopy, however...

1.1.3.2 Vibrational methods

The broadband nature of ultrafast pulses severely limits their abilitygoiee
structural changes associated with excited molecules. Vibrational methadfcaibe
transient infrared (IR) and transient Raman methods, however, allow far direc
observation of structural changes in such spéeciesnewidths associated with

vibrations are considerably narrower than electronic transitions and can paasidg



times on the order of picoseconds. IR and Raman methods, of course, are complementary
with the selection rules of each governing the types of vibrations thatteeiaccach
technique. These methods are able, much like their electronic countdmarts)itor

ultrafast molecular processes with sub-100 fs resolution.

Most approaches to excited state vibrational spectroscopy take the form of a
pump-probe techniqué’ The pump pulse is very energetic and induces an excitation
within the molecule while the probe pulse(s) monitor(s) how the molecule is dffgcte
this perturbation. Of course if the probe setup is used without the pump it is possible to
observe the ground state spectrum of a molecule. Both transient methods areuseful f
determining structural changes in molecules.

Transient IR spectroscopy typically uses an ultraviolet or IR pump fallseved
by an IR probe puls€® Typically these pulses are sub-picosecond in duration and are
capable of at least 150 &nbandwidth. The bandwidth can change based on the duration
of the pulse used and the Heisenberg uncertainty principle. TransientiBdsi¢o this
point have largely been used to study metal-carbonyl interactions and polypeaptltes
ground state. By monitoring the change of frequency associated withculaarti
vibrational mode of interest, such as a hydrogen bond, the interactions in a molecule can
be found and its structure elucidated. The frequencies available for traRsaet |
somewhat limited and must be tuned to look at each portion of the vibrational spectrum.
In addition, care must be taken to ensure pulses are not distorted when traveliny throug
samples.

Transient Raman spectroscopy is very useful for studying structurajeha

within molecules:"*°It is common to use four wave mixing processes in transient



Raman experiments in which three input beams induce a scattering prottesssample
which results in a fourth (signal) beam being outputted. Specificallyreahanti-Stokes
Raman scattering (CARS) (Figure 1.4) has allowed researchers to nmolémular
dynamics for decad€s. Selection of CARS over spontaneous Raman spectroscopy is
due to the spectral coverage, discrimination against fluorescence and stinmaliare of
the technique. Under the right conditions CARS can yield greatly increasel signa
compared to spontaneous Raman and yields the entire fingerprint region of thenspectr
without having to tune any puls&SA brief description of this method follows.

The polarization of a molecule may be expanded in a Taylor series of electric
field interactions which induces an n + 1 scattering process in the sample.

P=PY+P®+pP® 4 . (1.1)

P=y"E+y?EE+ y®EEE (1.2)
In these equations bold letters are vectors and the electric fields shoolasiered as
tensor products with theterms. Eacly term represents a molecular property that is
different for every sample and contains information about the transition dipdkes i
system.

Conventional Raman scattering is governed by the first term in equation 1.2, the
first order polarization of a system. Signals associated with this first proeess are
low unless the excitation pulse is tuned to an electronic resonance, resultingnmeiar
increase in signal. Four wave mixing spectroscopies are governed bydherttm in
equations 1.1 and 1.2. The third order polarization involves a molecule’s interaction with

three electric fields of the form in equation 1.3.



E(w,zt) = 1[E(w,z,t)e"“™ +cc] (1.3)

Interaction with three electromagnetic fields to output a fourth fieldtsem
several widely known experimental techniques, including coherent anti-SRakegn
scattering (Figure 1.5)"*°The tensorial nature of the interactiondfvith the electric
fields means that there are a number of different interactions possible wehrtbident
beams. The scattering process is governed by wave-vector phase mabcicitigns

which must fulfill the following equations.

—ilgt—(ky-K 5 +k3) 7]

P (w,) =Cx i (~w,,0,~0,,0,)E (0, 2)E, (0,, 2)E, (03, 2)€ +CcC.
(1.4)
W, =0, — 0, + 0, (1.5)
K, =k, —k, +k, (1.6)

In equation 1.5 and 1.Gw,4 andk, are the frequency and direction of the scattered
radiation for the CARS process, respectively. m@ARS process; interacts with the
sample to populate a virtual state. This virtuatestiephases on very fast timescales and
is only present while the electric field is popirgtit.° The second pulses,then
depopulates the virtual state to populate vibradigrexcited states. These first two
interactions create a coherent superposition ahtitnally excited states. The third
pulse,wsthen populates a second virtual state. Populafitim®final virtual state
initiates the scattering process.

Current experimental considerations allow the uaggty principle to be
circumvented in certain circumstanéé8 Several probe methods such as femtosecond

stimulated Raman scattering and fs/ps-CARS userdic@ation of broadband and
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narrowband pulses to achieve multiplex detectioRarhan active vibratiorfs>° These
methods allow for temporal resolution greater th@@ fs and spectral resolution of better
than 10 crit. The availability of multiplexed techniques eafesstudy of excited states
of molecules.

Using a pump-probe setup the fs/ps-CARS probevdlan excitation ‘pump’
pulse to monitor the vibrational dynamics inducgdbch a perturbation. This allows for
all but the fastest structural changes to be mupadtdn this way, if a specific molecular
process such as charge transfer process is suspececur, specific vibrations
associated with the donor and acceptor can be orediin real time. Comparison of
transient spectra with ground state spectra canhlibkp determine exactly how the

molecule is changing.

1.1.3.3 Computational Techniques

Assignment of Raman active vibrations is not alwstyaightforward. Density
Functional Theory calculations are often used iitazh to vibrational techniques to
assign ground state vibratioffs**Understanding the ground state configuration of a
molecule is the first step to understanding hogh#dnges following a perturbation such
as electronic excitation. Several of the studissulised herein include computational

calculations in order to better understand an expmsrtally observed system.

1.2 Thesis Organization
This thesis describes the use of the fs/ps-CARSetechnique for monitoring

dynamics of charge transfer in excited state mdéscd he second chapter discusses
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experiments aimed at elucidating the structurahgka of Michler’'s Ketone in its first
excited singlet state and the structural changasdtneg from charge transfer processes.
The third chapter is concerned with the vibraticstalcture of coumarin 120 as studied
with experimental and computational techniquescBipally, the assignment of
experimentally observed vibrations is emphasizég. fourth chapter regards the use of
the fs/ps-CARS technique to study low frequencyatibnal modes in the ground and
excited state of 4-dimethylamino-4’-nitrostilbef@nally, chapter five outlines several

projects that are ongoing and may require futurekwo
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Figure 1.1— A) Donor-acceptor species pre-charge transfddd@jor-acceptor species after partial charge
transfer.
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Figure 1.2— Structure of 4-dimethylamino-benzonitrile.
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Figure 1.3— Representative charge transfer species.



15

© Y

Figure 1.4— Graphical representation of the CARS process.
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CHAPTER 2: EXCITED STATE EVOLUTION OF MICHLER'S KET ONE IN
ITS LOWEST EXCITED SINGLET STATE USING A TIME AND F REQUENCY

RESOLVED RAMAN PROBE

Alex J. Blom, Benjamin D. Prince, Mikhail N. Slipehko, and Hans U. Stauffer

2.1 Abstract

Vibrational dynamics of Michler's Ketone in itsdirexcited singlet state are
monitored using the fs/ps-CARS probe. Results irtetated methanol show a very fast
(<150 fs) increase in the frequency of the phengtifdtch with a concomitant increase in
the frequency of the phenyl-N + phenyl CC modeidatihg the production of an
intramolecular charge transfer state. Resulteutetated dimethyl sulfoxide indicate the
production of a long-lived state, likely a twistedramolecular charge transfer state
through dynamics of the phenyl-N + phenyl C-C stieAdditionally, low frequency
studies in dimethyl sulfoxide indicate a torsiomalde near 280 cthwith dynamics

similar to the phenyl-N + phenyl C-C mode.

2.2 Introduction

Twisted intramolecular charge transfer (TICT) spetave been under intense
investigation in recent years because of theirtesl@tate (ES) dynamics. References 1-5
and citations within give a good background of wiorkhis field. Such substances
contain an electron accepting (A) group and antelaalonating (D) group (Figure 2.1).

The A group is generally a cyano, carbonyl, orangroup and the D group is often an
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amino group of differing alkyl substituents. Soledldonor-acceptor (D-A) species are
polar and the magnitude of their dipole increasesodvent polarity increases and charge
transfer from D to A is stabilized.

Excited state behavior of D-A molecules varieselydaccording to solvent
(Figure 2.1): In nonpolar solvents there are generally no EShyos to speak of with
the molecule fluorescing directly back to the grdsitate from the Franck Condon (FC)
state. This behavior is illustrated in Figure 2arple). In slightly dipolar solvents such
as ethyl ether the solvent is capable of stabgjizarcharge separation of the D-A species
in its ES, resulting in a portion of the ES spe@iesoming lower in energy. In this case
the system will display fluorescence from the F&esas well as red-shifted fluorescence
from the stabilized molecules. This is indicatedly green fluorescence in Figure 2.1.

In the extreme case of a highly polar solvent sagcdimethyl sulfoxide (DMSO)
or a polar protic solvent such as methanol (MeOid)aharge separation between the D
and A groups can go to such an extent that a liedti®n is transferred between the two.
This charge transfer results in a positive chargéhe D group and a negative charge on
the A group (see Figure 2.1). Here the D groupyrder to fully transfer the charge tends
to undergo twisting, effectively decoupling it fraire rest of the system. This is the
TICT state. Once in this state the molecule shoesvy little fluorescence due to a lack of
overlap between the twisted excited state withgtioeind state. This state returns to the
ground state via a nonradiative process, genardéiynal conversion.

4,4’-bis(N,N-dimethylamino)-benzophenone, commauelerred to as Michler’'s
Ketone (MK), whose structure is shown in Figure &2hought to undergo a TICT

process in polar solvents. Recent experimentatlaeatetical papers have suggested a
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complicated evolution of the excited singlet stt&1K. %> This evolution is highly
solvent-dependent with several conformations bpiegent in highly polar solverts.
Glasbeek et al used fluorescence upconversion totondhe time-resolved fluorescence
of MK and its blocked counterpart (BMK)in BMK the phenyl rings are fused together
so they cannot twist. This group observed a Stekdsof the emission of MK in polar
solvents, consistent with previous steady-staterxy@nts, and was accompanied by an
intensity decay:® The blocked compound underwent a Stokes shiftlisuot display

the decay in emission intensity. Their interpretativas that a combination of solvation
and phenyl ring twisting caused the observed shift decay of the fluorescence.

Palit and coworkers used transient absorption naksthm monitor the excited state
electronic spectrum of MK in a plethora of solvents ethyl acetate they concluded that
the molecule undergoes a planarization out ofriliglly twisted configuration, followed
by fluorescence from a partially stabilized excigtate. In this solvent they did not find
evidence for a TICT state. In highly polar solvelike ACN and DMSO, as well as in
polar protic solvents like MeOH, the molecule des@d dynamics consistent with
formation of a TICT state which they observed tiglomultiple intermediate states in
time-resolved electronic spectra. They also deteechtimescales for the formation and
decay of each species formed in the excited stagr overall picture was that following
excitation the molecule undergoes a planarizatiocgss and a partial charge transfer to
form the intramolecular charge transfer (ICT) statee ICT state, in highly polar
solvents, then undergoes twisting of a single dirylamino group to 90° relative to the
plane of the phenyl rings, completing the chargadfer to the carbonyl group and

resulting in the TICT state.
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Computational studies have also indicated the presef a TICT state in this
molecule’® In the ground state MK is not planar, but twistéd The angle reported
varies from 40 to 60 degrees but all groups haperted that the molecule is twisted in
its ground state. Granchak used force field (PM8) @b initio (Hartree-Fock) methods to
calculate dependence of the molecule’s energyamgtbund and excited states on phenyl
twist angle’ They also conducted calculations in the groundexwited state where the
twist angle of the amino groups was changed reddatvthe phenyl rings. Their results
suggested that a planar MK with one dimethylamiroug twisted to 90 degrees was the
lowest energy excited state configuration of theuule in ethanol.

Pal and coworkers used time dependent densityifunat theory to study the
excited state evolution of MK in several solveéhfheir results largely agreed with the
general picture laid out by Palit and compafhese calculations used continuum
solvation models to determine the evolution of MKem subjected to varying polarity
solvents.

There have been very few vibrational studies of s far. Two papers
published by Hamaguchi studied the triplet stat®kf'°** In polar solvents, however,
the intersystem crossing efficiency is low andrimecule is likely to remain in the
singlet state. The;State, to our knowledge, has not been studiecerB®ating the
vibrational evolution of MK in its first excitedrgglet state can help further understand
this very interesting system.

In this paper a simultaneously time- and frequaresplved vibrational probe
termed fs/ps-CARS is used to monitor the sub-piomseé vibrational dynamics of MK in

deuterated DMSO and deuterated MeOH. The fs/ps-CgdeBe technique allows for
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multiplexed detection of Raman active vibratioh3his technique has been shown to be
very sensitive to excited state vibrations in moles and is a valid tool for studying this
systent: This probe is also used to study the low-frequemoges of MK in DMSO.

Peak assignments of the ground state are madeheitiissistance of computational

methods.

2.3 Methods
2.3.1 Experimental Setup

Details of the fs/ps-CARS setup have been descpbedously™? Briefly, pulses
at 800 nm (~50 fs) are generated using a Ti:.Sappéser system operating at 1 kHz and
2 mJ/pulse. The fundamental beam is divided inteetlparts, a portion of which is used
to prepare broadband ultrafast pulses via use op#nal parametric amplifier (OPA).
After combination with the 800 nm beam, the OPAagates two pulsesy = 19570
cm™* [511 nm]; bandwidtt o = 300 cnt andw., = 18210 crit [549 nm];Aw = 350
cm™). For low frequency studies these frequenciesiared so the two beams are nearly
degenerated; = 19084 crit [524 nm] andw, = 18726 crit [534 nm]).

A second portion of the 800 nm pulse is used tdgee an ultrafast 400 nm pulse
through use of a frequency doubling crystal. TI6 Am pulse is used to access excited
states in molecular species and is denatgdThe final portion of the 800 nm beam us
used to generate a narrowband (~8tpicosecond pulse using a grating stretcher-
compressor apparattisThis stretcher-compressor has an adjustablehalitailows

selection of the desired pulse bandwidth.
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Beams used in fs/ps-CARS experiments are direatedhe sample in a folded
BOXCARS geometry. The signal beam is spatially ssjed from the input beams and
directed into a spectrometer where it is spectididpersed. The spectrometer itself is
made up of a monochromator (Jarrell Ash,300 mm) which is outfitted with a grating
(2200 line/mm) and a Princeton Instruments 110thetd array CCD detector. This
detection scheme allows resolution of ~1.2'fmixel in the frequency range being used.
In order to calibrate the spectrometer a knownda#tethwas employed consisting of a
50:50 acetonitrile:toluene mixture. A Raman speutnof this standard was then
compared to tabulated frequencies in the 1100 0 £8¢ range for fingerprint region
studies™> For low frequency studies dimethyl sulfoxide wasdias an internal standard
and the calibration was performed on the threess$/modes near 300 ¢mMeasured
frequencies are reproducible within 2°tnTo prepare an excited state system,is
directed along the central axis of the folded BOXCwith a PC-controlled delay stage
used to adjust its delay relative to the fs/ps-CARSe. Polarizations for all beams is
parallel.

Two color transient studies of the excited eledtr@tate were conducted using
Wex t0 prepare an electronically excited state folldwg eitherw; or w, as probe to study
the dynamics within the system. The timing of tkeiation pulse is controlled with a
computer-controlled delay stage. A chopper opegadira frequency of 500 Hz was used
to remove contributions from the probe beam. Falhgwnteraction at the sample the
probe beam is spatially separated fromdhg collected using a photodiode and its

intensity monitored using a lock-in amplifier.
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2.3.2 Materials

All materials were used without further purificatidViichler’'s Ketone (4,4’-Bis-
dimethylaminobenzophenone) was obtained from A(98%06). Deuterated methanal,]
and deuterated dimethyl sulfoxid®) were obtained from Cambridge Isotopes. Reagent
grade dimethyl sulfoxide (DMSO) was obtained froishieér. MK solutions were
prepared by dissolving the solid MK in a solventhatypical concentrations it,-MeOH
ranging from 5-10 mM and thosedg-DMSO or regular DMSO ranging from 40-60
mM. The sample was placed in the gap between twha2heter fused silica windows
(220um) and rotated at a rate of ~30 Hz to allow thearto be fully refreshed from

pulse-to-pulse (1 kHz).

2.3.3 Computational Methods

Geometry optimization and vibrational analysis df kave been carried out at
the Density Functional Theory (DFT) level using B&LYP functional. All calculations
were conducted using GAMESSThis functional has been shown by several groaps t
give reliable geometries and vibrational frequesigieconjugated organic systemg?
The optimized geometry of MK was found using th&16-G(d,p) basis set at the
specified level of theory. Hessian calculationsemiien conducted on the final geometry
to determine if the molecule was at a stationaiptpd hese Hessian runs also calculated
harmonic vibrational frequencies. Finally, Ramad anfrared intensities were found
using the GAMESS default field strengtfisSince this method tends to overestimate
vibrational frequencies, the calculated frequenviege scaled by a standard tabulated

factor of 0.964°



23

2.4 Results
2.4.1 Two Color Pump-Probe Results

Steady-state absorption and emission spectra forleveral solvents have
been published elsewhere and will not be reprodheeef**° Experimental
considerations, specifically the availability o#@0 nm excitation pulse resulted in highly
polar solvents being used in these studies. Prewiaurk has shown that in nonpolar
solvents the absorption spectrum of MK trails a&n400 nm and only highly polar
aprotic solvents such as DMSO or polar protic stivsuch as methanol cause a red shift
of the absorption spectrum sufficient to excit&tavith this wavelengtf3:>®

One advantage of exciting MK at the red edge ddlisorption spectrum in
DMSO or MeOH is that it can be assumed that thereicontribution from vibrational
cooling since excitation is directly to the lowed#irational states i5;. This indicates
that all dynamics are directly related to strudteranges. In addition, it should be noted
that the hydrogenated solvents DMSO and MeOH wepkaced with their deuterated
counterparts for experiments in the fingerprinieagAfter initial experiments were
conducted it was determined that the methyl vibretiin these solvents overlapped with
excited state vibrations of MK. These same vibregimds-DMSO andd;,-MeOH were
downshifted out of the region of interest. Low fueqcy studies were conducted with
hydrogenated DMSO because the low frequency mddas@MSO interfered with
observed spectra.

Two color pump-probe experiments were conductemtder to observe the time-
resolved electronic spectrum of MK following 400 excitation and are shown in Figure

2.3. Probe beam wavelengths were 511 nm or 549nahaie indicated in the figures.
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Prevalent features of the spectra are similarlinases and, in fact, the traceslgn
DMSO andd,-MeOH differ primarily in the timescale of each tigi@e and their relative
intensity. Fits were made with exponential functioa determine the timescale
associated with individual features.

For all two color pump-probe spectra, immediateliowing excitation from the
400 nm pump pulse there is an initial decay initiensity of the probe beam, indicating
the presence of an excited state absorption. lildHme noted that in these traces a peak
going down from the initial reading (left side) indtes a decrease in probe intensity
(transient absorption of the excited state) andakgoing up indicates an increase in
probe intensity (stimulated emission of the excgtde). This absorption quickly
transitions into an emissive state within a fewdmnex femtoseconds, indicated by an
increase in probe beam intensity. The emissive $t@n decays into a metastable
absorptive state. Here is where the two probe vesngths and solvents differ in
timescales.

In d;-MeOH it takes ~2.75 ps for the emissive statecicag for both probe
wavelengths. Iis-DMSO, on the other hand, it takes 6 ps for thessive state to decay
in the green and 15 ps for it to decay in the yell&While not specifically indicated in
the figure, it should be noted that MKdg-MeOH the probe beam regains its initial
intensity before 50 ps, indicating the molecule ilegrned to its ground state. Traces in

ds-DMSO show the final state has a much longer fifetwhich is not determined here.
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2.4.2 Computational Results

Results of geometry optimizations for MK at the DIEVel using B3LYP
functional and the 6-31+G(d,p) basis set indicatgisted structure in the ground state.
In Figure 2.2B it is clearly seen that the two srage twisted relative to each other. The
twist angle of the phenyl rings is found to be S8ie dipole moment was found to be
5.17 D in the direction of the oxygen atom. In a&iddi, the dimethylamino groups were
calculated to be pyramidal and not planar.

Results of Hessian and Raman frequency calcukatiare compared to
experimentally measured ground state spectra. Xjperienental and theoretical
frequencies are shown in Table 2.1. More on thertieal frequencies will follow in the

remaining sections when the experimental valueslisceissed.

2.4.3 Ground State Vibrational Spectra of MK

Ground state fs/ps-CARS spectra of MKOBWDMSO andd,-MeOH are shown in
Figure 2.4. Solvent peaks are indicated with asiteriResults of theoretical calculations
were used to assist in the assignment of measuveational modes. Calculations were
conducted for the molecule in its gas phase andendaviation may occur between
experimentally observed solution-state spectrathose predicted for the free molecule
in gas. In addition, use of density functional ttyeand the B3LYP functional tend to
overestimate vibrational frequencies and a scdfotr is generally used. These factors
are commonly tabulated and can be found on the @BOBebsite’’ Here a scaling

factor of 0.964 was used. Assignments of observedesi are included in Table 2.1.
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Several representative vibrations are shown inreigub. The carbonyl peak for
this molecule appears at 1630 tand 1625 cm in de-DMSO andd,-MeOH,
respectively. This is in agreement with previouslss on substituted
benzophenone¥:?#The extensive conjugation and charge transfeeptés MK are
directly responsible for the observed frequencyargé transfer between the donor and
acceptor increases in highly polar solvents leatbran increase in the carbonyl bond
length and a resulting decrease in its stretchiaguiency.

Perhaps the most dramatic feature of MK in botlesds is located in the 1590
cm*region. This peak is the most intense ground staige in this molecule. Idg-
DMSO it clearly consists of a single mode centexeti590 crit while ind,-MeOH it is
centered at 1588 chnThis peak is due to the combination mode phe@/HaC=0
stretch. The 1500-1550 chregion contains two peaks in both solvents. Theemo
intense peak near 1540 ¢ris assigned to the phenyl 8b while the peak a® 1% in
ds-DMSO and 1529 cihin ds;-MeOH is assigned to the phenyl 19b mode. Also fwort
mentioning is the 1365 chmode ind:-MeOH. This mode plays an important role in the
excited state evolution of the species in thiseoihand is assigned as the pure phenyl-N
stretcht?

Other modes can also be assigned, including fhteehiyl C-C stretch between the
phenyl rings and the carbonyl carbon at 1150 dme phenyl CC + methyl twist that is
present at 1425 cfin d-DMSO, and the pure methyl twisting at 1445 and5ld@i® in

ds-DMSO andd,-MeOH, respectively.
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2.4.4 Excited State Vibrational Evolution

The evolution of the vibrational states of MK iretfirst excited singlet state,
much like the two color pump-probe experimentsidatk the presence of multiple
structural conformations. Figure 2.6 contains a@anplot illustrating the temporal
evolution of the excited state of MK d3-DMSO. The x-axis is the anti-Stokes scattering
frequency, the y-axis is the amount of time elapsede excitation, and the z-axis is the
intensity of the peaks. The ground state contridsutias not been removed from this plot,
so there are both ground and excited state peaks.

In Figure 2.6 there is a peak at 1500 dimat appears shortly following excitation
and experiences a noticeable upshift in frequenbig peak is assigned to the phenyl C-
C stretch with phenyl-N stretching. Eventually thesak reaches a stable frequency and
remains there for the duration of the experimehts Teature was found to remain for
greater than 300 ps. Other features in the comtlmiido not undergo frequency or
intensity changes to any significant extent. Theamder of Figure 2.6 shows the time
evolution of the phenyl-N + phenyl-CC stretch.

Figure 2.7 displays the frequency and intensityl@ion of the 1500 cihfeature.
The frequency of this peak upshifts until it reachesteady value at ten picoseconds and
remains there with little change for over 300 pse Thtensity profile indicates an
unstable intensity during the initial stages ofitatmon. This is followed by a dramatic
increase of the intensity starting at 1.3 ps. Tiesease was fit to an exponential function
with a time constant of 2.6 ps. There is then @asgbent decay of the peak intensity with
an exponential decay of 3.7 ps to reach a statdasity. The final intensity is constant

within experimental error for over 300 ps.
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Additional excited state experiments in DMSO wewvaducted in the low
frequency regime. No ground state modes for MKia solvent were observed,
however, a singular excited state peak was obsemwad285 ci. This frequency
represents the torsional motion of the rings in NDgnamics of this peak are shown in
Figure 2.8. The actions of this peak are largelggreement with the phenyl-CC +
phenyl-N mode described above. The mode appear8 gt and increases in frequency
until reaching a constant value by 50 ps. The sitgmuickly reaches a maximum by 5
ps and gradually decays until completely disappegany 500 ps.

Excited state vibrational dynamics of MKdg-MeOH are similar to those seen in
ds-DMSO. The contour plot for MK id;-MeOH is shown in Figure 2.9. This figure also
includes a comparison of the ground and excitae stgectra of MK in this solvent 100
fs after excitation. This figure details the evauatof MK in its excited state in this
solvent. The most dramatic feature is located 8013n". This peak appears
immediately following excitation and decays veryaly. Another important excited
state peak is located at 1500 trithe peaks at 1575 and 1590 are ground state.peaks

The peak dynamics of the 1380 tmeak and the 1500 ¢hare shown in Figure
2.10. These peaks are assigned as the pure phestggtish and the combination phenyl
C-C + phenyl-N stretch, respectively. The pure Pmdde experiences very fast
evolution, reaching its maximum intensity at 10@msl decaying completely by 1 ps.
The frequency of this peak evolves quickly withragscale shorter than the duration of
the pulse.

The phenyl C-C + phenyl-N mode takes longer toexorhis peak appears

shortly after excitation and reaches a maximummsitg by 400 fs. Its frequency
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gradually increases throughout the experiment.rAf@® fs this peak begins to decay

until it merges into its ground state counterpa.& ps and can no longer be measured.

2.5 Discussion

Experiments have been conducted to determineitbhational evolution of MK
in its lowest excited singlet state. Two color puptpbe experiments have been
conducted ird,-MeOH andds-DMSO using 400 nm excitation to monitor the chaimge
probe beam at 511 nm or 549 nm. These resultsatadibat immediately following
photoexcitation there is a short lived absorpthatesthat quickly evolves into an
emissive state. This emissive state then decaysifdng-lived absorptive state.

Two color pump-probe results are in agreement thidise of Palit and coworkers
who showed in a recent paper using transient absormeasurements the excited state
evolution of MK in several solvenfsTheir conclusion was that immediately following
excitation the FC state undergoes planarizatidorto the ICT state. This initial state
displays a strong transient absorption that is gaort lived. The ICT state is emissive
and has a longer lifetime than the FC state, ctargisvith our results. Finally, the planar
ICT state experiences a twisting of one dimethyfangroup to an angle of 90 degrees
with respect to the ring, resulting in the formataf the TICT state which displays a
long-lived excited state absorption.

Our excited state vibrational results indicat@mplicated evolution of MK in the
excited state. They show that upon excitatiodstdMSO the phenyl C-C + phenyl-N
mode of MK is significantly altered. Its groundtstérequency is 1519 chin this

solvent but in the excited state it begins nea01&@®, experiences an upshift to 1514.7



30

cm™* and remains at this final frequency for over 380Fhis peak indicates a dynamic
vibration involving the dimethylaniline moiety thexperiences significant changes in the
excited state.

The low frequency vibration present at 285 crapresents the torsion of the
dimethylaniline groups with respect to the carboitglappearance comes shortly after
excitation and its frequency increases until ibsizes around 50 ps after excitation.
These dynamics indicate a twisting process ofulterings in the excited state. The
frequency shift indicates this angle does not Brabior some time after excitation. Once
the frequency stabilizes it remains constant feess hundred picoseconds.

Dynamics ind;-MeOH help to further understand the actions of MHts excited
state. The pure phenyl-N mode has a frequency &5 t&i" in the ground state.
Immediately following excitation this peak beginsiticrease in frequency until it
reaches a final position and maximum intensity384lcm’ 100 fs after excitation. This
peak then quickly decays within 1 ps. The pheng €-phenyl-N mode in this solvent
behaves in a fashion similar to thatdgaDMSO. In the ground state this peak is present
at 1529 crit while in the excited state it appears at 1513 emd gradually increases in
frequency until it merges into the correspondingugid state mode and can no longer be
discerned.

The vibrational study, when considered in conjiamctvith transient absorption
measurements, helps elucidate the changing steuofvK in its excited state.
Immediately following excitation in,-MeOH the pure phenyl-N stretch increases in
frequency and intensity, and then quickly decayayawhis peak is indicative of the

planarization of MK in going from the FC to the IGTate and is consistent with the
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initial absorptive state in this solvent and theigisment of a 600 fs lifetime of this state
by Palit and coworkersThe phenyl C-C + phenyl-N stretch appears shaftiyr
excitation and evolves for 2.5 ps. This mode issesiant with the production of the ICT
state from the FC state.

A more complete picture of MK can be drawn usieguits inds-DMSO. The
phenyl C-C + phenyl-N stretch is the only excitéates peak observed in the fingerprint
region. It appears nearly a picosecond after exmitaindicating it is associated with the
ICT state of MK. This mode increases in frequeraryskveral picoseconds, and remains
for the duration. The upshift of this mode to read$table frequency is indicative of the
production of the TICT state because its frequascpnstant for very long timescales.

The low frequency mode at 285 ¢rhas been assigned to the torsional motion of
the dimethylanilino groups with respect to the carfd. This mode shows that there is a
twisting process taking place in thes$ate of MK. The gradual frequency change of this
peak indicates that the angle of the phenyl riedgtive to one another is changing for
some time after excitation. Once in the TICT stheegeometry of the molecule is stable

for some time and this frequency does not change.

2.6 Conclusions

The fs/ps-CARS technique has been used to stedyilinational evolution of
MK in its first excited singlet state. DFT calcutats are used to assign the ground state
vibrational modes of MK. For the first time speatfathe first excited singlet state of MK
are obtained ils-DMSO andd,-MeOH. Results in these solvents have shown several

interesting vibrational modes which help elucidgttectural changes. y-MeOH the



32

frequency evolution of the pure phenyl-N and ph&Zn® + phenyl-N modes indicate the
planarization of the FC state to produce the I@festThe evolution of these peaks is
consistent with the ~600 fs timescale attributedPbit et al to the lifetime of the FC
state. The longer timescales associated with teaeylC-C + phenyl-N and the low
frequency torsional mode th-DMSO indicate the production of the TICT statehis

molecule.
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Figure 2.1— Pictorial description of the differing excitethte processes for TICT-type molecules in
solvents of differing polarity. These molecules gemerally made up of an electron donating groupafidl
an electron accepting group (A). The Franck Corstate is the only state accessed in low polarity
solvents before fluorescence occurs. In slightlapsolvents a charge separation can occur, ledadiag
certain proportion of the molecules fluorescing &iigher wavelength from the intramolecular charge
transfer state while those that do not undergogehaeparation show the FC-type fluorescence. Iniyig
polar solvents a complete transfer of charge cawbiserved, which is facilitated by the twistingtioé
donor relative to the acceptor. This results iarge red shift of the fluorescence and a markededse in
the fluorescence quantum yield.

Figure 2.2— A) Molecular structure of Michler’'s Ketone. B) &lground state configuration is twisted.
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Figure 2.3— Transient absorption spectra of MK in differenlivents. A&B) Dynamics of the 549 nm and
511 nm probe pulses, respectively, following exmtawith 400nm pulse id,-MeOH. C&D) Dynamics

of the 549 nm and 511 nm probe pulses, respectif@lgwing excitation with 400 nm pulse d3-DMSO.
In each case there is an initial negative-goingespidicating the FC state. This then becomes ipesit
going indicating the presence of the emissive IGifes Finally each trace shows the long-lived TkIdte
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5t

ds-DMSO | di-MeOH | Calculated | Scaled Assignment
Frequency | Frequency| Frequency | Frequency

1630 1625 1712 1650 C=0

1590 1588 1660 1600 Ph CC + C=0
1540 1543 1595 1537 Ph CC

1519 1529 1563 1506 Ph CC + Ph-N
1445 1435 1500 1445 Methyl Twist

N/A 1365 1389 1339 Ph-N Stretch

1425 N/A 1475 1422 PhCC + Methyl Twi
1150 1158 1174 1132 Biphenyl CC Stretc

=

Table 2.1- Frequency assignments for MK ground state.
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Figure 2.5- Representative vibrations of MK. A) 1150 ¢nB) 1380 m cnit, C) 1425 crit, D) 1520 crit
E) 1540 crit F) 1590 crit
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CHAPTER 3: ANALYSIS OF THE EFFECT OF SOLVATION ON T HE
VIBRATIONAL STRUCTURE OF COUMARIN 120 USING AN

EXPERIMENTAL AND THEORETICAL APPROACH

Alex J. Blom, Hans U. Stauffer, and Mark S. Gordon

3.1 Abstract

The vibrational structure of Coumarin 120 is staldiising a combined
experimental and theoretical approach. Densitytfanal theory calculations are used to
assign frequencies observed in FTIR and spontarfRanman experiments. Solvation
effects on the geometry of Coumarin 120 and itgfemcies are then studied using
coherent anti-Stokes Raman spectroscopy in confumeaiith calculations employing the
polarizable continuum model. It is found that tlagbonyl stretching frequency decreases
in solvents with high dielectric constant, consistith its increase in bond length in
such solvents. A mode attributed to the C-N defdionaundergoes an increase in
frequency in solvents of high dielectric constamdjcating a shortening of this bond and

a planarization of the amino group.

3.2 Introduction

The 7-amino-4-methylcoumarins are used in a widetyaof applications. They
were first developed for use as laser dyes and toanvel work as solvation probes,
antimicrobial drugs, and as reaction sensitizé€oumarin 120 (C120) is the simplest of

the 7-amino-4-methylcoumarins and is shown in Feddifi.. This molecule consists of a
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benzopyrone moiety with amino (7) and methyl (4)stiluents and has been studied
experimentally and theoretically by several grofiffsThe solvatochromism displayed by
this dye makes it an intriguing molecule to study.

C120, unlike its more rigid counterpart, coumdr&8, has freedom of motion of
its amino group. In solvents of differing polarttye structure of this group can change to
become more energetically stable. It has been stegj¢hat the ground state structure of
C120 is heavily influenced by solvent polafi§*?In particular, it has been theorized
that a gradual charge transfer occurs from the amguaup to the carbonyl as solvent
polarity is increased. Recent calculations supiiststatement but the effect of solvent
on the vibrational structure of C120 has not, te point, been analyzed.

In this paper a combined theoretical and experiat@pproach is adopted to
better understand the vibrational structure of CihA@ ground state. FTIR and
spontaneous Raman spectroscopy are combined wislityléunctional theory (DFT)
calculations to assign experimentally observedatibnal frequencies. For calculations
the B3LYP functional is used with the 6-311G(d,p¥is set. This combination has been
shown to yield molecular geometries and harmomigdencies with good accuracy and
low computational cost relative to other metholdls MP2 and coupled clustef:
Calculations are also conducted using the solvatiodels, specifically the polarizable
continuum model (PCM), and are combined with cahtelRaman experiments to

determine how the frequencies of C120 are affegpesh solvation.
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3.3 Methods
3.3.1 Experimental

Infrared spectra were obtained using an FTIR spewter (Nicolet Nexus 470)
in the range from 650 cfto 4000 crit. The spectral resolution was set to I'camd
128 spectra were recorded. Peaks were assignegithsi®MNIC software suite from
Thermo Scientific.

Spontaneous Raman spectra were obtained using a7 &enishaw diode laser
coupled to a Nikon TE-2000-U wide field optical miscope operated in confocal mode.
The incident beam is focused to the sample usé@xaoil immersion objective that is
also used to collect Raman scatter. The signakis separated using a dichroic mirror
and focused onto a 1Q@@n pinhole before being sent into a Kaiser Holosh&c
spectrometer. A notch filter removes any Rayleicgiiter and the signal then passes
through a 10@um slit. The spectrum is collected using a Princétstruments 400BR
IR-enhanced CCD array that is controlled using \Maas The spectra were calibrated
using a 50/50 (v/v) toluene/acetonitrile standard.

Condensed phase Spectra of C120 were taken ugropkierent anti-Stokes
Raman scattering method termed fs/ps-CARS. Thisraxgntal method allows for
multiplexed detection of vibrational spectfeDetails of this setup have been described
previously. Briefly, 50 fs pulses are generate8@0ft nm using a Ti:Sapphire laser system
operating at 1000 Hz and approximately 2 mJ/pdike.fundamental is divided into
several portions, the first of which is sent intoaptical parametric amplifier (OPA) to
produce broadband ultrafast pulses. The outputeoXPA is recombined with the

fundamental to generate two pulses in the visigdgon. Typical pulse frequencies and
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widths are:w, = 19570 crit [511 nm]; bandwidti o = 300 cntt andw, = 18210 crit
[549 nm];Aw = 350 cn. Another portion of the fundamental is sent inigrating
stretcher-compressor pulse shaper to generatewltzana picosecond duration pulses
(~10 cm%).'® Use of an adjustable slit allows the pulse bantiwid be changed
depending on experimental considerations. Polaoizatf all beams was set to parallel.
The three beams generated in the experimentg se¢udirected into the sample
with a folded BOXCARS geometry. This allows thersigbeam to be spatially separated
from the three input beams. The signal is thendedunto a spectrometer and spectrally
dispersed. An Ocean Optics USB-2000 handheld spreter was used for these

experiments. This spectrometer allows for 6'amsolution™*

3.3.2 Materials

All materials were used as received. 7-amino-4-glettumarin (Coumarin 120),
was obtained from Exciton. For fs/ps-CARS experita¢he dye was dissolved in
dimethyl sulfoxide (DMSO, certified ACS) which wasquired from Fisher.
Concentrations of the dye in DMSO ranged from 30vBd. For FTIR experiments the
dye was ground with KBr powder (Fisher IR-gradej #ren compressed into a pellet.

Spontaneous Raman experiments were conducted Q%@ powder.

3.3.3 Density Functional Theory Calculations
Molecular simulations for isolated C120 were coriddat the DFT level of
theory using the B3LYP functional and the 6-311@)tasis set. All calculations were

conducted using the GAMESS computational chemisifiware™® Following geometry
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optimizations, Hessian runs were conducted to oontfnat an optimized geometry had
been reached and to calculate the harmonic fretqgseassociated with the molecule. The
infrared and Raman intensity of the vibrations wietend using the default electric field
strengths in GAMESS. Optimized structures and wbnal motions of C120 were
visualized using MacMolPft’

To determine how the vibrational structure of Ci8ffected upon solvation,
geometry optimizations and Hessians were condunttdte presence of a dielectric field
using the polarizable continuum model (PCM) atdhme level of theory and basis set as
the gas phase calculations. This model placeskadoltent around the chromophore and
considers the solvent molecules as a large feagg@ntity characterized by its dielectric
constant. The solute can thus perturb the solvehvvece versa until an optimal structure
is reached. Several solvents were used as indioatbd text. The conductor-like PCM

(C-PCM) model was chosen for these studigs.

3.4. Results and Discussion
3.4.1 Optimized Structure

The optimized structure of C120 in the gas phaséasvn in Figure 3.1. The
benzene and lactone rings display the near plgrtggtcal of this class of moleculég?
The calculations predict a pyramidalization of #meine group to a dihedral angle of
19.88° with respect to the plane of the benzopyropiety. Table 3.1 contains the
optimized coordinates for isolated C120. The dipotanent of the ground state is found

to be 6.37 D directed toward the carbonyl.
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Additional structural information is included iralfle 2.2 which presents a
comparison of the calculated geometric paramete@d 20 to the crystal structure
determined by Jasinski and Woudenb®grg.should be noted that the calculations in this
paper were performed on a single C120 moleculeevthi crystal structure contains
structural data for C120 in a solid matrix and tthesgeometric parameters may be
slightly different. For these studies it was notnpuitationally feasible to perform
optimizations with multiple C120 molecules present.

The calculated bond lengths and angles are faubé th good agreement with
the experimentally determined crystal structuree DT method using the B3LYP
functional tends to do a good job of predicting ¢héengths and this is confirmed for
C1202* Additionally, the bond angles are within 1% efiromost cases. The largest
error in the calculations involves the oxygen atarihe ester functionality and$p
hybridized hydrogens. X-ray diffraction studiessled the crystal structure to include
hydrogen bonding of the carbonyl with hydrogensierghboring molecules. Since the
calculations were performed on a single molectie Jéngths and angles of the

previously mentioned bonds are expected to berdiitehan the crystal.

3.4.2 Vibrations of C120

Experimental FTIR spectra for C120 are shown iruféd.2. The top panel
displays the range 650-3700 ¢mhe bottom panel displays the carbonyl and vibreti
lower in frequency (650-1700 ¢th Figure 3.3 displays the experimental spontaneous
Raman spectrum in the 650-1700tragion. Figure 3.4 displays FTIR and Raman

results on a single chart so vibrations of bothhoés may be more easily correlated.
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The carbonyl peaks in the two different experiméntethods differ greatly in
intensity. Most molecules show a very strong IRcapson for the carbonyl peak. The
Raman intensity of the carbonyl stretch is mucheothan the IR intensity and is often
not observed. Additionally, the experimental setfithe Raman microscope trails off in
efficiency near the carbonyl region. For the spoetaus Raman spectrum in Figure 3.3
this mode is not readily evident. There is, howeaesmall peak at 1677 ¢hthat is
assigned to this vibration.

Table 3.3 contains peak frequencies and their msggts for C120. Figure 3.5
shows the numbering scheme for vibrations of theeoute. The benzene ring is
indicated by B while the lactone ring is indicatgdL. Ring vibrations specific to each
ring are indicated with their corresponding let#&f.calculated frequencies in this paper
are raw, unscaled values. In the table it is skahthe carbonyl mode and high frequency
ring modes in the 1500-1600 ¢megion are overestimated by 2-4% while modes lower
in frequency than this are spot on. The carbongierestimated by 8.3%. Since most of
the modes observed are calculated with such loov arrd the ring modes that are
overestimated can still be correlated to experialdintdings, the calculated frequencies
are left unscaled.

When appropriate (and possible) ring motions asegasd using the notation
established by Wilsolf. These assignments are possible if each ring yldaplays the
motions indicated in Wilson’s paper. Most of theisg modes account for motions of the
substituents inherently. In certain cases the assgts in Table 3.3 indicate motion of

the substituents in addition to the ring modesrdeoto emphasize a particular
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displacement. These mainly involve the phenyl-Nd@@y-N) and the carbonyl bond
(C=0). Motions of the methyl carbon relative to threy are indicated by ‘methyl.’

The carbonyl stretch in the IR at 1680 tdisplays some interaction with the
high frequency ring modes, the closest of whichsisigned at 1621 ¢ This causes the
C=0 stretch to appear very broad. The ring modas 1800 crit are very closely spaced
and assignment of the individual peaks was noligstii@rward. The best fit of the
frequencies is shown in the table. The Raman gjp&atn this region displays a strong
peak at 1598 cihwith shoulders on the high (1610 ¢jrand low (1585 cif) frequency
sides.

Assignments for the ring modes in the 1600 aegion are largely in agreement
with those of similar moleculésThe mode at 1621 ¢hin the IR and 1610 cthin the
Raman is assigned to the 8b stretch of the bermaggpeombined with carbonyl
stretching, G-C, stretch, G-N stretch and the amino group scissoring motidre peak
near 1600 ciis the most intense feature of both the IR and Reana is assigned to
the simultaneous 8b stretching of both rings.

Other interesting features include the doublet 1680 cni. This mode has an
interesting shape in the IR with a tail extendimgloe low frequency side. In the Raman
this feature was easily fit using a sum of two haeean functions. The high frequency
feature (1544 ci IR, 1557 crit Raman) is assigned to the 8a stretch of the benieg,
which has an inherent component of theNCstretch, combined with thes, stretch,
which results in the £Methyl bond being deformed. The low frequency mati&541
cm™ in the IR and 1550 cthin the Raman is the 19a motion of the benzene Tihip

motion results in the £Nand G-C,4 stretches since these are substituents in thimmot
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The dramatic peak at 1165 ¢rin the Raman (also present in IR) indicates the
motion associated with the 14 mode of the lactamg This motion includes the
asymmetric stretching of the C-O-C portion of timgyrThe low frequency side of this
peak at 1150 crhindicates the C-H stretching of the benzene rlnggwith the G-Cy
stretch. This motion includes the asymmetric skietg of the C-O-C portion of the ring.
Additionally this mode contains the C-H bending iootof the benzene ring. Below
1000 cni the peak near 690 chis clear in both the IR and Raman spectrum. Thugen
is the 6a motion of both rings.

Figure 3.5 shows several representative modes¥a0Clrhese modes have been
selected because they are seen in both the expeaitie and Raman data. Relative
atomic displacements are indicated by artodgsignments for these modes can be found

in Table 3.3.

3.4.3 — Solvation effects on C120 structure

The suggestion that solvent properties may affexstructure of C120 implies
that its vibrational characteristics should be higiensitive to solvent environmeft.
The dielectric constant of a solvent, which is agio measure of its polarity, is expected
to exhibit a great influence on the geometry and tihe vibrations of C120. Condensed-
phase spectra of C120 in DMSO have been taken tistnig/ps-CARS method. The
PCM model has been added in to calculations towatdor solvation effects on C120.
Solvents utilized included aprotic solvents of wagypolarity. Since the PCM model
cannot account for specific interactions such adnen bonds, these are left to future

studies.
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As mentioned previously, it has been suggestediiesamino group is able to
transfer charge to the carbonyl under polar comatti Figure 3.7 illustrates the resonance
structure that would then be present. If a char@ester does occur the length of the
carbonyl bond is expected to increase, which woaltse the stretching motion of this
bond to decrease in frequency. The other consegqudraharge transfer would be the
shortening of the phenyl-N bond and the gradualasization of the amino group. Table
3.4 analyzes how these two bonds are affected uptusion of different solvents into
the geometry optimization.

The data in Table 3.4 clearly indicate that theugbstate structure of C120 is
affected by solvation. A reliable indicator of ttiearge transfer in polar solvents is the
increase of the dipole moment of C120 in going fraonpolar to slightly polar, to highly
polar solvents. This indicates a charge separagtnween the amino and carbonyl
groups, causing an increase in the dipolar charatthe molecule. Structurally, as the
solvent dielectric constant increases, the lenfitheocarbonyl bond begins to increase,
going from 1.207 A in cyclohexane to 1.211 A inlan tetrachloride, and finally to
1.214 A in the highly polar solvents acetone, mitethane, and DMSO. At the same time
the length of the phenyl-N bond gradually decreas#sincreasing dielectric constant,
as does the dihedral angle between the amino gnodiphe plane of the benzopyrone
moiety. Finally, the NkBbond angle increases to over 114° which indigaissrecoming
less pyramidal and more planar.

Table 3.5 contains the calculated vibrational diestries for C120 using PCM to
model a continuum solvent. It is seen that mamyefmodes decrease with increasing

solvent dielectric constant, especially the carbomyde and major ring modes (1500-
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1650 cn). The 1374 cii(in the gas phase) vibration, attributed to ha@s-&l
deformation component, increases in frequency esiodielectric constant is increased.
This increase in frequency is in line with the é&se of the €N bond length.

The mode at 1374 chis the closest to a pure C-N vibration that isevbed in
this molecule. It is expected that this is whyfiegjuency increases in high polarity
solvents. Many of the other modes listed in Tabketave a small component of C-N
stretch or deformation associated with them, btienough to cause the frequency of the
vibration to increase. This is to say that the male in its entirety has a slightly different
structure in going from gas phase to nonpolar stlaad eventually to highly polar
solvents and this affects each vibration differgrifithere were a pure C-N stretch as
there is a pure C=0 stretch, it would be easieletermine how the frequency of this
vibration changed upon solvation.

Figure 3.8 contains the ground state spectrum @b@1 DMSO acquired using
the fs/ps-CARS method. Three peaks were obsenghatling the carbonyl at 1671 ¢
and two ring modes at 1606 ¢rand 1621 cm, respectively. These experimentally
observed modes are assigned to the 8b(B) + 8b(Bb(B) + C=0 & G-N & C3-C,4
Stretch + NH Scissor, respectively. To this point spectra Haen acquired in only one
solvent. The decrease in frequency with respettteésolid state spectrum indicates the
carbonyl is influenced by DMSO upon solvation, lasven in the results of PCM
calculations. Acquisition of spectra in more sokgarould further understanding of the

solvation of C120.
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3.5 Conclusions

The vibrational structure of C120 has been detegthand its characteristic
frequencies assigned through the use of FTIR amdaRapectroscopy in conjunction
with DFT calculations. The ground state geometrg foaind to be in good agreement
with the experimentally observed geometry of the@arystal. Continuum solvation
calculations suggest that there is a charge trafrsi@ the amino group to the carbonyl
group in polar solvents, resulting in a lengtherafithe C=0 bond and a concomitant
decrease of its vibrational frequency. These catmns also indicate a planarization of
the amino group and a shortening of theNOn polar solvents that results in an increase

of the G-N deformation.
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Figure 3.1— Molecular structure of C120. Black spheres iathacarbon atoms, white is for hydrogen, red
for oxygen, and blue for nitrogen. The fused ringecof the molecule is planar but while the aminaug
displays a pyramidal configuration.

Atomic
Atom  Number X (A) Y (A) Z A
C 6.0 0.616135 -0.204723 0.462497
C 6.0 0.499236 1.176850 0.549086
C 6.0 -0.418530 -1.011154 -0.053200
C 6.0 -1.588008 -0.353852 -0.480158
C 6.0 -0.672173 1.808713 0.118224
C 6.0 -1.721062 1.017539 -0.401067
o) 8.0 1.785446 -0.742137 0.905217
C 6.0 2.036602 -2.122373 0.878705
o) 8.0 3.098018 -2.499491 1.296342
C 6.0 0.970407 -2.947051 0.341717
C 6.0 -0.206403 -2.441483 -0.107341
C 6.0 -1.276162 -3.346992 -0.655003
H 1.0 -1.522822 -3.083208 -1.688162
H 1.0 -0.951715 -4.387694 -0.635586
H 1.0 -2.198156 -3.264986 -0.070508
H 1.0 -2.631672 1.496505 -0.744576
N 7.0 -0.782659 3.187045 0.146183
H 1.0 -1.715183 3.570026 0.126221
H 1.0 1.331638 1.742710 0.950824
H 1.0 1.179605 -4.008930 0.323032
H 1.0 -2.407849 -0.937317 -0.881556
H 1.0 -0.156048 3.681678 0.762183

Table 3.1- Optimized gas phase geometry for C120 using BBIYP and 6-311G(d,p).
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Expn
Bond DFT (A) (R) Diff %Error
C=0 1.2013 1.22 -0.0166 | -1.37
01-C2 1.4031 1.37 0.0321 2.35
01-C4 1.3609 1.38 -0.0210| -1.53
C7-N 1.3830 1.37 0.0140 1.03
C2-C3 1.4509 1.42 0.0269 1.89
C3-C4 1.3572 1.35 0.0062 0.46
CX-C4 1.4469 1.44 0.0069 0.49
C4-ME 1.5047 1.50 0.0097 0.65
C5-C6 1.3801 1.37 0.0151 1.11

C5-C10 1.4078 1.41 0.0018 0.13
C6-C7 1.4127 1.41 0.0067 0.48
C7-C8 1.3989 1.39 0.0079 0.57
C8-CY 1.3892 1.37 0.0152 1.11
CX-CY 1.4095 1.39 0.0165 1.19
N-H 1.0080 0.85 0.1580 | 18.59
ME-H 1.0824 0.97 0.1124 | 11.59
Angles
CX-01-C2 122.4177 121.80 0.6177 0.51
0=C2-01 117.4104 115.20 2.2104 1.92
01-C2-C3 115.7569 117.50 -1.7430 -1.48
0=C2-C3 126.8325 127.30 -0.4674 | -0.37
C2-C3-C4 123.2211 122.60 0.6211 0.51
C3-C4-CX 118.8772 118.90 -0.0227 | -0.02
C3-C4-C12 120.8419 120.70 0.1419 0.12
CX-C4-C12 120.2807 120.40 -0.1192 | -0.10
C6-C5-CX 121.7791 122.00 -0.2208 | -0.18
C5-C6-C7 120.3968 120.80 -0.4031 | -0.33
N-7-C6 120.4142 121.10 -0.6857 | -0.57
N-C7-C8 120.7168 120.40 0.3168 0.26
C6-C7-C8 118.8131 118.50 0.3131 0.26
C7-C8-CY 120.0295 119.40 0.6295 0.53
01-Cy-C8 116.4069 115.60 0.8069 0.70
01-CY-CX 121.5866 120.70 0.8866 0.73
C8-CY-CX 122.0063 123.70 -1.6936 | -1.37
C4-CX-C5 124.8858 125.80 -0.9141 | -0.73
C4-CX-CY 118.1392 118.50 -0.3607 | -0.30
Dihedrals
0=C2-01-CY -179.7482  -177.90 | -1.84821 1.04
0=C2-C3-C4 179.7474 178.60 1.1474 0.64

Table 3.2— Comparison of calculated and experimentally eiteed geometries of C120. Experimental
values taken from Ref 12.
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Figure 3.4— FTIR and Raman spectra of C120.

Figure 3.5— Numbering scheme for C120. Benzene is B, Laci®he
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ViR VRaman Vcalc

(cm™  [(m™) | (cm™) | Assignment

687 690 692 6a(B)+6a(L)

705 706 0-C-0 Wag + CH Wag(L) + 4(B)

720 725 18a(B)

747 744 4(B)+4(L)

806 811 802 17b(B)

808 810 12(L) + 6a(B) + C,-N Str

833 830 849 CH wag (B) OOP

856 865 Cs-H OOP Wag + C=0 Wag

892 866 C,-O Str + CH Bend (L) Ring Breathing (B)
931 936 CsH & C¢H OOP bend

980 978 987 Cx-O Bend + CH Bend (B) + C¢-H Str
1013 1023 12(B) + 12(L) Methyl Twist

1032 1060 C4-Methyl Out of plane

1063 1071 Methyl Rock + C=0 Bend

1121 1108 NH, Twist + CH Bend (B)

14(L) [Composed of C-O-C Asymmetric Stretch + C5-C, Str] +
1165 1165 1146 CH Bend (B)

1148 1151 1175 Ce-H & Cs-H bend + Cs-Cy Stretch

1215 1217 1227 C-0O-C asymmetric stretch + 18b(B) + C,-N Str

1227 1236 1244 C4-Methyl Str + CH Bend (B&L) + Cx-C, Stre

1266 1282 CH Bend (B) + 19a(L)

1336 1351 13(B)

1358 1364 1374 14(B) + C+-N Deform

C4-Methyl Deform + Methyl symmetric bend + Cy-C,4 stretch +
1367 1370 1404 CH Bend (L)

1380 1423 C4-Methyl Str

1397 1396 1475 19b(B) + 19b(L)

1436 1437 1484 CH; Twist

1446 1446 1491 CH; Twist + C;5-C,4 Stretch

1541 1550 1544 19a(B) + C+-N + Cx-C4

1544 1557 1585 8a(B) + C;-N deform + C;5-C,4 Str + C4-Methyl Deform

1585 1580 1653 C4-C; Str + C=0 Str + NH, Scissor + 8a(B)

1604 1598 1656 8b(B) + 8b(L)

1621 1610 1670 8h(B) + C=0 & C+-N & C3-C, Stretch + NH, Scissor

1680 1677 1818 C=0 Stretch

Table 3.3— Experimental and theoretically calculated viloradl frequencies for C120 including
assignments. The table only includes calculateglgacies that correspond to experimentally observed
frequencies. Others are present but are not shamnqguestions regarding these modes or the ones not
experimentally observed should be directed to thba.
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1374cm’

I" 1585cm’ ! " 1653cm
Figure 3.6 —Representative vibrations of the C120 molecule.cdlesl frequencies indicated on the
diagram.
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Calculated | Carbonyl C8-C7-N- Ph-N NH2

Dipole Bond H Bond bond

Dielectric | moment Length Dihedral length angle

Solvent | Constant (D) (A) (°) (A) (°)

CH 2.02 7.569 1.207 19.435 1.379 113.695
CCl4 2.23 7.707 1.207 19.281 1.379 113.722
Tol 2.37 7.793 1.208 19.251 1.379 113.744
CHCI3 4.9 8.554 1.211 18.727 1.376 113.888
THF 7.58 8.850 1.212 18.502 1.375 113.959
ACETONE 20.7 9.227 1.214 18.151 1.373 114.064
NITMET 38.2 9.335 1.214 18.069 1.373 114.089
DMSO 46.7 9.358 1.214 18.043 1.373 114.107

Table 3.4 —Select solvent-dependent properties of C120. Theleimoment and amino bond angle
increase with solvent dielectric constant while diteedral angle of the amino group becomes moneapla
These trends indicate an increase in charge tnaasfeolvent polarity increases. CH: Cyclohexar@4C
Carbon Tetrachloride, Tol: Toluene, CHCI3: Chlomofip THF: Tetrahydrofuran, Acetone: Acetone,
NITMET: Nitromethane, DMSO: dimethyl sulfoxide.

CHs CHs
X =
«—>
~
H,N o (@] +Z _
2 H,N 0 0

Figure 3.7— Resonance representation of C120. The lefttstreiés thought to be predominant in nonpolar
solvents while the right structure is thought teelep in polar solvents.
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GAS CH CTCL TOL CHCI3 ACETONE | NITMET | DMSO
692 692 692 692 691 691 691 691
706 708 708 708 709 709 709 709
725 725 726 725 725 727 728 728
744 746 746 746 746 747 747 747
802 807 808 808 810 811 811 811
810 811 811 811 813 814 814 815
849 847 847 847 845 843 843 843
865 859 859 858 855 849 850 850
866 871 872 872 875 878 879 879
936 945 945 946 951 954 955 956
987 986 986 986 986 986 986 986
1023 1025 1024 1025 1025 1025 1024 1024
1060 1058 1058 1058 1057 1056 1056 1056
1071 1072 1071 1071 1072 1075 1076 1076
1108 1109 1108 1108 1108 1108 1108 1108
1146 1149 1149 1149 1150 1149 1149 1149
1175 1173 1173 1173 1172 1171 1171 1171
1227 1227 1227 1227 1226 1226 1226 1226
1244 1245 1245 1245 1245 1239 1234 1234
1282 1281 1281 1280 1279 1278 1279 1278
1351 1351 1351 1351 1352 1353 1353 1353
1374 | 1375 | 1375 | 1375 1375 1376 1376 1376
1404 1400 1400 1399 1397 1399 1400 1400
1423 1423 1423 1423 1423 1422 1422 1422
1475 1472 1472 1471 1469 1469 1470 1470
1484 1478 1478 1477 1473 1471 1471 1471
1491 1481 1480 1479 1475 1481 1482 1482
1544 1543 1543 1542 1542 1541 1542 1542
1585 1579 1579 1578 1574 1571 1570 1570
1653 1643 1641 1641 1633 1626 1626 1625
1656 1651 1650 1650 1647 1644 1644 1644
1670 1662 1661 1661 1657 1653 1652 1652
1818 | 1785 | 1782 | 1780 1760 1744 1742 1741

Table 3.5- Calculated vibrational frequencies for C120qjn®) using PCM. Frequencies correspond to
those found experimentally in the FTIR and sporndaseRaman spectra. The carbonyl and C-N
deformation modes are bolded for easy access.
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Figure 3.8— fs/ps-CARS spectrum of C120 in DMSO in the casbhatretch region. There are three main
peaks, the carbonyl at 1671¢rand the two ring modes at 1606trand 1621cm. Spectrum is
normalized to strongest feature present.
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CHAPTER 3: EXCITED STATE DYNAMICS OF LOW FREQUENCY MODES

OF 4-DIMETHYLAMINO-4'NITROSTILBENE IN ACETONITRILE

Alex J. Blom, Benjamin D. Prince, Mikhail N. Slipehko and Hans U. Stauffer

4.1 Abstract

The multiplexed coherent anti-Stokes Raman saadt@robe fs/ps-CARS is used
to monitor the evolution of low frequency vibratadimodes in 4-dimethylamino-4'-
nitrostilbene. The ground state spectrum is assigrth assistance from quantum
chemical calculations. Dynamics of excited statel@soare observed for the first six
picoseconds in acetonitrile and interpreted by caning with transient electronic spectra.
These results are evaluated with previous worleterthine the relaxation pathway in

highly polar solvents.

4.2 Introduction

Compounds capable of undergoing excited stategetteansfer, often denoted as
Donor-Acceptor (D-A) type molecules, have beenisaifor decades via various
experimental techniqués?’ The prototypical system for D-A systems is 4-
dimethylaminobenzonitrile (DMABN). This system Haeen studied by numerous
groups in an attempt to understand how it is adié:ctpon excitatioh*° Rettig and
coworkers have proposed the most widely accepesatyhfollowing excitation, in polar
solvents, DMABN undergoes a charge transfer froendimethylamino group to the

benzonitrile moiety, followed by a twisting dimetagnino group with respect to the
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plane of the molecule. Excitation induces the madketo relax on its excited state
potential energy surface, resulting in a completeodpling of the D and A groups and
effectively quenching fluorescent®.

D-A systems involving substituted stilbenes haaeently gained interest for their
potential use as molecular wires. One system itiqodar, 4-dimethylamino-4'-
nitrostilbene (DANS), shown in Figure 4.1, has bstrlied by several groups due to its
interesting fluorescence properti8s? The quantum vyield in DANS increases in going
from nonpolar to slightly polar solvents and is@opanied by a red shift. The
fluorescence is nearly reduced to zero in highlaipsolvents while significantly shifting
to the red. Rulliere et al have suggested an untiggexplanation for this behavior in
analogy to that determined for the similar spediemethylamino-4'-cyanostilbené**
This interpretation involves solvent-dependent oamftional changes of excited DANS.
Upon excitation the molecule accesses th&Eanck-Condon) state. In slightly polar
solvents the excited state is thought to twist altoei2 and 4 bonds ¢4 ), as indicated
in Figure 4.1*>*In highly polar solvents, on the other hand, atig thought to occur
about the 5 bond (). In both cases it is likely that charge transfecompanies
structural changes, this is justified by the rettsi fluorescence.

Vibrational studies of DANS have been limitedte fingerprint regiorf>*°®
Work by Rulliere using coherent anti-Stokes Rangattering suggested a dynamical
change of modes associated with the nitro growgz@tonitrile (ACN) that they attributed
to the formation of the 4 twisted intramolecular charge transfer state (JIET° The
resolution of their work was ~1 ps and any charugesirring on faster timescales could

not be observed. Work in our group presented récasing the multiplexed fs/ps-CARS
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(~100 fs time resolution) probe of excited stateatyics has indicated that in highly
polar solvents the transition from the Franck-Can(feC) state to any subsequent states
occurs on very fast timescal@s.

To this point there have been no studies conduotetiserve the low frequency
vibrations in DANS in the excited state. Modestia 800-800 cii regime typically
involve bending motions of substituents, out ohelanotions of the entire system, and
torsional modes of the backbone. To that end we liged a multiplexed Raman probe
termed fs/ps-CARS to measure the low frequency s1I08®ANS in ACN.
Understanding how the low frequency vibrationshi$ system are affected upon
excitation can help determine the relaxation patfswaundergoes in the excited state.

The fs/ps-CARS probe allows for time resolutiontloa order of 100 fs and
frequency resolution of better than 12 tf Use of a femtosecond, broadbandanda;
pulse followed by a narrowband, picosecandulse allows for multiplexed detection of
Raman-active vibrations. Previous work in our grbag confirmed the validity of the
probe’s resolution. Transient excited states cambmitored using the fs/ps-CARS
technique through use of a broadband femtosecomgp puilse, typically 25000 cfin
energy (400 nm).

This study is organized as follows. Ground statel@s of DANS in ACN are
measured using the fs/ps-CARS probe technique r@nasaigned with assistance from
guantum chemical calculations. Excited state spe® obtained using the pump-probe
technique with a 400 nm pump pulse followed byffps-CARS probe. The spectrum of
the excited state is measured for the first sioggconds. Transient electronic spectra

using 400 nm pump and various probe wavelengthk ifei, 550 nm, or 800 nm) are
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measured to compare the excited state electronictBan to excited state vibrational
evolution. Results are compared to previous workaportrait is drawn as to the

pathway for relaxation in the excited state.

4.3 Methods
4.3.1 Experimental Setup

The fs/ps-CARS setup has been described in detait iearlier papér-In short, a
Ti:Sapphire laser system yields 800 nm (~50 fsyesirepeating at 1 kHz with typical
powers of 2 mJ/pulse. The output beam is sepanattedhree distinct portions. The first
is sent into an optical parametric amplifier (ORAat produces ultrafast broadband
pulses which, after combination with the fundamkyitlds pulses in the visible region
(w1 andw,). For these experiments the OPA was tuned sdhbatnergy difference
between the two visible pulses was- @, = 358 cn (e, = 19084 crit [524 nm] and
w, = 18726 crit [534 nm]) to monitor low frequency vibrations. Aatjng-stretcher type
pulse shaping apparatus is used to convert a sgahdf the fundamental into
picosecond duration puls&sThis yields narrowband pulses (~8 tmvhose width is
controlled through use of an adjustable si)( The three beamey, w2, 3 make up the
fs/ps-CARS probe. For excited state experimentsdimaining fundamental is used to
produce ultrafast pulses at 400 nm,J. This beam is produced through frequency
doubling of the fundamental using a BBO doublingstal. All beam polarizations are set
to parallel.

The pulses are directed into the sample usingdefoBOXCARS geometry. This

specific beam pattern allows the signal beam tegagially separated from the input
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beams and is then spectrally dispersed in a speetes made up of a monochromator
(Jarrell Ashf =300 mm) outfitted with a 1200 line/mm gratinglamPrinceton
Instruments 1100 element CCD array detector. Tétigosallows for resolution of up to
1.2 cm'/pixel. The spectrometer is calibrated using arfitom standard. Frequencies
observed from the standard are then compared abtlidted values in the desired
frequency range (350-800 & Excited state spectra were acquired by prepaing
electronically excited state usiagy followed by the fs/ps-CARS probe. The 400nm
excitation pulse is directed into the sample indéeter of the folded BOXCARS
geometry. A computer-controlled delay stage is useatljust the delay between, and
the fs/ps-CARS probe to measure excited state digsaithe overlap abex with the
remaining pulses (time zero) is defined using thical Kerr effect in glass.

Transient absorption/emission spectra were obtamn#d400 nm excitation
followed by a probe pulse (511 nm, 550 nm, or 880).Mhe OPA was tuned from the
values listed for fs/ps-CARS experiments so theggons of the electronic spectrum
could be monitored. The 400 nm (pump) pulse waecthd into the sample and
overlapped with the probe pulse. After the samipéelteams are spatially separated and
the probe pulse is directed into a photodiode ([Hvsrmodel DET210) with the intensity
monitored using a lock-in amplifier. Again, the agbf the pump pulse relative to the

probe pulse was controlled via a computer-drivdaydstage in the pump beam path.

4.3.2 Materials
Trans-4-dimethylamino-4'-nitrostilbene (DANS) wastained from Aldrich

(97%). HPLC grade acetonitrile (ACN) was obtainexhf Fisher for use as a solvent and
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as a Raman standard. Toluene (certified ACS) wss@dtained from Fisher. For these
experiments DANS was solvated in ACN to typical @amtrations of 1 mM. The sample
is placed in the 220m space between two fused silica windows in airgdatell. The

cell connected to a motor and spun to ensure caengéample refreshment between laser

shots.

4.3.3 Computational Methods

Density Functional Theory (DFT) has been used Wi¢hB3LYP functional and a
6-31G(d,p) basis set to determine harmonic vibnatiof DANS. All calculations were
conducted using the GAMESS softwar&he DFT level of theory, especially with the
B3LYP functional is known to give reliable geomesriand vibrational frequencies.
Additionally, it gives a good combination of accdigraesults and low computational time.
Geometry optimizations were first conducted andeadtin run was then performed to
confirm this structure as a minimum. This secoridutation also yields the molecular
frequencies. Raman and infrared intensities ofréguencies were found using the

GAMESS default field strengtifs.

4.4 Results
4.4.1 Ground State Spectrum of DANS

The ground state spectrum of DANS in ACN obtainsithg the low frequency
fs/ps-CARS probe is shown in Figure 4.2. The magnise feature in this spectrum is the

380 cm" mode of the solvent. There are three ground sthtations clearly visible in
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this spectrum at 526 ¢633 cni and at 760 ci These frequencies were compared to
those calculated using GAMESS and are assignedbie™.1.

It is typical to scale harmonic frequencies caltedausing DFT but in this case
the values shown are not scaled. At the DFT B3L&Rllusing a 6-31G(d,p) basis set
the tabulated scale factor is 0.961 + 0.648ence the scaling for test set molecules
ranges from .916 to 1.006. Correlating the expeniadesalues to the theoretical ones was
straightforward without the scaling factor.

The vibrations observed in the low frequency spectof DANS in ACN are
shown in Figure 4.3. At 526 ¢chthe major component of the mode is the in-plane
bending of the nitro group. There is also a smalbant of twisting of the phenyl ring the
nitro group is attached to. The 633'tmode is assigned to the 6b vibration of both
rings. This assignment is in agreement with theipres work of Varsanyi? The 6b
mode is fairly easy to distinguish in Figure 4.8l amvolves the ring carbons bound to
hydrogens. The final mode at 760 tiis assigned as the 5 stretch of both rings. This

vibration is out of the plane of the phenyl ringslanvolves the entire molecule.

4.4.2 Excited State of DANS

A graph presenting the excited state dynamicsarfitht six picoseconds of
DANS in ACN is shown in Figure 4.4. The entire eé&distate range is shown. The full
data set is split into two separate frequency regto ease interpretation. At 0.0¢us
initiates the excited state of DANS and the vilmasi associated with this state follow.
There are several modes present inShstate, including 330 ¢ the solvent peak at

380 cmt', 450 cni, 640 cnit, 710 cnt, and 760 cril. Additionally, there are three
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indistinct peaks in the 490-540 ¢megion. Peaks were fit using Lorentzian functitms
determine how the modes change as the excitedestalees. The fits yielded
frequencies, intensities, and FWHM values.

The peak located at 330 ¢rappears shortly after excitation and quickly shidt
a higher frequency before decaying to zero initls¢ 6 ps. The dynamics of this peak are
outlined in Figure 4.5. In 4.5C it is seen thatpleak appears after excitation and rises to
a maximum within the duration of the pulse (~100 The intensity then begins to
decrease until the peak completely disappearsgsy Bt the same time the frequency
increases on a timescale convoluted with our inséntal response and then continues to
steadily move upward while the intensity of thetiea decays to zero. The FWHM of
this peak begins very broad at over 20%aand decreases to less than 15'&my the end
of the experiment.

Located at 450 cthis a peak (Figure 4.6) that appears only aftetgeacitation
and remains for the duration of the experiment. fiéguency increases quickly while
the excitation pulse is present, after which idgialy begins to decrease by a small
amount (~.5 ci). The intensity of this mode also increases dutfiregexcitation pulse
and slowly decreases for the remaining 6 ps, bvemieilly disappears. The width of the
mode is constant at 10 €m

Figure 4.7 outlines the evolution of the 640 cfeature. This mode represents
how the 6b stretch of both rings changes upon &kait. The peak begins lower in
frequency than its ground state counterpart, st 628 crit and quickly shifting to
higher frequency by 8 cbefore gradually increasing to 638 ¢nThe width and

intensity of the peak also increase rapidly inidlefore gradually decreasing. The width
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settles near 10 chrbut the intensity continues to decrease througtetid of the
experiment.

Figure 4.8 details the dynamics of the two modgkédr than 700 cih The
frequency of the 710 cfnmode increases rapidly initially and then slowécikases.

This peak has a very low intensity and fits wersydt is seen that the intensity has
very gradual intensity change, increasing slowlgrupxcitation and then, once reaching
a maximum, slowly decreasing. This mode does rmteler, completely decay.

The 760 crit peak outlined in Figure 4.8 describes the charfigeeoground state
out of plane deformation mode of the same frequelt€yrequency decreases rapidly
upon excitation before increasing back to the gdostate value within 166 fs. The
intensity begins at a maximum before decayingfréy constant value by the end of
the experiment.

In order to further understand the dynamics ofeth@ted state, transient
electronic spectra at several wavelengths wereilgtjurhe change in the pump pulse
was measured as the delay of the 400 nm timingchasged. Traces for these
experiments are shown in Figure 4.9 The decaylseofrainsient spectra were fit to either
one or two exponentials and the results are shawmable 4.2. The 511 nm trace shows a
mono-exponential decay with a time constant of 4.8Tjme 550 nm trace has a bi-
exponential decay fit te,;=391 fs and;=4 ps. The transient emission trace at 800 nm has
decay constants ef=681 fs and;=12 ps, respectively. In all cases the transieattsg
display a finite amount of intensity at 6 ps, tinel ®f the fs/ps-CARS data.

These traces all show an immediate increase in mo@gnupon excitation

followed by a subsequent decay. If the FC stasetessed and evolves into the TICT
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state, it would be reasonable to expect the timelved electronic spectrum to begin
near the steady-state fluorescence wavelengthnpalar solvents (500 nm). The
spectrum should then exhibit a red shift as thesmwdé develops into the TICT state.
These three traces, however, indicate that thereat 511 nm is long-lived while those

at 550 nm and 800 nm quickly decay.

4.5 Discussion

The structure of DANS in the excited state is mdlkdifferent than in the
ground state. The ground state modes observed®a& 8d 760.5 cthundergo
significant changes upon excitation. The 632.8" enode shows that the 6b motions of
the rings are continuously changing in the exc#iadle. As the frequency shift occurs the
peak broadens and since the width of the peak/essely related to its dephasing time, it
suggests this vibration becomes less stable igitiafter 1 ps the width of this peak
begins to decrease, indicating a stabilizatiorhefdystem. The intensity of this peak does
not return to zero in the first 6 ps but FigureBlahd 4.8 show that the intensity is
decreasing when the experiment ends.

The 760.5 cii mode, which is the out of plane deformation of DB\M the
ground state, also changes upon excitation. Appgammediately after excitation, this
peak decreases in intensity and then increasesteady value, remaining relatively
intense for the duration of the experiment. A cleaimgthis mode requires a change in
conformation of the entire molecule. The final fneqcy reached indicates that, upon
stabilizing, the overall frequency of this vibratits the same as in the ground state. This

does not mean the structures of the two specieghargame, but that the molecule is
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changing in such a way that this vibration yielis same frequency as the ground state
equivalent.

The peaks at 330 ¢m450 cniand 710 crif are unique to the excited state
configuration of DANS. In the 330 mode frequencycly (instrument limited) jumps
upward 25 crit to 355 cni then continues to increase until the peak disappesar 6 ps,
merging into the ACN mode at 380 ¢niThe 450 cnt mode exhibits the same initial
frequency increase, but decreases in frequenaylifis. The width of the two peaks is
also interesting. The 330 mode starts around 25EwWHM, and exhibits an instrument-
limited decrease, followed by a gradual decreasiéthe end of the experiment. The
450cm® mode, on the other hand, maintains a fairly caristédth throughout the
experiment. The 710 cfrpeak exhibits a frequency profile similar to tH®4m* mode.
The width of this peak is less stable, howeverciatthg a changing vibration.

Excited state modes are difficult to assign withisatopic substitution unless
they correspond to a ground state frequency. Withih mind the (very) tentative
assignments for the pure excited state modes term made. The feature near 330'cm
is assigned to the stretch of the phenyl-nitro grauth the entire nitro group moving in
unison. The 450 cihfeature is considered to be a motion of the digiathino
substituent, likely an in-plane bending motion.dfiy, the 710 cit mode is likely an out
of plane deformation mode. Again, assignments @é¢lmodes are tentative and further
work in other solvents and using isotopic subsatubr similar molecules would help
discern the identity of these modes.

A model proposed by Rulliere and coworkers suggistt there are multiple

excited state configurations in DAN3In highly polar solvents such as ACN the
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molecule is thought to initially access the Fra@xadon state before evolving to a
twisted configuration termed thesAstate. This state involves twisting of the nitroup.
Using transient absorption experiments they atteta bi-exponential decay of 1ps and
13ps to the nonradiative relaxation of the Atate. They also attributed a stimulated
emission band at 750 nm with an overall lifetimesléhan 2 ps to the decay of the
Franck-Condon state. Assignment of this emissiaheéd=C state is inconsistent with
steady-state fluorescence, however, which shouwdraat 500-700 nm.

The transient electronic spectra shown in Figudaricate that the state initially
accessed upon excitation fluoresces at 800 nnefaral picoseconds before decaying
away. A trace at 550 nm indicates a short-liveddient absorption that is gone in less
than 5 ps while the 511 nm trace shows that tisé dixcited configuration remains for
quite some time. The 511 nm trace shows an expiaheetcay of 23 ps with intensity
remaining for over 50 ps. These electronic spenttate that immediately following
excitation a state is accessed that can simultahedisplay transient absorption at 511
nm and 550 nm while emitting at 800 nm. It is uehkthat these dynamics belong to the
FC state since the steady state fluorescences$thie has no intensity at 800 nm.

The long lifetime of the 511 nm transient absompiicdicates the molecule enters
into a state that is fairly stable. The 550 nmdragggests the molecule is relaxing on the
potential energy surface in the first several ppoasids. The first time component of 391
fs associated with this trace is likely due to salwreorganization around the excited
species. The 800 nm emission present initially satgthe state accessed has some
overlap with the ground state. Since this featp@ears upon excitation, the molecule is

likely in a region of the potential energy surfadeere the excited state configuration is
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slightly relaxed while the corresponding groundestanfiguration is high in energy.
This scenario results in the 800 nm (12500 kftuorescence. SAM1 calculations of
Ernsting show that a twist of the nitro group résul the destabilization of the ground
state and supports this thedfy.

The peaks observed in the excited state all appenediately after excitation. As
in the transient electronic spectra, the lack délay between excitation and the
evolution of the peaks implies that if the FC state any subsequent TICT state exhibit
a precursor-successor relationship, it is not belmggrved here. A population transfer
from the FC to TICT state would likely be accomgahby the decay of vibrational
modes associated with the FC and the growth of swodthe TICT.

It could be reasoned that the pulse-limited agtigitthe vibrations in this system
are an indication of the FC state evolving into s@uccessive conformation, especially
since the three observed ground state modes abajpthe excited state. In this case it
might be argued that the FC state is present giteaaty times and has a very short (<100
fs) lifetime. Additionally, if the vibrations of thFC state were weak or highly
nonresonant, they would be difficult to observee Blructure of the FC state should be
very similar to the ground state, however, andatesence of three completely new
peaks, in addition to the radical changes seenamtound state modes indicate that the
FC state not being observed.

It is likely that the molecule is excited to andkes out of the FC state within
the duration of the pulse. This scenario is sugabily the instantaneous growth of three
distinct excited state peaks, distinct changesrgbdan the ground state modes upon

excitation, and transient electronic spectra. Adddlly, the lack of features attributable
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to the FC state support this thought. The nitrcdimotion (~500 cif) shifts
downward and disappears within 1 ps. The out aig@leformation of the molecule
radically changes, alternately decreasing and @&song in frequency. The 6b motions of
the rings shift upward to a steady frequency antaie there to the end of the
experiment. These factors, considered in conjunatiith the presence of three new
peaks indicate that conformation being observegiyg different in geometry than the
ground state and is likely not the FC state.

The state assigned as the Aonfiguration of the excited state is likely acseb
upon excitation. This state results from twistirigh@ nitro group relative to the plane of
the stilbene moiety and a simultaneous transfehafge from the dimethylamino donor
group to the nitro acceptor. Observed changesaigtbund state ring motions, especially
the out of plane deformation seem to support tssgament. Changes of the 330tm
phenyl-nitro stretch also confirm this since thisde undergoes an increase in frequency,

indicating a dynamic change of this bond.

4.6 Conclusions

The vibrational spectrum of DANS in ACN in the Idrequency (300-800ci)
regime has been observed for the ground statehanftr$t six picoseconds of the first
excited singlet state using the fs/ps-CARS methad.seen that the three ground state
vibrations change significantly in the excited stahd, in addition, three new peaks are
observed. It is thought that these peaks are reptative of a TICT state, likely thesA
state as assigned by Rulliere and coworkers. Thet&€ was not observed, however, in

this study. Transient electronic spectra at seweaaklengths following 400 nm
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excitation support the lack of the FC state beibngeoved. It is likely that the FC state is

accessed very quickly following excitation and thelecule evolves out of this state

within the duration of the pulse. Alterations oéthround state modes, combined with

dynamics of pure excited state modes indicate ithe group is undergoing a radical

change in this state.
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\N 2 / 3
/
H,C

Figure 4.1— Molecular Structure of 4-dimethylamino-4’-nittitisene (DANS). The numbering scheme is
typical of para disubstituted stilbene molecules.
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Figure 4.2— Low frequency fs/ps-CARS spectrum of DANS in ACN

vears (€M) | veae (em™) | Wilson Notation | Description
assignment

526.4 549 BaNO: Nitro in plane antisymmetri¢
bend

632.8 658 6b (Both Rings) | Ph CC Str + Ph C-H Str Ph
NO; IP deformation

760.5 760 5 (Both Rings) OOP Molecular
Deformation

Table 4.1—- Assignments of low frequency ground state vibret of DANS in ACN.
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e

760cm™*/760cm™ d

Figure 4.3— Vibrations of DANS observed experimentally [fatted (calc/exp)]. Atomic displacements
indicated with arrows. For the 760¢nibration the out of plane motions are indicatéthwolored circles.
Green circles indicate motion upward, out of thenpl of the paper while yellow circles indicate daard
motion into the plane of the paper.
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Figure 4.4— A) Excited state spectra in 300-500tregion. Two peaks are present, the first near 380c
and the other at 450¢mAs mentioned previously, the 380¢peak is due to the solvent. B) Excited state
spectra in the 480-800¢hmegion. Major peaks are located at 640, 710, &@tm". There are several
weak, hard to define peaks in the 54Camgion.
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Figure 4.9 Transient spectra of DANS in ACN with 400nm pumj aarious probe wavelengths. Values
greater than one indicate excited state emissiale whlues less than one indicate excited staterphien.
A) 400nm pump, 511nm probe B) 400nm pump, 550nrbgr&) 400nm pump, 800nm probe.

Green/Blue| Yellow/Blue Red/Blue
11 (PS) 18 .391 .681
T2 (PS) N/A 4 12

Table 4.2Fit lifetimes of transient traces shown in Figdr®.
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CHAPTER 5: THE BEST OF THE REST

5.1 General Overview

At the very core of research is the goal to leAtrtimes it can be difficult to
determine what novel things to study while at athecan be nearly impossible to get a
promising project to work in the way originally @mded. Sometimes a system that seems
like the perfect candidate to study turns out t@tmpletely uncooperative. In this case
the project may be pushed aside in favor of ottlexsare (or at least seem) more
promising.

During the workings of a research group there comes when the direction of
the group as a whole may change. It is fairly comiioo each graduate student to work
on his or her own project and to work with othessaasort of technical assistant. If one
project begins to go well and the proverbial piestast to fall into place, the focus of the
group may shift away from struggling projects imdaof things similar to the successful
one. This is the life of the research group.

Another interesting situation occurs when a sysiesplays a behavior that was
not expected. Sometimes a project creates queshiahsannot be answered initially.
Alternatively, the questions that arise may reqauatditional studies that cannot be
completed immediately. There may be times when lgente under study shows such
unexpected behavior that the group studying it n@yhave to best tools to study it. This
is where collaboration comes in and can be an meiyeuseful tool for obtaining the best

description of a particular system.
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This chapter is about learning from research. Exemple described above
represents one or more project that | have beeshviag with. It can be frustrating when
projects do not work out the way they are intendbed even these can be great learning
experiences. In the sections that follow severmjeots that represent ‘ongoing work’
will be described. These projects were either sgdpecause they did not produce
results for one reason or another, the overalttioe of research in the group changed,

or there has not yet been enough time to suffilyiesitidy the system.

5.2 Two Photon Absorption of Coumarin 120

During the course of investigating the vibratiospéctrum of Coumarin 120
(C120) an unexpected aspect of the system wasvaasdluorescence. It is not
extraordinary to observe fluorescence during thesmof fs/ps-CARS experiments from
many different types of samples, especially whealidg with highly conjugated organic
chromophores. Fluorescence can often be obsentbdhe naked eye from various
samples following electronic excitation with,, generally 400 nm (25000 ¢ This
fluorescence is usually seen as a colored do&sdtution. For example, a solution of a
specific chromophore dissolved in methanol mayrighbyellow but the spot where it
interacts with the 400 nm beam may appear to be&ewvayi the human eye.

The difference between the fluorescence normdidseored following 400nm
excitation and that observed in C120 is the eleatrabsorption process that is occurring.
Typically, fluorescence follows absorption of agéenphoton of electromagnetic

radiation. The molecule then relaxes via nonragégprocesses until reaching the low
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energy vibrational states of the excited state rieedmnitting. The emitted photon has
lower energy (longer wavelength) than the incigergton.

C120, in polar solvents, can undergo one photdanded fluorescent processes, as
shown in Figure 5.1. The absorption and emissi@ctsa for C120 in ACN are shown in
Figure 5.2. It is clearly seen that there is a smatltangible absorption cross-section at
400 nm and our excitation pulse will induce a ohetpn absorption followed by
fluorescence. Any finite absorption intensity isigdoy 450 nm for C120 in ACN.

The fluorescent process observed for C120 in AGHN first observed with the
510 nm beam. A transparent solution of the solwe placed in a rotating cell and, upon
irradiation with the green 510 nm beam, a blue awas clearly observed. Upon further
investigation it was determined that a similar ebagon could be made with the 550 nm
or 800 nm pulse present individually, indicating fhossible presence of a multiphoton
excitation process.

The conclusion that a two photon absorption andiagemission was occurring
is justified when the absorption spectrum in tlulvent is considered. There is no way
for a single photon at 510 nm, 550 nm or 800 nmactess an electronically excited state,
the absorption cross section at these wavelengtisich too low. If a two photon
process is occurring, first consider the energndpeieposited by two photons of the
respective beams: 39200 ¢mwhich is 255 nm, corresponding to two 510nm phston
36362 cn which is 275 nm, two photons of 550 nm radiatiamg finally, 25000 cf
resulting from two 800 nm photons, equivalent ®rggle 400 nm photon.

While it has been reported previously that C120eugdes two photon absorption

(TPA), most studies are concerned with using thetecule in biological detection
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schemes:® The idea behind using this process in detectiberses if quite elegafit.

Many biological systems readily absorb ultravigbediation to access their excited states.
By using two photon processes many types of chrévoigs may be discriminated
against. This makes systems with high TPA crossesecgood candidates for single
molecule detection studiés.

Emission spectra of C120 in ACN have been obtairs#g the 400nm and
510nm beams available from the fs/ps-CARS setBpectra were obtained using a 1mM
solution of C120 (Exciton) dissolved in reagentdgracetonitrile (Fisher). The solution
was placed in a 1cm quartz cuvet and a fiber apatide was placed 90° relative to the
incoming radiation to help discriminate againstplenp beam. Collected fluorescence
was spectrally dispersed and collected using am®Ggptics USB-2000 spectrometer.

Results of fluorescence studies as measured ydhan Optics spectrometer are
shown in Figure 5.3. Figure 5.3A is the fluoreseemeasured following two photon
excitation with the 510 nm excitation pulse. Thisra small amount of the incident beam
that gets through to the detector. Figure 5.3B shihv normal type fluorescence due to
one photon absorption of the 400 nm excitationgaul$fie one photon absorption and
two photon absorption appear to be very similashape. To our knowledge the two
photon absorption of C120 at 510 nm has not bgsorted.

As discussed previously, one photon absorption o000 nm excitation pulse
accesses the very red edge of the absorption speatrC120. This indicates that the
excited species will be at or near its lowest \ibreaal levels. Monitoring the vibrational
evolution following this excitation would allow tlessumption to be made that there are

no nonradiative processes occurring including mwoational energy redistribution in



90

order to reach the lowest vibrational levels. Tvioton excitation with the 510 nm pulse,
on the other hand, is equivalent to a single 255hoton. In this case the molecule is
excited very high into th& and may be in the very lo% levels. In either case it would
be possible to measure the relaxation of the m@ammediately following excitation to
reach the lowest vibrational levels within thetfiegcited singlet state. Dynamics of C120
following one photon excitation to the lowest les/&l the first excited singlet state could
then be compared with the dynamics following TPAigh lying levels of this state.

Comparing the dynamics of excitation with 400 nensus 510 nm would be very
interesting. Additionally, a 267 nm excitation plsould be prepared to compare one
photon excitation to high lying states againstribarly equivalent two photon process.
Drawbacks with producing the 267 nm pulse inclune tonversion efficiency (there
would not be much power of this pulse for excitafiand the optics needed. At this
wavelength the beams cannot be seen by the nakeahelyexperiments can be
dangerous. If the equivalent process could beatiigsing a 510 nm visible pulse, it
would be beneficial.

It was not expected that this project would leadid this particular path. If
infinite time to perform experiments were availalthe excited state dynamics would be
monitored for this system in several different golts using the one photon and two
photon excitation schemes. These studies couldretieally, help to determine the
relaxation processes C120 undergoes in its exstted before fluorescence occurs.

These are studies that could still be conducted.
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5.3 Effects of Nanoconfinement on Twisting Dynamics

Inclusion complex formation has been the subjectupherous studies in past
years” 2 One of the most common host compounds are cyciodsxvhich are cyclic
oligosaccharides composed of six or more glucompsamnits bonded throughl,4-
glycosidic bond$.The most common cyclodextrins are alpiC, six glucopyranose
units), betafg-CD, seven glucopyranose units), and gamyal, eight glucopyranose
units). Inclusion can confine vibrations and tonsian molecules as well as increase
solubility.? Cyclodextrins are also capable of protecting goesiecules from
environmental effect§Of interest is the interaction different functibgaoups undergo
with the cyclodextrin, specifically, monitoring hawese interactions change upon
perturbation of the system through electronic eticin®*? Pump-probe experiments
allow these interactions to be studied. Figureohiines the structure typical of
cyclodextrins.

The premise behind this study was to take a chrdwor@pwhich had been studied
within our group and determine the effects of isan on its excited state dynamics. The
processes undergone in the excited state can hdygaffected by the type of complex
formed. Typical inclusion complexes include but ao¢ limited to 2:1, 1:2 and 2:2
host:guest ratioSAny twisting, vibrating or motion in general ofetlyuest should be
hindered within the host cyclodextrin. Moleculesgied out for study included p-
nitroaniline (PNA) and N,N-dimethyl-p-nitroanilifl®MPNA), systems that have been
studied extensively in our grodprhe structure of these species is shown in FifLe

There are two solvents in which cyclodextrin inadsscomplexes can be

effectively formed: water and dimethyl sulfoxidehelapproach to forming the complex
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is as simple as mixing the guest and host moleculgé®e solvent of choice. In many
cases a solvent in which the host is soluble brigtrest is fairly insoluble is chosen. In
this way it can be assumed that any property medsardue to included species.
Inclusion can be determined experimentally by meaguhe absorption spectrum of the
solvated guest and gradually adding cyclodextrive iormal behavior is a gradual red
shift of the absorption spectrum as the compldgrimed.

Initial studies were aimed at determining if inatuswas actually occurring in the
system. For this steady state absorption expersneate conducted. For both PNA and
DMPNA in water the presence of the complex was ico@d. Figure 5.6 shows that for
PNA there is a definite change of the absorptie@cspm in the presence of
cyclodextrin. This is evidenced by a red shiftlo# absorption spectrum relative to the
free species in solution. DMPNA in water was alsofemed to undergo inclusion
complex formation, as is shown in Figure 5.7. Thespnce of the inclusion complex for
DMPNA is again confirmed by the red shift of itssabption maximum.

Problems were encountered in this project reladdte experimental parameters
involved, specifically discerning the included sigedrom free species. PNA is
essentially infinitely soluble in water and it ikdly the species forming the host:guest
complex is in equilibrium with the free species. BNIA, on the other hand, is minimally
soluble in water, less than a1 in fact. In this case the complex would stabilize
guest molecule and help it become solvated.

Further studies were conducted to determine iffacteof inclusion could be
noticed using time resolved methods. Figure 5.8vshtbe two color transient emission

spectra for PNA with various proportions®D. Figure 5.8A shows the 400 nm pump,
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510 nm probe spectra while Figure 5.8B shows tlerdd pump, 550 nm probe spectra.
The only tangible difference in these spectraésrttaximum intensity of the emission
measured. It is likely that this intensity diffeoenis not related to the inclusion process at
all and that as molecules enter the host cavity tlzelonger undergo the excitation
process.

Figure 5.9 illustrates the effect of inclusion d’lPNA on the dynamics of its
stimulated emission spectra. Positive is again €oms Figure 5.9A is 400 nm pump, 510
nm probe while 5.9B is 400 nm pump, 550 nm proltee Jame observation about the
complex formed with PNA can be said about this ggged he intensity of the emission
peak changes based upon the number of inclusiopleses that have formed while the
dynamics do not change.

It was determined that both PNA and DMPNA undexgonclusion process with
cyclodextrin present as shown in Figures 5.6 addBhe absorption spectrum of each
species exhibits a red shift upon inclusion, intiigpa definite interaction with the cavity
of the host molecule. Two color pump probe measargson both PNA and DMPNA
have indicated that the dynamics associated wéhidlaxation of the excited state with
cyclodextrin present is not affected by inclusidhis indicates that several things may be
occurring. Firstly, an equilibrium process in whitie guest moves in and out of the host
molecule is happening and the free species is lgmiged. Another possibility is that
there are free guest molecules in solution thae mot undergone inclusion and these are
being probed. Still another possibility is that thessts are not being sufficiently hindered

within the cavity and are essentially free molesudigting within a cyclodextrin.
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5.4 Dye Sensitized Nanoparticles

The development of nanotechnology has been accaoetpby a desire to
understand how that technology wotf3? Some of the most easily produced alternative
energy sources are dye-sensitized solar t&llise classic “Gratzel Cell” has been used
in classrooms from elementary school to universitgemonstrate the practicality of
generating electricity from the sun’s radiatiGhese cells are simple to make, easy to
use, and the components are widely available. Aifisgnt amount of effort has been
invested in understanding the initial process soddls: electron injection. In the first step
of a solar cell’'s operation a dye injects an etatinto the conduction band of a
nanoparticle.

If an electron is excited out of the valence beatd the conduction band of a
nanoparticle an electron-hole pair is formi& Eventually the electron will make its
way back to fill the hole via different methodsthe system is connected to a solar cell
the electron can be separated from the hole in aweay as to perform work.
Unfortunately most nanoparticles only absorb ultket radiation and are not very
efficient for using in solar cells. If a dye thathébits absorption in the visible range,
however, is attached to the nanoparticle, theiefiy of the system can be increased.

Generally titanium dioxide serves as the nanoglariemiconductof® This
material is easy to produce, widely available, pensive, and behaves very well in solar
cells. Selection of dyes varies and often inclualésm of a ruthenium dye, coumarin, or
anthraquinone. When the complex is formed betweeméanoparticle and the dye, it
needs to be stable. Dyes that can form five, sisegen membered rings upon

complexation are generally the best candidateprfducing a solar celf:
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We set out to determine how the vibrational speatof the dye is affected upon
attaching it to a nanoparticle. The ultimate goabwo monitor the excited state
vibrational spectrum of the dye following injectiohan electron into the conduction
band of a TiQ nanopatrticle. Throughout the course of the ingasbn, the obstacles
encountered were highly varied. Initially the pnegtimn of TiG, acted as a limiting
reagent but an efficient preparation procedure quickly developed. Exploratory efforts
to determine the best dye to attach to the nanofestvere largely unsuccessful.
Obtaining fs/ps-CARS spectra of dyes attached tmparticles was in itself very
difficult. Finding signal from an ideal chromophaelvated in a polar organic solvent,
such as C153 in MeOH, can be a difficult proposit times. Replacing the highly
resonant C153 with the nonresonant C343, catechdihiydroxybenzene), and lastly
alizarin (1,2-dihydroxy anthraquinone) resultecgaveral efforts.

The problem was not in acquiring the time resoleketttronic spectra of these
species, which had been done previously. The dgdhistudy was essentially to find
the best nanopatrticle, dye, and solvent to medhkereibrational spectrum of the dye
before and after electron injection. All effortsltmk at catechol and C343 resulted in no
successful acquisition of a vibrational spectrutme $tudy took an interesting turn when
a commercially available zirconium dioxide (zircandispersion was purchased.

The band gap of zirconia is much higher than aas shown in Figure 5.10. It
is not possible for any of the three dyes mentidoadiject an electron into the
conduction band of the Zr nanopartitfé® It is still possible, however, to measure the
vibrational spectrum of a dye that is attachedrwonia. Alizarin (Figure 5.11) was

selected as the sensitizing dye.
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Preparation of the alizarin-sensitized zirconia@ane by dissolving solid
alizarin to a concentration of 2 mM in the commaltgiobtained zirconia dispersion.
Simply stirring the mixture resulted in a changeator from the clear dispersion to a
deep purple sensitized species. The sample wasdoia@ rotating cell and fs/ps-CARS
spectra were obtained using the methods descnibte iprevious chapters.

The ground state fs/ps-CARS spectrum of alizanizioconia is shown in Figure
5.12. To our knowledge this is the only reportdatational spectrum of this dye on this
specific nanoparticle. Most of the observed peaksiag vibrations of the complex.
Notable exceptions include the peaks at 1291 a@8 &81*, which are assigned as
combination ring and C-O stretch. Assignments hoavs in Table 5.1.

The vibrations observed, when considered in cajon with two previous
studies on alizarin attached to Fi@nd silver nanoparticles, seem to be a hybrid &etw
the two*>* This indicates that there are likely multiple tg# complexes being formed,
as shown by Sanchez-Cortes et al. There is alsdistiact possibility that the signal is
coming from free alizarin, as in the cyclodextrindies. This study shows that the fs/ps-
CARS technique is sensitive enough to measureibinations of molecules attached to
nanoparticles.

Unfortunately all attempts to measure the excitatesvibrational structure of
dyes attached to nanoparticles were futile. Reafwrikis are include the dye being
nonresonant with the probe technique and the migestonply undergoing nothing
interesting in its excited state on sub picosedondscales. Subsequent studies were not

conducted as the direction of the group turnedherassystems, including Michler’'s
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Ketone and 4-dimethylamino-4’-nitrostilbene, ascdssed earlier in this thesis.

Sometimes when experiments do not work for the ®esw direction should be tried.
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Figure 5.1— Typical electronic excitation processes A) Ohetpn absorption B) Two photon absorption.
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Figure 5.2 — Absorption and emission spectra of00h2ACN.
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Figure 5.3 —Emission spectra measured with A) 510 nm excita@prAa00 nm excitation.



101

Figure 5.4— Different views of cyclodextrin structure. B&@gclodextrin structure (left) and overview of
cyclodextrin geometric structure using Gamma Cyekadn (right,). The 2-OH and 3-OH groups line one
end, forming the wide cavity while the 6-g@bH groups line the opposite end, forming the narcawity.
External Hydroxyl groups make the cyclodextrin ®dduin water. The inner cavity is lined with 3-Hda-

H groups as well as intersaccharide oxygens, cgubminterior to be hydrophobic.

Figure 5.5— Structure of A) PNA and B) DMPNA
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Figure 5.6— Concentration dependence of absorption speatfuPNA in various concentrations @fCD.

As the concentration of cyclodextrin is increagbd, effect of inclusion is evidenced by the redtsifithe
absorption spectrum.
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Figure 5.7— Concentration dependence of absorption speatfUdMPNA in water. It is seen that the
absorption maximum shifts to the red as inclusiocues.
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Figure 5.8— Transient emission spectra of PNA in water wahaus proportions g8-CD. Greater than
1.00 is emissive, less than 1.00 is absorptivel8) nm pump, 510 nm probe. B) 400 nm pump, 550 nm
probe. It is clear that the dynamics are not chagndramatically but that the intensity changessHifect

is likely dependent upon PNA concentration as nodithe guest becomes included, the number of
molecules undergoing excitation is reduced. Assaltéhe peak absorbance change is reduced siace th
signal is proportional to concentration.
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nm probe. It is clear that the dynamics are nohghey dramatically but that the intensity changeswith
PNA in water, the intensity effect is likely reldtéo the inclusion process.
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Figure 5.10— Schematic of the electron injection process @, End ZrQ. The dye, in this case Alizarin,
cannot inject an electron into the valence banth@zirconium particle because the conduction bsao
high in energy.

Figure 5.11— Structure of alizarin
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Figure 5.12— fs/ps-CARS spectrum of Alizarin attached to aiia in aqueous solution.
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Observed Frequency (crit) Assignment
1602 Ring Stretch
1569 Ring Stretch
1515 Ring Stretch
1495 Ring Stretch
1475 Ring Stretch
1435 Ring Stretch
1415 Ring Stretch
1323 Ring + C-O
1291 Ring + C-O

Table 5.1- Vibrational assignments for alizarin attachedt®,
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CHAPTER 6: CONCLUSIONS

Chapter 2 details the study of the vibrationalletron of the excited state of
Michler’'s Ketone with 400 nm excitation and subsatus/ps-CARS probe. Initial
studies using two color pump-probe methods to motiite electronic evolution of this
molecule in the5, indicated the presence of several excited statBgrorations in two
polar solventsd,-MeOH andds-DMSO. Ground state fs/ps-CARS spectra were obdaine
in both solvents and vibrations measured were asdigith the assistance of DFT
calculations. The pump-fs/ps-CARS experiments igid slightly different, but related
behavior of Michler's Ketone in these two solveritsd,-MeOH there is a rapid change
of the Ph-N stretch at 1380 énsoncomitant with a slightly slower evolution oftFh-

CC + Ph-N combination mode at 1513 trithe rapid evolution of the pure Ph-N stretch
is attributed to the planarization of the moledol@roduce the intramolecular charge
transfer state while the actions of the Ph-N + Rhr@de are indicative of the

production of the ICT state following planarizatidgkfter 3 ps the vibrations are no

longer observed, indicating we are not measuriedgili T state in this molecule. In the
aproticds-DMSO, on the other hand, we clearly measure thtl Ph-CC mode

evolving from the ICT state to the TICT state. Timede remains for over 300 ps. The
excited state low frequency mode at 285'dntdicates that the molecule reaches a stable
configuration around 50 ps d-DMSO and remains in this state for over 300 p&seh
studies clearly confirm that this molecule evolfresn the initially excited configuration

to the ICT state and eventually to the TICT state.
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Chapter 3 outlines the study of the vibrational&ture of coumarin 120. The
optimized DFT B3LYP structure using the triple z6t811G(d,p) basis set is compared
with the experimentally determined (XRD) structarel the two are found to match very
well. For the first time, FTIR and spontaneous Ramsygectra are reported and the
measured vibrations are assigned using quantumichleDd+T calculations. Further
calculations using the polarizable continuum madelused to predict how the
vibrational structure changes in different solvetfite/as found that the carbonyl
frequency decreases as solvent polarity increasagesult of the lengthening of the
C=0 bond length. The vibration that best resemthiepure Ph-N stretch increases in
frequency as solvent polarity is increased becthes®h-N bond length decreases due to
charge transfer.

The complicated low frequency excited state dynamfal-dimethyl-4'-
nitrostilbene in acetonitrile are discussed in Geag. Ground state vibrations change
significantly upon excitation, indicating a sigedint change of the structure of the
molecule. Three pure excited state modes are cbdamnd tentatively assigned. It is
deduced that the excited state structure is gréé#thrent from the ground state
geometry. The initially accessed Franck-Condoressahot measured, however, and it is
assumed that the molecule evolves out of this stdken the duration of the pulse.
Several projects that were cut short for one reas@mother are discussed in Chapter 5.
The two photon absorption of C120 is detailed amslshown that this molecule
undergoes efficient two photon excitation with i) radiation. It is suggested that it
may be interesting to compare the dynamics follgwine photon excitation at 400 nm

and two photon excitation at 510 nm.
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The effects of inclusion within cyclodextrin caesi are also outlined in Chapter
5. It was determined that the two chromophores: RNA DMPNA are not greatly
affected inside a nanocavity. Finally, the dye Alin is attached to zirconia
nanoparticles and its vibrational structure is meas. Measured vibrations are assigned

in analogy to previous work using titania and gileanoparticles.
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