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The properties of solutes adsorbed at interfacedeavery different
compared to bulk solution limits. This thesis exa®si how polar, hydrophilic silica
surfaces and different solvents systematically ghamsolute’s equilibrium and
dynamic solvation environment at solid/liquid iriteres. The primary tools used in
these studies are steady state fluorescence spampyoand time correlated single
photon counting (TCSPC) —a fluorescence methoditapasolving fluorescence
emission on the picosecond timescale. To samplarlaeld solutes, TCSPC
experiments were carried out in total internalaetiion (TIR) geometry. These
studies used total of six different 7-aminocoumayes to isolate the effects of
molecular and electronic structure on solute phogsizal behavior. Fluorescence
lifetimes measured in the TIR geometry are comptodhe lifetimes of coumarins in
bulk solution using different solvents to inferarfacial polarity and excited state
solute conformation and dynamics.

Steady state emission experiments measuring trevlmelof the coumarins

adsorbed at silica surfaces from bulk methanoltswia show that all coumarins had



a similar affinityAG 445~ - 25-30 kJ/mole. Despite these similar adsorptioargetics
solute structure had a very pronounced effect enngahdency of solutes to aggregate
and form multilayers. Our finding suggests thatrogen bonding donating
properties of the silica surface plays a dominal& in determining the interfacial
behavior of these solutes. The silica surface ladgbpronounced effects on the time
dependent emission of some solutes. In partictiiarstrong hydrogen bond donating
properties of the silica surface inhibit formatimina planar, charge transfer state
through hydrogen bond donation to the solute’s amgimoup. A consequence of this
interaction is that the time dependent emissiomfsolutes adsorbed at the surface
appears to be more similar to emission from solut@snpolar solvation
environments

To test the role of solvent identity on the photggbal properties of adsorbed
solutes, additional experiments were carried ot winonpolar solvent (decane), a
moderately polar solvenb{decanol) and a polar aprotic solvent (aceton)trilde
results from these studies demonstrated that adialfsolvation depends sensitively
on a balance of competing forces including thogeséen the solute and substrate,

the solute and solveand the surface and adjacent solvent.
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Chapterl.: Introduction

1.1. Solvation in Bulk and at Interfaces

Interfaces are universal and delineate boundaetgden any two phases of
matter. As such, interfaces are necessarily aoigatirmeaning that molecules and
materials at interfaces are subject to asymmaedries that are different from what
they would experience in a bulk medium. This inhgemeity can change the
electronic structure, conformation and reactivityhee molecules at or near the
interface. The focus of this thesis is the charedmive to bulk solution limits of
photophysical properties induced in solutes bydskidjuid interfaces. This specific
type of interface plays an important role in apgiiiens like solar energy harvesting
surface lubricatiofi® and electrochemistfyThus, the knowledge of the effects of
interfacial chemistry on the solvent-solute andisl surface interactions will
enhance our understanding of fundamental procesgkkelp us to formulate
guantitative models of solution phase surface chei

Despite the prevalence and importance of solgiignterfaces in such a
wide variety of scientific and technological applions®'°the photophysical
properties of adsorbed solutes due to interfaciaision changes are not well
understood. Here, solvation is defined as the naadeat interaction between a solute
and its surroundings. These interactions may Inspecific and averaged over the
entire solvent cavity, or they may be localized dirdctional. An example of
nonspecific solvation is an environment’s polarityydrogen bonding stands out as

an example of a specific solvation interaction.adidition to specifying the “type” of



solvation being described, one must consider whetiteractions are time-averaged
or time-dependent. The steady state emission spedif a solute represents a time
averaged property. Time resolved analysis revealamic information lost in time
averaged processes. Steady state and time reshlvegscence can serve as sensitive
methods for probing these different aspects oflatss solvation environmert:**
This thesis describes a series of steady statéraaeresolved measurements of
molecular fluorescence for related solutes in &waof solvents and adsorbed to
silica/liquid interfaces. The solutes themselvésiabe two closely related excited
states with distinctly different emission propesti&@he goal of this work is to identify
how populations in these states are affected baeabbpolarity, hydrogen bonding
opportunities, and the anisotropy inherent to amgrface.

The general scheme of a fluorescence experimeioisn below.

A
T Absorption (hwey)

Fluorescence (hwem)
So

\ — Stoke’s shift Adex -hwem)

Energy

v

Solvation Coordinate >

Figure 1.1.The ground (&) and excited ($) state of a solute at solvation
coordinate. The absorption and emission path are shvn by a solid arrow and
the energy differences are depicted dsmexand hoen, respectively



Fluorescence, by definition, is a radiative traositbetween electronic states having
the same multiplicity. Briefly, the process begassa solute molecule undergoes a
vertical transition to a higher electronic stateamgorbing a photon. Next, the excited
solute molecule relaxes by a rapid dissipationilofational energy to the lowest
vibrational level of & For medium-size, fluorescent organic molecule$\k 500)
emission typically takes on the order of*1€) and represents a vertical relaxation of
the excited solute to its ground state. Figure)(depicts a typical photoexcitation-
relaxation process where fluorescence appearsgetavavelengths than absorption.

The spectral position of the steady state fluoneseespectrum depends on
solvent properties. In general, molecules havingdadipole moments in their
excited states experience a red shift in their gimmsspectra that grows more
pronounced with increasing solvent polarity. Thergy difference between the
position of the absorption maxima and the emisgieima is defined as the
“Stoke’s shift”(Figure 1.2.). Typically, the maguade of a fluorophore’s Stoke’s shift
will depend upon the environment and it will incseawith increasing environment
polarity. The time-dependent intensity of fluoresoe from any excited solute,
although clearly dependent upon the radiative iatalso dependent upon internal
competing nonradiative pathways. Processes congpeith fluorescence are
intersystem crossing to triplet states, vibratiaeddxation, and photochemical
reactions.

Steady state fluorescence studies are limitedanrtformation they can
provide about many photophysical processes. Tiepeuadent processes can be

inferred from steady state data such as linewidttisband shapes, but such



correlations are indirect. One such example abpgrty that can not be determined
from steady state data is the solvent reorganizatround the excited state
fluorophore, which occurs on the order of 0.5 p8@6 ps->*’Due to the temporal
resolution (~ 40 ps) of our instrument, we are Umab resolve many of the fast
solvent relaxation times exhibited by short chdgolols (e.g. methanol), nonpolar
solvents ( e.g. decane) and small aprotic solMengsacetonitrile). However, time
resolved emission data presented in Chapter 6 stamg evidence of slow solvent

relaxation in bulk 1-decanol.

Sqy

Normalized Intensity

_IIIIIIIIIIIFI IIIIIIIII-IIIIIIIII

300 350 400 450 500 550
Wavelength(nm)

Figure 1.2. Stoke’s shift of a coumarin probe in Deane and MeOH is ~ 52 nm
and ~ 100 nm respectively. The black (decane) abtlue (methanol) data are
absorbance (Left); the green (decane) and red (medhol) data are emission
(Right).

Solute photophysical properties in bulk solutiornénheen the focus of

extensive studies related to chemical and bioldgigstems for more than forty



years. In 1964, Baldwin and coworkers first meaguine fluorescence lifetime of a
series of molecules, including fluorescein, acrelguerylene and others using a
nanosecond flasl. The authors found a direct correlation betweeir th
experimental results and the theoretical predisticaiculated by Strickler and Be'y).
In 1967 Halimand coworkers studied absorption and emission ipetsterically
hindered molecules including TPB (trans-1,1,4,4agtenyl-butadiene) in rigid
glasses at 7K and first observed that the solute equilibriumnformation in an
excited state can be markedly different from thahie ground stat&.In 1968, Lee
and coworkers used time-resolved spectroscopyeputted that temperature
dependent shifts of emission in alcohol solvengsdare to solvent-solute relaxation
marking one of the first instances when solvatifiects were identified as
influencing directly the photophysical propertiéasolute?

These studies and others began to address marstsaepsolvation in bulk
solution. Based on their influence on solvent strrecand dynamics, surfaces should
also significantly change the properties of adsidigutes and do so in ways that are
different from bulk solution limit§??* The experiments described in this thesis
examine the interplay between solute conformatianiiers to inversion motion, and
photophysical properties of coumarin solutes ifed#nt environments. In particular,
we address the questions related to the promoficed@tive (and nonradiative)
relaxation from different excited states by diff@rsolvents and interfacial
environments. Solvent polarity and hydrogen bongiraperties have been shown to
play key roles in determining the photochemicakpsses following photoexcitation

of a solute. For example, the electron transfertqor transfer, and the formation of



different charge transfer states can occur in mEBarents>2° Photoexcitation results
in an instantaneous redistribution of electron dgms a solute. For solutes having
particular combinations of electron donating anthdriawing groups, photoexcitation
can lead to an electron donating group assumirgsiiye charge while the electron
withdrawing group acquires a formal negative chaB8yeh charge separation leads to
excited states having relatively large dipole mots@md correspondingly large
Stokes shifts between their absorption and emissgectra.

Solutes probed in these studies are primarily caizgd based on the
substituents in the amine group, namely primargosdary and tertiary 7-
aminocoumarins (7AC) as described in Figure 1.BA solutes are very good
candidates to form charge transfer state (CT) spagbon photoexcitation. The
amino group can serve as an electron donor withithegen then assuming a planar,
spf hybridization and the carbonyl acquiring the nagatharge. CT formation can
be facilitated/inhibited by the addition of extla&ron-withdrawing/donating
functional groups elsewhere on the coumarin ringirAportant point to note for the
7AC used in this study is that all of the aminesfaee to undergo inversion about the
nitrogen. Inversion, or “flip-flop” as this motiaran be called’’ represents an
isomerization reaction between two equivalent conédions. Separating these two
minima is a barrier that depends on the bulkiné$lseoamine substituents. Primary
amines, for example, have an inversion barrierithalmost 40% smaller than the

barrier of otherwise equivalent N, N-dimethyl taryi analogue&®
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Figure 1.3.1. Structure of 1, 2 Bezopyrone

CHj CFj
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Figure 1.3.2. Structures of primary amine coumaringC440 and C151; secondary
amine coumarins C445 and C450 and tertiary amine eonarins C461 and C152



Our findings suggest that the barrier to inversga deciding factor in the
nonradiative decay pathways available to photoeg@blutes as well as the tendency
of solutes to form dimers or higher aggregate®iaton and at surfaces. Inversion
leads to faster nonradiative decay and correspghdghorter lifetimes. Furthermore,
facile inversion over a smaller barrier will allonolecules to undergo large
amplitude motion with higher frequency, thus preirenindividual monomers from
associating with one another. Silica surfaces, t#ir ability to donate strong
hydrogen bonds, effectively restrict this sort gfeegate formation for those solutes
directly adsorbed at the surface. The work in tihésis focuses on the way interfacial
solvation depends on the balance of competing $oiCleese forces include
solute/substrate interactions, solute/solvent ausons,and solvent/substrate

interactions.

1.2: Probing Solvation at Interfaces

Several state-of-the-art tools and techniques baea developed over the
years to understand molecular properties of soiatbslk solution. However, many
of the methods designed to study bulk solvatiomatesasily adapted to studying
solvation at surfaces. The primary challenges aasatwith studying interfaces are
as follows:

» Surface specific measurements require sensitiveadstthat can probe the
photophysical properties of the small number ofenoles at the vicinity of a
surface.

* Methods and instrumentation must be able to disoate and detect the surface

specific signal from the potentially large signarfi molecules in bulk solution.



* Analytical models face numerous challenges whesmngiting to reproduce the
asymmetric interactions found at interfaces. Modgbehavior at interfaces
depends on accurate descriptions of many-bodyactiens in anisotropic
environments. Due to the difficulty in developirapust and accurate potentials,
simulations usually use simplified model potentidlsvertheless, in past years
there have been several simulation studies of seidaisotropy and interfacial
solvation?®>! Despite of these studies and others many aspkttte nterfacial
solvation process, such as dynamical time scalelkgaular mechanism and the
conformational change associated with the inteafepecies are not well known.
To overcome these challenges several studies tsmektatal internal reflection
fluorescence spectroscopy (TIRF) and second haowgameration (SHG) to
characterize solvation dynamics at surfaces

Masuhareet al. employed TIRF methods to study the excited stattopr
transfer reaction of 1-napthol at the sapphire/materface and reported that the rate
constant of the excited state proton transferrggelaat the interface than in bulk
water®? Using the same solid (sapphire) and a polymertisol, Masuhara and co-
workers created a solid/polymer interface and ingated the pyrene excimer
formation process’ The TIRF results show a reduction of excimer flsoence
intensity and a deceleration of excimer fluoreseense and decay time at the
interface relative to the bulk media. Giraaftd coworkers also used TIR conditions
to study the photophysical properties of Couma#i 8t the water /dichloroethane
interface and found that aggregation becomes istrgly important at interfaces

compared to bulk solution limif$. From these benchmark studies, one can conclude



that the effects of a surface on solvation andtnggy are far-reaching and impact
both equilibriumand time dependent aspects of solvation. Kitamuracawebrkers
used TIRF spectroscopy to investigate the eneemster between two fluorescent
dyes at weakly associating liquid/liquid interfad®i a separate effort, Kitamura
and coworkers modeled the cell-protein interfach &iwater/oil interface to study
DNA hybridization processes. They found that hyization did not proceed in bulk
water but only at the water/CQhterface.The process was probed using TIR
fluorescence spectroscopy detecting ethydium brerfiB), a double-stranded
(dsDNA) specific dyé®

A pioneering effort by Eisenthal and coworkers usee-resolved second-
harmonic generation (TRSHG) to quantify how in-glass. out-of-plane solute
reorientation rates differed for Coumarin 314 aldedrto an air-water interface. They
found that surface reorientational times are slalan bulk orientational diffusion
times®’ In a separate effort, Masuhara and coworkers pr@mimarin 460 in bulk
1-butanol and at a 1-butanol/sapphire interfacefandd that interfacial solvation
times were quite disticnt from bulk limif&. This finding suggests the existence of an
intrinsic difference between air/liquid and soligiiid interfacial properties, that can
be attributed to the H-bond forming capacity of ¢ineen solid (sapphire) substrate
with the solvent. Such bonding is not possibléhatdir/water interface since the
water molecules at the air/water interface cangdtdgen bond with the vapor-
phase. Zewail and coworkers investigated the caafdb® emerged asymmetric
environment by using tryptophan as a probe to sprdiein dynamicé® This study

reported a slower relaxation of the tryptophan prabthe interface, compared to that
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in the bulk limit and associated the cause of #yramnetric force field with the
presence of local rigidity at the interface indubgdhe protein moiety and surface
water layer.

Despite such efforts many questions about inteafadlvation at surfaces
remain largely unanswered. In particular, the éff@f solute-substrate and solvent-
substrate interactions on interfacial solvationrayewell characterized. Our efforts to
systematically identify the effects of polarity,drggen bonding, and solvent
organization on interfacial solvation use fluoregsmespectroscopy to study
fluorophore emission in bulk solution and at tHealsolvent interface with a TIR
geometry. Our studies of solvation at surfaceshagle steady state and time-resolved
fluorescence measurements to understand the chamntesexcited state of the
solute caused by solute adsorption to polar hydligmilica surfaces and the role
played by solvent properties such as polarity ayatdgen bonding.

Silica surfaces are terminated with silanol grotiyag make these substrates
polar and enable them both to donate and accepbdd bonds. The surface can
induce anisotropic ordering and will affect thepedies of adsorbed solutes as well

as adjacent solvent species.
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Silica

Figure 1.4.Schematic diagram of a Silica surface —Si-OH (highghted) is the
silanol group and hydroxyl (-OH) functional groupsare exposed to bulk solvent.
This dissertation is focused on solutes in bulkisoh and those adsorbed to the
silica/liquid interface. There are many reason<faosing silica as the solid phase.
First, the silica/liquid interface is ubiquitous. hature, silica/liquid interfaces are
omnipresent in geophysical systems, and are inddlvenvironmental initiatives
such as ground water remediation and oil reco\&iigca is also the primary
stationary phase in most separation technold§i&sSilica is used in a wide variety
of applications, its surface chemistry is reasopa@ll understood and a
considerable amount of literature exists descriltingsurface’s chemical and

physical propertie&“*

1.3. Probes Studied

In order to determine how interfacial solvationfeli§ from bulk solvation
limits, solvent sensitive coumarin solutes possessiell-characterized

solvatochromic behaviors were used. Coumarins @pelpr dyes used for various
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spectroscopic investigations, namely in the studsotvatochromic propertiés*

the determination of polarities in microenvironmgéhtthe investigation of

photoinduced electron-transfer dynarfifcand measurements of solvent relaxation

times’. The widespread usage of these solutes canriiitgtl to several properties

associated with coumarin derivatives:

Coumarins typically posses high chemical stabdityl substantial sensitivity to
the local dielectric environments.
Coumarins typically have high fluorescence quanyigtus, often close to unity
that makes these probes easily detected.
The basic coumarin structure can be easily modtbesl/stematically tune the
interactions that individual solutes have with trgirroundings. The coumarin
dyes are structural derivatives of 1, 2-benzopyiamt members of the 7-
aminocoumarin group. (Figure 1.3.1.) 7-aminocoumdyes used in the present
study can be divided into three primary categdo&sed on the structural
derivatives of the amine; Coumarin-151 and Cournéd4i@ are primary amine
coumarins, Coumarin 445 and Coumarin C450 are slecgramine coumarins
and Coumarin C152 and Coumarin C461 are tertiaip@coumarins. (Figure
1.3.2)

Experiments described in this dissertation exarthieghotophysical

properties of these coumarin dyes both in bulktsmhuand for dyes adsorbed to polar

silica substrates. Studies are carried out usipgiar protic solvent (methanol) as

well as a nonpolar alkane (decane). Additional eérpents intended to test

hypotheses developed from studies using these rsgdieims employ a longer chain
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alcohol solvent (1-decanol) and a polar aprotizesad (acetonitrile). Collectively,
these solvents offer a broad range of polaritiestuibonding abilities. Surface
studies employ hydrophilic silica as the solid dtdie. Earlier work has shown that
solvation at the silica surface is dominated bythpd@rogen-bond-donating
capabilities of the surface silanol grodp3he steady-state and time-dependent
photophysical properties of these solutes at iabe$ as a function of solvent identity
allows us to separate the way nonspecific and Bpeaacivation forces control the
excited state properties of solutes both in isatrapd anisotropic environments.
This thesis is organized as follows. Chapter 2 riless the experimental
approaches used to carry out the studies. Sumrdaszetheory of fluorescence
spectroscopy, a brief description of the techniqueed for time-resolved
measurements, and a consideration of probes uséuefpresent study. Chapter 3
discusses how the surfaces appear to decouplgtiléogum and dynamic behavior
of primary amine 7AC solutes adsorbed to the gilnethanol interface. Steady state
data reveal that the surface is quite polar; howene resolved data show that the
boundary created by two polar phases appearsdigtimonpolar in terms of the
time-dependent emission properties. We attributelt@havior to the fact that the
dipoles of the silica surface (and the methanolestt) can create a polar
environment, but the surface silanol groups alsofeem strong hydrogen bonds with
adsorbed solutes. This combination - strong hydrdgeding from the substrate and
the inability of the substrate to move - limits t@nformational freedom of the
adsorbed solute forcing the solute to retain aaondtion more consistent with

solvation in a nonpolar environment.
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This phenomenon of surface constrained solute coraton is explored
further in Chapter 4 where tertiary amines, nan@1$2 and C461, are employed in
order to further our understanding of how the ifsigal environment affects a
solute’s photophysical behavior and conformati@rargetics. The data shows that
the silica surface induces a new time-dependepbres from C152 that is consistent
with a nonpolar environment. We propose that swatatbior is again likely to result
from the surface molecules forming a strong hydndgend with the lone pair of
C152 amine electrons. This prevents the excitdd staute from adopting a new
twisted intramolecular charge transfer confirmati®fCT) for C152. The results
presented in chapter 4 are used to understand bthweluilibrium properties such as
solvent polarity and solute molecular orientatiamg dynamic properties (as inferred
from fluorescence lifetime measurements) change fsalk solution to the interface.

Chapter 5 addresses the following question: hove doévent identity affect
interfacial coumarin solvation? For these experitsiethecane is the solvent used and
the results are quite different from those measatete silica/methanol interface. In
particular, we infer that the hydrogen bonding dimmgpproperties of silica limit the
aggregation of dyes adsorbed to the silica surialse, time resolved data show that
the silica/decane interface stabilizes the polargh transfer state of adsorbed
coumarins in contrast to the silica/methanol irtegfthat created an environment that
led to emission as if coumarin were in a nonpofairenment. Overall, our results
from these experiments suggest that the presereswface can induce significant
changes in excited-state photophysical properfisslates due to strong substrate —

solute interactions, surface composition, and atsatlentity
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Chapter 6 presents a comparative study of the Rasoumarins in bulk
decanol and at the silica/decanol interface. Re$udim these studies show that the
solvent itself will solvate individual solutes difently. The different solvation
behaviors of these coumarins were understood lasé#ukir local dielectric
environment, hydrogen bonding properties, and solkeorganization dynamics.
Steady state data show that decanol is a modegadtdy solvent. The time dependent
emission behavior shows that solutes have twondistiuorescent states due to the
non-hydrogen bonded arfally solvated hydrogen bonded forms in the excited states.
Data also show that the coumarins with large changdipole reorientation have
much longer solvent reorganization timescales. ddi from solutes adsorbed to
silica/decanol interfaces did not show any sigatficchange with respect to the bulk
result. Coumarin remains solvated in bulk solventhe long alkyl chains provide
sufficient steric hindrance to the solute to bdaste-active. Chapter 7 presents an
overall summary of this thesis work and proposesctions for future work. Chapters
3, 4, and 5 are modified versions of manuscripas lave been (or are about to be)
submitted for publication. There exists some reducg in the text of these chapters,

especially when discussing and interpreting results
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Chapter 2: Fluorescence Theory
And Experimental Considerations

2.1. Fluorescence Spectroscopy

Fluorescence is the emission of light framy substance undergoing an
electronic transition from an excited state havimgsame spin multiplicity as the
ground state. Most commonly, fluorescence refessriglet-singlet transitions, i.e.
the transitions between the lowest singlet exctate (9 and the ground statedS
In an excited singlet state an electron in a higimargy orbital is paired (by opposite
spin) with a second electron in a lower lying, $yngccupied orbital. Relaxation to
the ground state is spin allowed and that relard#@ads to fluorescence. Emission
processes in most aromatic molecules occur tygiedth a lifetime of ~ 10s’

A Jablonski diagram illustrating processes that@eour after a molecule
absorbs a photon is shown in Figure 2.1. A veracedw represents the resonant
absorption of a photon by a molecule. The timesialéhe absorption is faster than
10%°s. Consequently, the excited state of a molewillénitially have the same
nuclear geometry as the equilibrium ground statabge the nuclei of the molecule
move much more slowly than the electron distributan change. This type of
excitation is known as a Frank-Condon proc¢e§allowing photoexcitation to the
Franck-Condon allowed region of the excited statemtial energy surface,
molecules then relaxes to the equilibrium geometiyhe excited electronic state.
From the minimum of the excited state, the molecale relax radiatively producing
a photon equal in energy to the separation betweenxcited state minimum and the

ground state corresponding to a geometry that thlecule has when it relaxes.
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These considerations predict that excitation ersrgill always be greater than
emission energies and that molecular absorbantalwiys be blue shifted relative
to molecular emission.

For molecules having no unpaired electrons, selectiles require that
electronic absorption from the singlet ground s{&e can only occur to higher lying
singlet states (S5, ,etc). Within each electronic state are a mulgtoéivibrational
states that can be closely spaced. Excess vibsh&mergy resulting from a Franck
Condon transition is redistributed on a timescal®? s leaving the molecule at the
minimum of the excited state potential energy siefaTypically, fluorescence
emission occurs next, usually within'16, as fluorophores return tg ffom S,
mirroring the absorption transition. Several ottedaxation pathways compete with
the fluorescence emission process. The excitee stegrgy can dissipate non-
radiatively as heat, the excited fluorophore cansfer energy to another molecule in
a second type of non-radiative process known asdiuireg or molecules can undergo
intersystem crossing to the lowest excited triple (). Relaxation of a
fluorophore from the triplet excited stateTo the singlet ground stateof$s called
phosphorescence and it occurs on thé $00? s timescalé Transitions from a
triplet excited state to a singlet state (or vieesa) are spin forbidden so the rate

constant for triplet emission is several ordermafjnitude slower than fluorescence.
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Figure 2.1: Jablonski Diagram outlining schematicdly the various pathways
available to electronically excited molecules.

Research described in this thesis examines thesBaence of related solutes
in a variety of condensed phase environments.H@ptirposes of this thesis,
fluorescence measurements are divided into twostygteady state measurements and

time resolved mesurements.

2.1.1. Steady State Bulk Measurements
The most common form of fluorescence measuremeatsaaried out by
illuminating the sample continuously and by recogdihe resulting emission
spectrum. Time dependent effects are averagechdheispectrum. Steady state
measurements reveal the energy separations betheetectronic ground and the
excited states. The difference between the maxinadosorbance and emission

energies is known as a fluorophore’s Stoke’s saify this quantity depends both on
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the electronic structure of the ground and excstates of the molecule as well as on
the local dielectric environment.

In this dissertation all bulk, steadigte absorption spectra were recorded
using a Hitachi U-3010 UV/vis (resolution 0.5nmesprophotometer; the bulk and
the surface steady state fluorescence spectrareeveded using Jobin-Yvon Horiba
Fluorolog 3 FL3-11. Acquisition parameters wereni/si(scan rate) with slit widths
set for 5 nm resolution both for excitation and €sian.

Table 2.1. Spectral data for steady state bulk measements for the coumarins
used in this thesis. Gaussian refers to a smoothgdile that rises and falls

monotonically. A vibronic lineshape shows distincteatures corresponding to
vibrationaltra nsitions within the electronic transition manifold.

Absorption  Emission Stoke's  Absorption Emission

Solute  Solvent shift spectral spectral
peak (nm) peak (nm) 1

(cm™) feature feature

Ci51 377 477 5600 Gaussian Gaussian
C440 Methanol 350 425 5000 Gaussian Gaussian
C152 395 511 5800 Gaussian Gaussian
C461 367 450 5000 Gaussian Gaussian
Ci151 382 460 4440 Gaussian Gaussian
C440 Decanol 355 432 5020 Gaussian Gaussian
C152 392 492 5190 Gaussian Gaussian
C461 365 455 5030 Gaussian Gaussian
Ci151 348 400 3736 Vibronic Vibronic
C440 Decane 332 378 3670 Vibronic Gaussian
C152 367 425 3720 Vibronic Vibronic
C461 348 395 3420 Vibronic Gaussian

2.1.2. Steady State Adsorption Measurements
Adsorption studies demonstrate the irtgyare of role of the surface on solute
binding and mobility. Steady state adsorption expents were performed using
hydrophilic, fused silica slides (Quartz Scientifigc.). Prior to a steady state
adsorption experiment, slides were cleaned witB:&8®(by volume) solution of

concentrated sulfuric acid and fuming nitric aandi ghen thoroughly rinsed with
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deionized water. The clean quartz slides were imatkin methanol solutions having
different concentrations of a given solute andvadid to equilibrate at 23 + 1 °C for

> 12 hours. The slides were then removed slowly fsofation and excess solvent
was allowed to accumulate on the bottom of theeslkduorescence emission spectra
were acquired from multiple positions on the toff bathe slide using a front-
surface sample holder that collected emitted lighetn angle of 2xelative to the
excitation axis. To reduce the scattered lightiamatove sensitivity, all experiments
used crossed polarizers for the excitation andsamndight. The data did not show
any systematic dependence on the choice of absatatation and emission
polarizations. Adsorption data were fit to Langmaotherms in order to determine

free energies of adsorptidGaqs”

2.1.3. Langmuir Isotherm

Fluorescence intensities from adsorbed films wéotqa as a function of
bulk solution concentration and the resulting de¢ge fit to a Langmuir isotherm
describing adsorption of neutral solutes. Figui? a representation of a Langmuir
isotherm for coumarin probe used in the presenkwor

The Langmuir isotherm model describes equilibrhgtween solutes in
solution and solutes bound to the surface.

At Ss = At
Eq.2.1

where A denotes a solute, S is a solvent and thscsipts o and %gsrepresent

molecules in bulk solution and adsorbed to theasm@rfespectively. Solute adsorption
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displaces a solvent from the surface. This equulibrcan be described by the

constant:

K = [A] ads[ S] solv
[A] solv[ S] ads Eq. 2.2

This expression can be rearranged and,j&dan be expressed in terms of (4] a

modified equilibrium constant K’ (where K’'= K/[§)},).
4., =KAq,
K[A, 1 Eqg. 2.3
In the limit of low bulk concentrations, [Af= K'[A] soiv thus slope of an isotherm is
directly proportional to the adsorption equilibrivonstantAG can be readily
calculated using the following relation.
AG ags -RT InKgq Eqg.2.4

This description breakdown if multilayers form agtn[A]son.
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Figure 2.2. A representation of Langmuir Isotherm sing a coumarin probe.
Concentration refers to the bulk concentration of he particular Coumarin (C151)
in methanol. The intensity refers to the peak intesity of the steady state
fluorescence emission.
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2.1.4. Time-Resolved Measurements

Time resolved measurements measure the ratefdlich a molecule decays
radiatively. At the start of a time resolved measuent, a pulse of light shorter than the
fluorescence lifetime excites a sample. The exparirthen records how much light is
emitted from the sample as a function of time adtaitation. For experiments
performed in this work, the emitted signals areedietd typically over a ~ 50 ns time
interval with temporal resolution of ~ 40 ps. Data analyzed by fitting the emission
decay traces with a series of exponential functignsre each function has its own
unique time constant. These time constants cormesfmothe lifetimes associated with
various processes occurring in a molecule’s ex@tatk. Time-resolved measurements
carried under Total Internal Reflection Fluoresee(ldRF) spectroscopy assembly are
used to study solutes near an interfacial regiomhis thesis TIRF measurements were
performed at the interface between hydrophilicaiind solutions prepared from
various organic solvents. Given the materials atkesits used in this work, TIRF
experiments sampled ~70 nm into the organic phadledata analyses was carried out
using routines written in Igor Pro and providedy Castner from Rutgers University.

A summary of all lifetimes measured in this work @resented in Table 2.2.
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Table 2.2. Fluorescence Lifetime values in bulk sation. All measurements were
made with a 420 nm Long Pass Fliter (LPF). Soluteoncentrations were kept as
low as ~ 1QuM - 50 pM.

Result appear

Solute  Solvent A T1(NS) As T2 (NS) in:
C151 1.00 5.26 Ch: 3
C440 1.00 4.00 Ch: 3
cisp  Methanol 1.00 0.90 Ch: 4
Ca61 1.00 3.22 Ch: 4
C151 0.10 0.40 0.90 555 Ch: 6
C440 1.00 4.00 -0.20 0.28 Ch: 6
cisp  Decanol 0.17 0.35 0.83 417 Ch: 6
Ca61 1.00 4.00 -0.13 0.21 Ch: 6
C151 0.16 1.26 0.84 3.33 Ch-3and5
C440 0.15 1.08 0.85 3.45 Ch:3and5
cisp ~ Decane 1.00 3.85 Ch: 5
Ca61 1.00 3.33 Ch: 5

2.2. Fluorescence Lifetime Theory

This technique measures the time elapsegden excitation of a fluorophore
and emission of a photon, and thus analyzes tks odtmolecular relaxation from
excited states to the ground electronic state. décay profile contains information
about the fluorophore relaxation processes. Ihgleimechanism is responsible for
radiative decay, the fluorescence intensity praffi¢he excited molecules is

described with an exponential decay.
[I\/I*]t :[M*Joe"’rm Eq2.5
Here [M*] and [M*]pdenote the excited state population at time tdttame t=0

respectivelyty the fluorescence lifetime of the sample is relatieectly to the

inverse rate constant for single exponential decay.
The measured fluorescence lifetime can depenaompeting decay

mechanisms that can be either radiative or nontigdipathway. If all of the decay
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mechanisms are radiative, then the data are &tsiom of exponential terms with
different distinct decay lifetimes. If some meclsmns lead to relaxation via
nonradiative processes, then the net effect ohtimeadiative processes is to quench
fluorescence and the measured fluorescence lifstimilereflect both the radiative

and nonradiative rate constants:

_ 1
Tm = Kk Kk Eq 2.6

rad nonrad
Herek;ag andkqonragare the rate constants of radiative and non-ragigtathways
respectively. Different forms of quenching incluskeited state reactions, electron
transfer, energy transfer, collisional quenchingtatic quenching. Collisional
guenching occurs when the excited-state fluoroplsodeactivated by contact with
some other molecule in solution, which is calleel uencher. Static quenching
involves the formation of a complex between thengher and fluorophore that does
not depend on the excited state of the fluorophore.

One direct way to determine the impartaaf quenching is to measure the
guantum yield of a fluorophore. The quantum yidithe fluorophore (Q) is the
fraction of photons emitted from a sample relatvéhe number of absorbed photons.
A fluorophore’s quantum vyield is related to theiatide constant and the

nonradiative rate constant of the fluorophore lgy/ftillowing equation:

k

Q — r ad
krad + I(nonrad Eq 2.7

From fluorescence spectroscopy, one can learn abewffects of local environment

on intramolecular electronic structure. In patécufluoresecence emission can show
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quite clearly how a solute’s radiative and nonrtdgaproperties are influenced by
environmental effects such as polarity, hydrogemditg and viscosity.

Our studies of solvation at surfaces lusth steady state and time-resolved
fluorescence measurements to investigate the changelute fluorescence caused
by solvent polarity and hydrogen bonding as welh&sasymmetry induced by solute
adsorption to hydrophilic silica surfaces. The @iynfocus of the next section is to
present detailed description of the instrumentatised for the time resolved

measurements.

2.3.Time Correlated Single Photon Counting (TCSPC)

This technique measures the time elapseddestwxcitation of a fluorophore
and the emission of a photon, and thus analyzesatbs of molecular relaxation from
excited states to the ground electronic state. E&qberiment” measures only a
single emission event and data consist of a hiatodghat plots all of the measured
photons as a function of the time at which theyenamitted®. TCSPC traces will
often contain 1individual events in order to produce high quatita that can be

fit according to the procedures described above.

2.3.1. Basic Operation of TCSPC
A schematic diagram of the experimental arrangensegiven in Figure 2.4.
The excitation pulse from the light source anddétector signal both pass through a
set of discriminators providing the START and ST€)hals to the Time-to-

Amplitude converter (TAC). The TAC measure the tiféerence between the
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emission pulse and the next excitation pulse aedterand output pulse with
amplitude proportional to the time difference. Ni@hannel Analyzer (MCA)
operating in pulse height analysis mode sorts thatses by amplitude into
hiostogram of times. A description of the importaamponents of the machines used
in the present work is stated below and the reldiagrams are displayed in Figure
2.3. The original TCSPC assembly was built by DnyAPetrik and Professor Doug
English and was then modified as a part of thisaesh to carry out the TIRF
experiments described in Chapters 3-6 of this ghesi

Light Source: The excitation source used in the present studyide-locked
titanium: sapphire laser, tunable over the range %20 nm, with a repetition rate of
80 MHz and typical pulse width of the laser is ~180The laser model employed is
the Mai Tai, purchased from Spectra Physics. Tdgt# firom the source is passed
through an optoelectronic modulator, reducingefsetition rate from 80 MHz to 8
MHz. The repetition rate of the laser is decredsethe optoelectronic modulator
after dividing it by an integer value. The simpligie of optoelectronic modulator
consists of a Pockel cells, which is a voltage-timled waveplate. Applying a
certain voltage to the electro-optical materiathia cell causes it to act as a half wave
plate, changing the polarization of the incidenteaA polarizer following the
Pockel cell selects for one polarization orientatitus allowing only those pulses
that have the proper polarization to pass throbghekit polarizer and hence reducing
the repetition rate. A driver provides the voltageéhe modulator and a synchronous
countdown is employed to handle the timing of thise train and applied voltage.

This output is often frequency doubled by focusimtg ap-barium borate (BBO)
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crystal to generate ultraviolet-visible (UV-vis)aation pulses between 355-460nm.
Prior, to exciting the sample the light is collimdtby a half —wave plate and a
vertical polarizer. A filter removes any residuahfiamental frequency and the light
is directed towards the centre of the cuvette.
Sample Chamber (Figure 2.2): The sample chamber contains the following
components set in this direction starting fromltget source to the detector:
i. Sample holder; typically holds cuvette
ii. Lens to collect the emitted light
iii. Motorized Emission polarizer set at magic angldgpmation of 54.7 with
respect to the vertical).
iv. Slit assembly

v. A filter-mount to hold the long pass filter.

Excitation light

IR

. Filter
Cuvette Holder Polarizer .
olarize Slit  Mount Detector

Figure 2.3. The schematic diagram of the sample chaer
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Detector: A microchannel plate photomultiplier tube (MCP-PMs used as
a detector in the present system. The emissioollscted at the right angle to
direction of excitation lights source. The basimgiple on which the detector works
is ‘photoelectric effect’. Typically MCP photomultipliers consist of a settbin
glass plates with many microchannels leading tecarsdary emitting surfaceThe
MCP- PMT provides a better time resolution by redgche transit time than the
traditional PMT. The time that elapses betweenlact®n ejected from a cathode
and the arrival of electrons at the anode is caledransit time. The MCP-PMT used
in our set-up is R30809U-50 type, which has a ttdimse < 25 ps.

Constant Fraction Discriminator (CFD): The discriminator improves signal to
noise ratios by neglecting PMT pulses of amplitleds than a set level. In other
words, input pulses greater than the threshold Isiiebe accepted for further
processing and small dark noise pulses from the BMTgnored:® It is important to
set the discriminator threshold level above th&RMT noise level but below the
actual signal level. CFD acts as attenuating tpatisignal and then this attenuated
signal is inverted and added to the delay thereaitigled to the original input pulse.
The resultant waveform is a bipolar signal witheaozpoint crossing. The zero point
crossing is the point where the pulse has ris@9t% of its total intensity.

Time to Amplitude Converter (TAC): The output pulse from the discriminator
is fed to the Time to Amplitude Converter (TAC)afpassing through a nanosecond
delay line as shown in the Figure 2.3. The TAC lsaviewed as a stopwatch
between the START and the STOP pulses. The TAMGeann in two different

modes namely the (i) forward mode and (ii) revensele. In forward mode, the
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excitation light source acts as the START signalewtne pulses from the detector
provide the STOP signal. However, at high repetitiate running the TAC in
forward mode is a big disadvantdbas TAC gets swamped by the high repetition
rate of START pulses it is unable to receive a SPOBe. This makes TAC busy,
being unable to accept another START pulse. Todatus, for the present
experiments reverse mode has been used, wheregtemce signals from the
detector and the triggered signals are routed wswe START input of the TAC
and the STOP input respectively. Reverse mode @fatipn is used to minimize the
number of “false startsi,e. start signals that have no stop signal withinrdreye of
the TAC.

TAC measures the time interval between the staftséop pulse and converts
that interval into an output pulse having a voltagaeportional to the time interval.
Upon receiving the START signal, the capacitomi@ TAC is charged leading to the

increment of the voltage linearly, until a STOPSgguis detected.

START PULSE

—» CFD

DELAY

TAC MCA

» CFD DELAY

STOP PULSE

Figure 2.4.The block diagram of different components of TCSPQGiming
electronics
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OEM p » BBO crystal »| Sample
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Mode-locked PD MCP-PMT
Ti:Sapph
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Figure 2.5. TCSPC Block diagram depicting the TCSP@rrangement used in

the present project. OEM is the optoelectronic modiator. BBO is the second
harmonic crystal. PD is the photodiode. TAC is théime to amplitude converter.
MCA is the multi channel analyzer.

Due to the limitations of the detectors and thartgrelectronics the instrument
response to a sample with lifetime zero is non-Z&his short response provides the
temporal resolution of the instrument is knownhasIhstrument response function
(IRF).> The instrument response function is measured wsimgnfluorescing
scattering solution made from a nondairy coffe@crer dissolved in water. A typical
IRF fwhm obtained from the instrument is ~ 40 @5-ps, shown in Figure 2.5. The

instrument response function is convoluted withrésponse of the fluorescent

molecule in the data collected by the instrument.
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Figure 2.6. An IRF from the TCSPC spectrophotometer Here, the excitation
pulse arrives at ~3 ns and the IRF decays sharply.
2.3.2. Advantages of using TCSPC to meaure Fl@scence lifetimes.

High temporal resolution and large lifetime range: TCSPC can measure
lifetimes over a large range extending from ~5@gps50us and provides substantial
flexibility in the choice of suitable systems angerimental time-windows’
Experimental limitations are related to the lightisce and detector.

Sensitivity: TCSPC measures single photons. Thus the givenitpehhas a
high level of detection sensitivity. Moreover, snanly one photon is processed at a
time, the sample excitation pulses are necessarltyw intensity, resulting in
minimum sample degradation and the absence ofmeanlieffects.

Low noise and high precession: Typically the TCSPC data are subjected to

Poisson noise statistics. The uncertainty of a slattds proportional to the square root
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of the the number of photon counts. TCSPC can desiogle photon as well as signal
maxima (~16), thus the dynamic range of the measurementdstedie 16:1.1°

The TCSPC technique has been used in a Total aitReflection (TIR)
geometry to study energy transfer, solute rotagiot relaxation dynamics at

solid/liquid interfaces:*™**

2.4. Total Internal Reflection Fluorescence (TIRF3pectroscopy

TIRF is a powerful optical technique that can exaarthe photochemical
properties at liquid/liquid and solid /liquid infaces. Surface selectivity is achieved
in TIRF by detecting only the fluorescence sigredsited by the evanescent wave
created by the excitation field as it reflects frtra interface. In a TIRF experiment,
an excitation pulse reflects from the interfacarmtingle greater than the critical
angle. The essential conditions of TIR are as Vdtd>

Ny > N2,0; >Ociitical:Ocritical = Sin_l(nZ/nl) Eq 2.8

Here n and n are refractive index of medium 1 (light travelsotigh this
medium) and medium 2 respectivet).andOiica are the angle of incidence and the
critical angle of the two media. An evanescent wia\generated at the point of
incidence when the above conditions hold. Briedljight beam travels from the
higher to the lower refractive index material irendis on the interface at an angle
greater than critical angle and excites fluoropb@tethe surfaces and at the
interfaces. Thus, the solute molecules populatiegriterface are excited by the
evanescent wave and fluoresce. The fluoresceneesityl(z) at any depth z from

the interface is given by,
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I(2) =Cl,expt-z/d,) Eq 2.9
The penetration depth, defined as the distance from the interface ismiv

by the following equation:

d, =A /(4m,[SrPE, —(n, /n,)?]*?) Eq 2.10

where/;, and 6; are the wavelength of the incident light and ti@dence angle

respectivelyn; andn; are the refractive indices of two media constitgitine

interface andy> n,. All experiments described in this work used aro@ftas the

common angle of incidence for TIR measurement.

Medium

Figure 2.7: Schematic of TIRF; light wave traveledhrough medium 1 and
reflected back to medium 1. The evanescent field ghown here, which
penetrates up to ~70 nm in depth.

38



Penetration Depth

o= 1 1 L L L L L 1 1 1 L
BE B T ¥ T4 76 T@ EBD B2 B4 85 @88 90

Angle of Incidence

Figure 2.8. Plot of penetration depth vs. incidereangle. For the TIR condition,
the excitation wavelength was 390 nm, and the angb incidence for our
experiment ~ 69° marked by a ‘star’.

2.4.1. Application of TIRF in the present work

A primary objective of this thesis is to compare tklaxation dynamics of
adsorbed solutes at a silica/solvent interfacéase of solutes in bulk solution.
TCSPC using total internal reflection (TIR) georgesrwell suited for this purpose
and has already been used by a number of otharoeses™**In order to carry out
these experiments the sample chamber of the TC&R(@ment has been modified in
order to measure the TIR fluorescence of fluoropb@t the hydrophilic silica-liquid
interface.

In our studies a circular sample-cell is made fiahF polymer, containing a
concentric well and four peripheral clamping holBise sample fills the well. A fused
silica hemispherical prism (diameter: 1”) is sedlethe top of the sample with an O-
ring seal. The cell is vertically mounted facing ttetector. The light is incident on

the interface at an angle greater than criticaleaagd is focused onto the prism with
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a biconvex lens. A cylindrical lens between themriand the detector focuses the
resultant fluorescence signal traveling throughphem into the detector. The PMT
tube facing the prism detects the fluorescence.efhission polarizer is set at magic
angle ~54.7to eliminate the contribution of molecular reotaion of the
fluorescent species. The magic angle was derivedder to avoid the unequal
contribution from the in plane and out of planegpiation of light. Figure 2.8
represents the diagram of the cell used in theslildies. Figure 2.9 represents the

TIR set-up used under the TCSPC mode.

Total Internal Reflection

H

misphere

Sample

O-rim\

Kel-F

—p
dresce Detector

Xcitation

Moun

Figure 2.9. Diagram of the cell used in house
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Figure 2.10. The block diagram of TCSPC —TIRF setp showing the modified
arrangement of the sample compartment.

The instrument response function (IRF) is the primfactor determining the lower
limit of lifetimes that can be measured. In thesgrd set-up, the IRFs from bulk and
surface measurements are 40 ps and 65 ps respeciifis result implies that
measurements will fail to detect reliably any solveeorganization processes that
occur on timescales faster than the respectivdilRiE. The focus of the present
study is to examine how different solvent environtreffect solute properties. The

given instrumental constraint has little conseqgednc our results given that
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fluorescence lifetimes range from 400 ps to ~590However, the reported IRFs do
keep us from observing the effects of solvent radiax in all solvents other than 1-

decanol.
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Chapter 3. Decoupling Equilibrium and Time Dependat
Solvation at a Solid/Liquid Interface

3.1. Introduction

Solvation in the most general sense describesitbeactions of a solute with
its surroundings. These interactions may be nanpand averaged over the entire
solute cavity or specific and arise from localizeédectional associations. One can
also describe solvation in either an equilibriundgnamic context. Here,
equilibrium solvation refers to solute/solvent naigions that are time-averaged over
a statistical distribution of local environments. contrast, dynamic solvation probes
a solute’s time dependent response to fluctuatimbchanging local surroundings.
Measurements probing different aspects of a s@wwelvation environment usually
lead to complementary descriptions of solute/sdlrgeractions. Occasionally,
however, equilibrium and time-resolved experiméelisstories that are at odds with
one anothet? In these instances, one must reconsider solvai@rhanisms and
begin to reconcile the individual molecular proptmeasured by the different types
of experiments. Findings presented in this chagamine the equilibrium and time
dependent fluorescence properties of two, primaryna coumarin dyes, Coumarin
151 and Coumarin 440 (Figure 3.1), in two solventsethanol and decane — and
adsorbed to the silica/methanol interface. Redudta these experiments suggest
that surfaces can decouple a solute’s responsguthbeium solvation forces from its

time dependent solvation behavior. C151 and C44@esihe same structure except
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for a—CE (C151) or —CH (C440) group at the molecule’s 4-position andideal

probes of equilibrium and dynamic solvation.

CF, CHj
A AN
H,, H”:,
“N o, 0 N (0 (0]
A A
C151 C440

Figure 3.1. C151 and C440 ground state {Bstructures.

In its ground electronic stateg)and when excited to its first excited,8lectronic
state in nonpolar solvents, the amine in the 7twsretains its pyramidal geometry
and sp hybridization. Polar solvents, however, can siabih charge transfer (CT)
state where the nitrogen adopts a plang) @gometry and the carbonyl oxygen
assumes a formal negative chat§eThe intramolecular potential of pyramidal
structure for both solutes have a symmetric doulak corresponding to the protons
of the amine lying above or below the plane oflibazene ring, whereas the amine
group of C151 and C440 in the CT state is subgeatgingle, shallow potential with a
minimum when the amine is coplanar with the rirggshown in Figure 3.2A
schematic representation of the structures of @18% pyramidal and charge

transfer (CT) state is shown with the potentialrgpeurves in Figure 3.2. C440 will

45



have similar electronic structure, although theibato inversion will be at higher
energy for C440 due to the weakly electron-donati@ék group. o

a)
HIM,

CF, ) CF,
m m
N T H\/N+/ o

5

NN

Q('NHz) Q('NHz)

V(Q)

Figure 3.2. Structures of C151 in its pyramidal (apnd planar, charge transfer

(CT) state (b). The potential curves below eachrsicture illustrate qualitatively

the intramolecular potential along the amine invergon coordinate (Q). Previous
studies have calculated a barrier of ~ 4-8 kJ/molgeparating the two minima in
state (a) of C151*2

C151 and C440 both show strong solvatochromicsshiith emission maxima

moving to longer wavelengths as solvent polaritréaseé:*® (Figure 3.3.)
Furthermore, the fluorescence lifetimes of botluts in polar solvents show a single
exponential decay arising from a charge transféi &ate, but in nonpolar

environments, the decay is biexponential due teethission from the pyramidal

conformers and the intermediate CT stéte.
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Figure 3.3. UV absorbance and steady state emissidata for C151 (left) and
C440 (right) in decane and methanol. Solute conceations were ~30 -50
MMolar. Stoke’s shifts are reported for for C151 indecane (~ 52nm) and
MeOH (~100 nm) and for C440 in decane ( ~ 45 nm hd MeOH (~ 80 nm).

The surprising observation from findings reportedhis chapter is that while
the steady state spectra of both solutes adsotlsiica interface sample a polar
environment, the time resolved fluorescence ispgmeential with a short lifetime
component that matches the shorter lifetime of CAftd C440 in decane. We
interpret these differences in terms of the hydnogend donating abilities of the
silica surface. Solute-substrate hydrogen bonldiads to a polar solvation
environment, but substrate rigidity and hydrogenddonating ability inhibit the
solute’s ability to form a CT state following phetaitation. These results illustrate
how a surface can create local solvation envirorisneifferent from bulk solution

limits and highlight the ability of a surface taopnote unanticipated solution phase

surface chemistry.
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3.2. Experimental Considerations

Laser grade C151 and C440 were purchased fromdexaitd Aldrich,
respectively and used as received. All solutionsevmeade using spectral grade
methanol (purity >99%). Steady state adsorptioregrpents were performed using
hydrophilic silica slides as described in ChapteA@sorption data were fit to
Langmuir isotherms in order to determine free eiesrgf adsorptiodGags ™

Experiments measuring fluorescence lifetimes ukedime-correlated single
photon counting (TCSPC) assembly described in @n&iMeasurements of C151
and C440 in the near surface region of solid/liqatdrfaces required using total
internal reflection (TIR) geometry. For both bsldution studies and TIR studies,
the instrument response function measured ~ 406s@5\WHM) and the data allowed
for reliable measurements of lifetimes as sho@G®ps. Such constraints did not
allow experiments to identify the fast, multi-exjgotial relaxation processes
associated with methanol as a solvent. The exuitdight was fixed at 370 nm and
the fluorescence emission was collected using aw2@ng pass filter to block light
from the excitation pulse.

Time-resolved fluorescence decays were analyzeohdsg multiple,
independent exponential pathways following decomtiah with the instrument

response function IRF:

— —t/T;
FO _Za‘e Eqg. 3.1
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Herea is the amplitude of the coefficient amds the lifetime of the fluorophore. The
single and biexponential nature of fluorescencageevere determined by

minimizing thex? values and distribution of the weighted residd@ls.

3.3. Result and Discussion

3.3.1. Steady State Adsorption Data

Steady state emission spectra of C151 and C440lknhethanol, the
silica/vapor interface and decane, are shown inr€i§.4. To acquire spectra from
the silica surface, solutes were allowed to adsmthe solid/vapor interface from a
50 uM methanol solution. Repeating this procedure fethmnol solutions having
different solute concentrations led to systemai@nges in emission intensity (but
not in emission wavelength). The peak intensitrespéotted vs. bulk concentration in
Figure 3.5 Fitting these data to a Langmuir isothked to calculated free energies of
adsorptionAGg,gs 0Of -25.7 £ 0.7 kd/mole and — 24.0 + 1.1 kJ/mole@151 and C440
respectively as shown in Figure 3.5. The emisspatisa of the solutes adsorbed at
silica/vapor interface for different concentratiafdulk solutions are presented in
Appendix C. Based on the emission spectra and angruir isotherm, we infer that
these primary amine coumarin solutes form monotagethe silica/methanol
interface, but these films do not promote additi@usorption. Furthermore,
emission appears to come from monomers rather diordnigher aggregates that
often lead to features in emission spectra at nhooger wavelength*°

The emission spectra show wavelength maxima of#83C151) and 433nm

(C440) in methanol; 470nm (C151) and 425 nm (Cé4®he silica/vapor interface;
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and 399 nm (C151) and 378nm (C440) in decane. enfission spectra of both

solutes adsorbed to the silica surface correspmad environment more polar than

bulk acetonitrile, a polar non-hydrogen bondingzeat ¢.“***,.x= 460 nm and

A4 = 412 nm) and less polar than ethanol, a polardgeir bonding solvent
(o= 477 nm and.S*9,.= 432 nm). This observation is not surprising given
that solvation chemistry at hydrophilic silica s.o#s is dominated by the hydrogen
bond donating properties of the surface silanoligs3®?In principle the amine
group on C151 and C440 can also donate hydrogestshbbat hydrogen bonds
donated from the amine solute to the silica surtaeeexpected to be we&k.

— MeOH
— Decane

. MeOH 1.00 <
Y — Decane 1
\—— Silica (ads 50 pM) | /

— Silica ( ads 50uM)

z ' 1 |-
$ oms | 0.75 - . .
5 f 1 ' \
E | | |
- 11 ] [ I'.
5 050 | 0.50 - ' o\
-] E ] | |
E 1 I '.
2 1 ' 1\
1 [ \ |
025 051 | o [\ \
| \
.' N
000 oy ' 0.00 52, "'\:"""*-—
I I B e o g S —
350 400 450 500 550 GO0
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C151 C440

Figure 3.4. Emission spectra of C151 and C440 in mfanol (red), adsorbed to
the silica/vapor interface (black) and decane (blye Methanol and silica/vapor
emission spectra were acquired with an excitation avelength of 370 nm and
350nm for C151 and C440 respectively. The decane msgion was acquired with
an excitation wavelength of 350 nm and 340 nm for151 and C440
respectively. The silica surface was prepared as siribed in text.
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Figure 3.5. Adsorption isotherms resulting by plotting the peakemission
intensities for different concentrations of C151 ad C440 adsorbed at silica
surface versus concentration ranging from 0.01mM t®.5 mM

The results from steady state studies led us rbtoavonder how the time-
dependent emission properties of adsorbed sohkdakl be affected by such strong

anisotropy and motivated us to carry out the flsoemce measurements described

in this chapter.

3.3.2. Time Resolved Measurements
Time resolved fluorescence experiments using tiameetated single photon
counting (TCSPC) show that in methanol, C151 andi0C#ecay with lifetimes of
5.26 ns and 4.00 ns respectively.(Figure 3.6, Taldle These results agree well
with previously published reports. TCSPC data acquired in a total internal
reflection (TIR) geometry for the solutes adsorbethe silica/methanol interface
(50 uM) showed a biexponential decay with lifetimes oblng (A = 0.27) and

5.30 ns (A =0.73) for C151 and 1.42 ns«(A 0.23) and 3.85ns (& 0.77) for
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C440 respectively. The longer lifetime for eachussls assigned to those solutes
that are either weakly associated with the surtaigaesent in the ~70 nm depth
sampled by the evanescent field of the excitatoaree. The shorter lifetime
component is assigned to those solutes interadtiegtly with the surface.

In nonpolar solvents such as decane, both sothi®s biexponential decay
with lifetimes of 1.26 ns (4= 0.84) and 3.33 ns (&= 0.16) for C151 and 1.08 ns
(A= 0.15) and 3.45 ns ¢A 0.85) for C440 respectively. (Figure 3.7, Tabl?)3
These two lifetimes are assigned to th&tsridized state (shorter lifetime) and the
CT state (longer lifetime). Emission from C151 @xdnated by the shorter lifetime
whereas the longer lifetime is responsible for nodt¢he emission from C440. The
origin of this behavior is subtle and will be ex@d in much greater detail in Chapter
5. For the purpose of comparing C151 and C44Q0dkeence in bulk decane with
emission from solutes adsorbed to the silica/methaterface, however, the
important result is that significantly shorter tifees are characteristic of solvation in
nonpolar environment3he shorter lifetime for the solutes in the douléd|
potential likely reflects the effects of a nonrdnlia relaxation path as the solute

interconverts between its two minima shown in Feg8r2.
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Figure 3.6  TCSPC data from C151 and C440 in methanol (redgnd adsorbed
to the silica/methanol interface (blue) from a 4@uM solution. The excitation
wavelength was fixed at 370 nm for both the solute$he insets represents the
biexponential nature of the silica/methanol interfze curve.

Table 3.1. Lifetimes and amplitudes of TCSPC decayaces shown in Figure 3.6.
Uncertainties in lifetimes and amplitudes are + 9@s and + 1%, respectively.
Details about data acquisition and fitting can bedund in Reference 24

2

Medium Solute A 71 (NS) A 77 (NS) X
151 1. 2 - - 1.2
MeOH (Bulk) 15 00 >.26
C440 1.00 4.00 - - 1.2
Silica/MeOH C151 0.27 1.15 0.73 5.30 11
Interface C440 0.23 1.42 0.77 3.85 1.3
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Figure 3.7. Fluorescence decay of C151 and C440 in bulk de@(lLOuM). The
excitation wavelength was fixed at 360 nm.

Table 3.2. Lifetimes and amplitudes of TCSPC decayaces shown in bulk
decane. Uncertainties in lifetimes and amplitudeare + 90 ps and + 5%,
respectively

Solute (Solvent)  Conc. A 71 (NS) A, 72 (NS) 2

C151 (Decane) 1M  0.84 1.26 0.16 3.33 1.3

C440(Decane) MY 0.15 1.08 0.85 3.45 1.4

Here,y* is used to measure the accuracy of the fit.

1 (y -a)? Eq.3.2
2 - &~ i i
X N Z [of

i=1 i

wherey is the observed outcomejs the expected outcome, and N is the number of

observations.
The short lifetime observed in the TIR data is vapse to the short lifetime
component of the bulk decane decay, despite theHatthe solvent (methanol) and

the surface (hydrophilic silica with terminatecdasibl groups) are both considered to
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be polar>?’ Shortened fluorescence lifetimes are often astribehe introduction of
new, nonradiative pathways that allow the excitatesrelaxation to the ground
state’® However, previous studies have shown that suiifadieeed, nonradiative
relaxation leads to non-exponential, quasi-contirsudecay$’>" In contrast, the time
dependent fluorescence observed from C151 and (D4#@ TIR measurements is
distinctly bi-exponential with very small residuaisd a short lifetime component that
matches almost exactly the short lifetimes of Caddd C440 in nonpolar, alkane
solvents.

Similar behavior observed for C152 and C461 walldiscussed in Chapter 4.
Given the similarities between emission behavidhatsilica/methanol interface and
emission in bulk decarand the apparent generality of this phenomenon foln bot
primary and tertiary 7AC species, we believe timgt mechanism specifically
invoking surface quenching of excited adsorbedtsslis unlikely. Rather, we
believe that strong hydrogen bond donation fromstimiéace silanol groups to the
adsorbed fluorophores keeps the species trappedauble-well potential and unable
to form the CT state generally observed in poladiamePrevious work investigating
coumarin solutes adsorbed to silica surfaces hasrsistrong bonding between
hydrophilic silica surfaces and the adsorbed coumsmiutes resulting in modifying
the time resolved properties of the dye moleétile.

Any spectroscopic experiment carried out in a twt@rnal reflection (TIR)
geometry will necessarily probe molecules at théase as well as those molecules
in the "bulk" solution that fall within the distamspanned by the evanescent wave.

The data reported in Figure 3.6 and in Table @riLaontain contributions from both
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species - bulland adsorbed. Given that under TIR conditions the esee® wave of
the excitation light extends50 nm into the methanol solution, we assign tingéo-
lived component observed in the TIR data to thadatas either solvated in bulk
methanol or solutes that are interacting only weakth the silica surface. The
shorter-lived component assigned t3 spbridized solutes interacting directly with
the surface are likely accepting hydrogen bonds fitee surface silanol groups. The
short lifetime observed in the TIR data is veryseldo the short lifetime component
of the bulk decane decay leads us to concludehbate C151 and C440 solutes
interacting directly with the polar silica/methamoierface are subject to excited state
photophysics similar to those experienced in a otarsolvation environment. At the
silica surface amines are known to be active ppéids in interfacial acid-base
chemistry with the surface silanol groups serviad.ewis acid$® Calorimetry
experiments with model amines (not coumarins) meaadsorption energies as large
as 65 kJ/molé® Such strong binding will create a polar equilibnienvironment but
will also constrain adsorbed C151 and C440 to amyaal geometry about the amine
even after photoexcitation. Fluorescence decay, thél reflect a surface stabilized
conformation in polar surroundings that has thenemestricted to a (less polar)
nonplanar conformation.

In summarywe propose that specific substrate/solute hydrdgeaing
decouples the equilibrium from the time dependehiagion behavior of C151
adsorbed to the silica/methanol interface. The digble density formed by the
surface silanol groups renders the interface gakevidenced in a large Stokes shift

in the adsorbed C151 emission). However, these sgaregen bonding moieties are
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not mobile and hydrogen bonding to the C151 and0G#dutes (through the amine
lone pair) keeps the molecular conformation regtddo a spgeometry after
photoexcitation. The observed time dependent feaaece reflects this constraint
with a measured lifetime that is more consisterh \wolvation in a nonpolar
environment. In this way, the steady-state and-tieselved data do not have to be
(and appear not to be) correlated. Experimentsipgob151 and C440 solvation at
silica surfaces show that solutes sample appareatiyradictory environments
depending on whether the property of interest epoads to equilibrium or time-
dependent behavior. A hydroxyl terminated silicfasze and bulk methanol — can
create an environment that induces dynamic behaviadsorbed solutes
representative of nonpolar environments. Thesdtsesan be reconciled with each
other but only after considering explicit solutefaue and solute-solvent interactions.
The findings presented above do not support a nmbdeincludes strong solute-

solute interactions.

3.4. Conclusions

Steady state and time-resolved fluorescence maasuate have been carried
out to compare the interfacial solvation behavio€b51 and C440 in bulk methanol
solution and adsorbed to polar silica surfacesaadtastate data revealed that solutes
adsorbed to the silica/vapor interface is subee moderately polar environment but
the time-dependent properties of the adsorbedesofavored a nonpolar
environment. The biexponential fluorescence decaphserve from C151 and C440

adsorbed to a silica/methanol interface decay neattine lifetime of the solutes in a
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nonpolar solvent reflecting the constraints ofsheroundings. These findings are
expressed in terms of ability of silica surfaceltmate hydrogen bonds that keeps the
amine groups constrained to a pyramidal geomegspite the fact that in bulk polar
environments, the planar geometry correspondiregdioarge transfer state is favored.
Strong hydrogen bonding from the substrate andhiality of the substrate to move
limits the conformational freedom of the adsorbeldite making the CT state
inaccessible at the surface. Taken together, tiessdts motivate the need to study

further localized interfacial effects on solutiohgse photochemistry and

isomerization.
CFg
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Figure 3.8. A schematic picture illustrating Coumain 151 in its excited charge
transfer (CT) state. Polar solvents (such as methal) stabilize this excited state
conformation. However, a polar, hydrophilic silicasurface stabilizes the
pyramidal (non-CT) state of C151 adsorbed directlyto the interface. Steady
state emission indicates that solute adsorbed todlsurface experiences a polar
environment but time-resolved emission suggests mhmic solvation
environment that resembles that created by nonpolaalkanes.
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Chapter 4: Surface Induced Changes in Coumarin
Isomerization at Polar Solid/Liquid Interfaces

4.1. Introduction

Few families of molecules have had their photoclsétnexamined more
closely than the substituted coumarifid Motivating this attention are several
properties common to most coumarin molecules: comsigend to be
photochemically stable with high quantum yields mgkhem suitable for use as
laser dyes and markers in fluorescence assay exgets® > Furthermore, certain
coumarin dyes undergo large changes in permangoledipon photoexcitation
making these molecules very sensitive probes ekslpolarity and solvation
dynamics$ 1% Finally, the basic coumarin structure can be gasidified in a
number of locations and with a variety of functibgeoups leading to solvatochromic
shifts of excitation and emission wavelengths byaritban 100 nm across the visible
and near-UV regions of the optical spectrufrt®

Of the different types of coumarins, the 7-aminouatn family (7AC) is
particularly popular as a probe of solvatigfi*7-aminocoumarins can form several
different resonance structures upon photoexcitatioluding a charge transfer (CT)
state with the nitrogen adopting a planar (sybridized) geometry provided that the
amine is not conformationally restricted. The elecic state having charge transfer
character also places a formal negative charga®ndarbonyl oxygen at the 2-
position. These CT states typically have high quenyields, longer fluorescent

lifetimes and are most stable in polar solventsefeception to this pattern occurs
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when formation of a CT state is also accompaniethtge amplitude, intramolecular
conformational changes. Based on time resolveadhaence and transient
absorbance measurements, Natlal. proposed the existence of a non-fluorescent,
twisted intramolecular charge transfer (TICT) sfatesome 7AC dyes having a F
group in the 4-position. A —GHroup increases the electron withdrawing charaafter
the heterocyclic ring and can stabilize chargestiemand TICT states following
photoexcitation especially in polar solvents whaipolar interactions can also serve
to stabilize the cationic amino grof’ Cave and Castnerab initio studies of
different 7ACs in their ground and excited elecicmstates provide additional insight
into the dependence of electronic state structnmnolecular structure and functional
group compositiod™ ?> Based on energetic considerations these compudatio
results indicated that TICT formation is unlikebllbwing photoexcitation in the gas
phase, but the presence of explicit aqueous sa\atabilized a planar geometry for
7AC species in the;S®xcited state.

The present study examines how polar silica susfaee affect the
photophysical behavior of two different 7AC solyt€sumarin 152 (C152) and
Coumarin (C461). Both solutes are N, N dimethylstituted tertiary amines. C152
has an electron withdrawing —€§roup in the 4 position while C461 has a weakly
electron donating —C4group in the same position. (Figure 4.1) In gehe@marin
photochemistry at surfaces has received less mttetitan solvation in bulk. Studies
of solvation dynamics around coumarins adsorbebdsurfaces of reverse micelles
revealed that water relaxation following coumarmfoexcitation is much slower

than in bulk®® Similar results were inferred by Zimdaesal. who measured

63



reorientation times of coumarins adsorbed to areaas/air interfacé’ These latter
studies employed resonance enhanced, second hargeeration (SHG) to
qguantify how in-plane vs. out-of-plane solute reatation rates differed for C314
adsorbed to an air-water interface. These studiasd that surface reorientational
times are slower than bulk orientational diffustones. Time-resolved fluorescence
spectroscopy was used by Yamashita and coworkessaimine solvation dynamics
of coumarin 343 at a water/mica interface. Dataraglaowed that the solvent

relaxation at the water/mica interface was muclgdorihan observed in bulk

solution?®
CF4 CHa
S S
H EC-"J;,, HaC;,h‘
N 0" o N 0" o
HaC HsC
C152 C461

Figure 4.1. Structure of C152 and C461

While these findings provide detailed insight ik@rientation of coumarins
and surrounding solvent molecules, they do notesiddirectly whether or not the
photophysical properties of the adsorbed coumahiemselves change as a result of
interfacial anisotropy. Such concerns may not beveat for rigid 7AC species such

as C314 or C343 (See, Chapter 7) but for unrestti¢ACs that can undergo facile
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inversion about the amino group, electronic stmecaind relaxation should be
extremely sensitive to local asymmetry. Differenbesveen bulk and interfacial
solvation can have dramatic changes on solute pgrepavhere a transition state
might be rendered inaccessible due to steric caingsior stabilized by surface
mediated solvent-solute interactions. For examping time resolved SHG Shet

al. explored the photoisomerization of malachite graeair/aqueous, alkane/agueous
and silica/agqueous interfaces. The isomerizatioradycs were 3-5 fold slower at
air/aqueous and alkane/aqueous interfaces in casopao bulk aqueous
environments. The same solute isomerization ragesleaver by an order of
magnitude at a silica/aqueous interface comparduetbulk water limit. The slower
isomerization dynamics at the silica/aqueous iat&fwere attributed to the structure
imposed on the interfacial solvent by the silicHae.

Experiments described below examine the steady atat time dependent
photophysical behavior of C152 and C461 in bulkirarbl solution and adsorbed to
silica/methanol surfaces. Steady state and timalwed fluorescence methods are
used to examine the spectroscopic and lifetimeenags of these two 7AC solutes in
bulk methanol solutions and adsorbed to silica/vamal silica/methanol interfaces.
Results from bulk solution measurements show thgpite similar steady-state
emission behaviors in methanol, C152’s fluorescdifieime is markedly shorter
than that of C461 indicating that nonradiative patis play a larger role in the
electronic relaxation of the —@Bubstituted solute. At silica surfaces, C152 leiti
markedly different behavior compared to both C48il and surface) and C152 in

bulk methanol. At surface coverages in excessmbfolayer, C152 emission shows
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a second feature in the steady state spectrunmgétavavelengths consistent with

the formation of extended surface aggregate strestuSuch features are absent from
the C461 emission spectra at all surface coverdgeslifetime of C152 solutes
emitting at long-wavelength is similar to that obmomers solvated in a polar
environment where TICT formation is the dominardr(radiative) pathway. In
contrast molecules adsorbed directly to the sifiedhanol surface show a 5-fold
longer fluorescence lifetime characteristic of stilen in nonpolar media, indicating
that the surface sterically hinders C152 isomeopnan the excited state. In contrast,
the time-resolved emission of C461 adsorbed tailiea surface is virtually

indistinguishable from that observed in bulk saati

4.2. Experimental Considerations

Laser grade C461 and C152 were purchased fromdexaitd Aldrich,
respectively and used as received. All solutionsevmeade using spectral grade
methanol (purity >99%). The bulk, steady state gitgmn spectra were recorded
using a Hitachi U-3010 UV/vis spectrophotometer stahdy state fluorescence
spectra were recorded using Jobin-Yvon Horiba Elleg 3 FL3-11 (Figure 4.2). The
values are listed in Table 4.1.

Adsorption data were fit to Langmuir isothefhis order to determine free
energies of adsorptioldG,qd. Experiments measuring fluorescence lifetimesius
time-correlated single photon counting (TCSPC) mébg described in Chapter’2.
Measurements of C152 and C461 in the near suréggerr of solid/liquid interfaces

required using a total internal reflection (TIRpg®etry. For both bulk solution
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studies and TIR studies, the instrument responsaifin measured ~ 40-65 ps
(FWHM) and the data allowed for reliable measuretisieflifetimes as short as
100ps Such constraints did not allow experimemidentify the fast, multi-
exponential relaxation processes associated withanel as a solvenf.Time-
resolved fluorescence decays were analyzed assumltigle, independent, single

exponential pathways following deconvolution wille instrument response function

IRF:
— —t/T;
FO _Zae Eq. 4.1

The IRF was obtained from a dilute scattering sofutThe single and bi-
exponential nature of fluorescence decays weremdeted by minimizing the?

values and distribution of the weighted residdals.
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Figure 4.2. Absorption and emission spectra of C15&nd C461 in bulk methanol

67



Table 4.1: Spectral data of C152 and C461 in bulk gthanol

Emission peak

Absorption peak Stokes shift

Probe Solvent wavelength (nm) wavelength (cm‘l)
(nm)
C152 395 511 5800
MeOH
C461 367 450 5000
4.3. Results

4.3.1. Steady State Adsorption Spectra and Langmuisotherms
Figure 4.3 shows the emission spectra of C152 atd @dsorbed to

hydrophilic silica/vapor surfaces from solutionwimg different concentrations.
Several observations stand out. First, at low coetmagons both C152 and C461
emissions are characterized by single featuregmshat 495 nm and 448 nm,
respectively. These emission wavelengths correspopdlar media having effective
dielectric constants similar to those of short nrelcohols. Second, emission
intensities reach a plateau at bulk concentrattmoye ~15.M before rising again at
concentrationg 100uM. (Figure 4.4). Third, emission shifts to longeswelengths
with increasing surface coverage, suggesting titreased adsorption creates an
even more polar environment within the adsorbed.fffourth, at higher
concentrations the C152 spectra show a seconddegppearing at a much longer
wavelength (~574 nm). In contrast, the C461 spduatra films formed in high

concentration solutions continue to be charactdrigea single emission wavelength.
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Figure 4.3. The emission intensities for differentoncentrations of C152 and
C461 adsorbed at silica surface. Figure in left digays the intensities of C152
concentration ranging from 0.01mM to 0.5mM, and Figire in right displays the
intensities of C461 concentration ranging from 0.0hM to 0.5mM. Note that the
0.5mM intensities have been multiplied by 0.5 to bplaced on the same scales as
the lower concentration data. The silica/vapor em&on spectra were acquired
with an excitation wavelength of 390 nm and 375nnof C152 and C461

respectively.

Given the structural similarities between C152 @d@é1, one might expect
that both solutes should demonstrate similar adigorpehavior at interfaces. Both
C152 and C461 have sizable ground state dipole mznoé ~ 6D and both are
capable of accepting hydrogen bonds through tHeogt group and/or the tertiary
amine group in the 7-positidfl. Neither solute can donate hydrogen bonds. Peak
intensities of the emission spectra were used teraéne the adsorption isotherms
shown in Figure 4.4. Assuming that emission intgrfeom the coumarin adsorbed to
guartz slides scales linearly with surface coverplggting the emission intensity as a
function of bulk concentration allows one to deterarelative solute surface

activities and free energies of adsorption. The ¢owcentration{ 100uM) peak
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intensity data for both C152 and C461 were fit amgmuir isotherms leading to
AGygs0f -29.0 = 1.7 kd/mole and -30.8 £ 1.0 kJ/mole@d.52 and C461,
respectively. Given experimental uncertaintiesséhtwo values imply that C152 and
C461 adsorb to silica through similar mechanism#) surface silanol groups
donating hydrogen bonds to the carbonyl and/otéh&ry amine of the adsorbed

solutes’ 0
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Figure 4.4. An adsorption isotherm from emission sgctra of C152 and C461
adsorbed to hydrophilic silica from MeOH solution d varying bulk solute
concentrations up to 0.35mM. The Y-axis representhe peak intensity
associated with each concentration. In the case 6f152 at higher
concentrations, peak intensity corresponds to thehsert wavelength feature. The
low concentration data (< 0.10 mM) are fit to Langnuir isotherms. The straight
line through the high concentration data is providel as a guide to the eye.

Despite similar adsorption energetics, the stesatg €mission behaviors of
C152 and C461 show clear differences as surfacerages increase beyond the
monolayer limit. Again, the sole structural diffaoe between the two solutes is the

identity of the methyl group in the 4-position. eMRCFE; group of C152 is electron
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withdrawing whereas the —Glaf C461 is weakly electron donating. In bulk smiat
this difference in functional group compositiondsdao enhanced Stokes shifts for
C152 and reflects a larger change in permanentalfpiowing photoexcitation
compared to C461. RechthafecalculatedA uso.sifor C152 and C461 to be 8.4 D
and 7.7 D, respectively. Similar results can herned from the calculations of Cave
and Castnet**? A second effect of having the —Cgroup in the 4- position is that
the orientation of the C152’s permanent dipolé @iberience very little change
upon photoexcitation. The change in dipole orieatatollowing photoexcitation of
C461 is expected to be larger. For a pair of rdld@#®Cs — C151 and C120 are the
primary amine analogs to C152 and C461 — Cave asth€f’ calculated the
orientational change in permanent dipole betweergland 3 states of C151 and
C120. These calculations showed that C151’s permatigole reorients slightlyNg
= 8.9) upon photoexcitation whereas C120’s permanemtielipndergoes a 2-fold
larger change in directiol\@ = 18.6). A large change in permanent dipole
orientation following photoexcitation can disruphfy range order in adsorbed
multilayers leaving observed emission to be doneithdty solute monomers (as
appears to be the case of C461). In contrastofqaxcitation leads primarily to a
change in dipole magnitude but not orientationytgokxcitation can be delocalized
over multiple, preferentially aligned monomers liegdo a pronounced red shift in

emission as electronic states become delocalizedte® or more monomers.
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4.3.2. Fluorescence lifetime Measurements

4.3.2.1. In Bulk Methanol

Figure 4.5 shows the fluorescence decays of C18Z461 in bulk methanol.
The relevant lifetime components are reported ibld4d.2. The fluorescence decays
of C152 and C461 in bulk methanol (1®1) were fit to single exponential functions
having lifetimes oft = 0.90 £ 0.02 ns and 3.22 + 0.01 ns respectivéhese results
compare favorably with previously published d4t¥ The radiative lifetime will
depend inversely on the radiative rate constapd @&nd rate constants associated
with any nonradiative processesdlfag:

1= 1 Eq. 4.2

Krac +Knonrac

In nonpolar solvents such as long chain alkaneS2@hd C461 have similar
fluorescent lifetimes of 4.00 ns and 3.45 ns, repely. (Fluorescence decays from
both solutes in decane are shown in Appendix A.£8psequently, we attribute the
difference in fluorescence lifetimes observed itkbnethanol to C152 having a
nonradiative relaxation mechanism that is unavelathC461. Several reports have
cited the existence of a nonradiative charge tearsthte in photoexcited C1593":3
Such a state would be stabilized in polar solveanth as methanol but not in
nonpolar solvents. The possibility of TICT formatidepends both on the presence of
intramolecular electron donor and acceptor gromgsam solvent polarity?° The
presence of an electronegative substituent{}-&Rhe 4-position inductively
facilitates charge transfer from the electron dimgadimethylamino group to the

coumarin ring and allows the formal negative chdaogee shared between the

carbonyl oxygen and the -@Broup>?° The fact that the TICT state formation is not
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inferred from the time resolved emission of C46plies that the electron donating
character of the —CHyroup in the 4-position destabilizes this verygpaonformer,

regardless of the local dielectric environment.

4.3.2.2. Silica/Methanol Interface

The time dependent, photophysical properties of2Cil C461 near the
silica/methanol interface were meaured using TC8R€escence emission in TIR
geometry. Figure 4.5 shows the fluorescence demfa§452 and C461 at a
silica/methanol interface and lifetime values aearted in Table 4.2. Concentrations
of both solutions were 10M. This concentration corresponds to approximafily
monolayer coverage according to the adsorptionstadavn in Figure 4.4. In the case
of C152, this concentration should not lead tagaificant population of the second
species responsible for the long-wavelength ermssiserved in Figure 4.3. The
TIR data for C461 are virtually equivalent to detdulk solution £ = 3.23 ns), but
C152 in the interfacial region shows clear evideoice second, long-lived emissive
state € = 5.20 ns) in addition to a shorter lived spe¢ies 1.00 ns) assigned to the

monomer in bulk solution.
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Figure 4.5. Fluorescence decay curves of C152 (rddtted) and C461 (red

dotted) in bulk methanol of 10uM. Fluorescence decay curve of C152 (blue
dotted) C461 (blue dotted) at solid/methanol intedice having conc. 1@M. The
solid line denotes the best fit. The fluorescenceath were collected using 420 long
pass filter (LPF). The excitation wavelength wereixed at 390 nm and 375 nm

for C152 and C461 respectively.

Table 4.2. Fluorescence lifetime of C152 and C46h bulk methanol and at
silica/methanol interface using 420 long pass filte(LPF). Uncertainties in
lifetimes and amplitudes are + 40 ps and + 1%, regatively.

Medium Solute A 71 (NS) A 72 (NS) X2
Ci152  1.00 0.90 NA NA 1.2
MeOH (Bulk) 461 1.00 3.22 NA NA 1.3
Silica’MeOH  C152  0.77 1.00 0.23 5.20 11
Interface ca61  1.00 3.23 NA NA 15

To explore further the properties of C152 emis$iom solutes in the
interfacial region, we used a series of filtersiébermine whether the distinct

fluorescence lifetimes corresponded to emissiom filwe short and long wavelength
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regions of the C152 emission profile. A 420 nm lquags filter was used to detect the
total emission and filter out residual excitatigght. An additional 512 nm short-pass
filter discriminated against contributions to thexdy from the long wavelength
portion of the spectrum. In a separate experimé&®lanm long-pass filter was used
to capture only emission from the red edge of thesgion spectrum. Results from
these experiments are shown in Figure 4.6. Thedhaence decay curves were fit
without any constraints and results are presemtdéble 4.3. The first striking
observation is that both lifetimes remain virtuallychanged regardless of the
spectral window being sampled. However, the amgidituof the coefficients vary in a
systematic manner. Using the 512 nm short-pags,filke observe that the longer
lifetime component makes a more significant conititin to the measured decay,(A
= 0.40 with 512 nm short-pass filter compared #8Grom the total emission data
collected using the 420 nm long-pass filter) wheits@ 550 nm long-pass filter
emphasizes the short-lifetime component £40.90 with 550 nm long-pass filter

compared to 0.77 using 420 nm long-pass filter).

75



A) 420 LPF

T T T T T 1
o "0 1 0 2
Time(ns)
1o~
.
B) 812 SPF
'E '||'.'r"r—
"
L B e B o A o
o .3 10 11 20 28
Tima{ns)
E 1000 = C) 850 LPF
100 =
ad
1z :
o &

Tima{m;}

Figure 4.6. Fluorescence decay curve of C152 (bldetted) at solid/methanol
interface of conc. 1quM. (A) 420nm long pass filter (B) 512nm short pasSlter
(C) 550nm long pass filter. The solid line denotake best fit to a double
exponential decay.
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Table 4.3 Fluorescence lifetime of C152 at silica/methanohierface using three
different filters, e.g. 420nm long pass filter (LPF, 512nm short pass filter (SPF),
550nm long pass filter (LPF). Uncertainties in lifimes and amplitudes are + 50
ps and * 3%, respectively.

2

Medium Filters A 71 (NS) A 7, (NS) X
Siice/MeOH 420 LPF 077  1.00 0.23 5.20 1.1
ricajivie 512SPF 0.60  1.00 0.40 5.20 1.2
interface
550LPF 0.90 0.95 0.10 5.20 1.1

4.4. Discussion

The data presented in Figures 4.3 — 4.6 raise teofiggteresting questions
regarding the observed differences in photophysiebhvior between C152 and
C461 both in bulk methanol and adsorbed to theagitiethanol interface. As noted
earlier, differences in C152 and C461 time depenldehavior in bulk methanol
solution can be traced to C152’s ability to formI&T state upon photoexcitatidnh.

In the proposed TICT state, the -@ffoup of C152 is strongly electron withdrawing
allowing the carbonyl group to be more electroniggatan it would be with a
simple, electron-donating alkyl group in the 4-piosi. This induced change in
electron affinity stabilizes the charge transfatesin a manner that can not be
accomplished in C461.

What is less clear is how this change in molecaitat electronic structure
leads to the pronounced differences observed wiesettwo solutes are adsorbed at
polar silica surfaces. Several issues need to theesskd: first, what is the origin of
the long-wavelength feature in the steady-states&ion spectra of C152 adsorbed

from solutions having bulk concentrationd00uM? Second, how does the silica
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surface introduce the long-lifetime component @flhorescence decay of C152 but
leave the fluorescence decay of C461 unchanged?qlieistion is particularly
intriguing given that longer lifetimes of C152 gyenerally associated with nonpolar
environments, but the steady state emission expatsrfrom adsorbed C152 show
clearly that the surface is quite polar. Third, vidnyhe long-wavelength feature
observed in the high surface coverage steady-d#tteassociated with the short-lived
excited state of C152 and the short wavelengtlufeatssociated more with the long-
lived excited state?

With regards to observed differences in steadye gtatission between
adsorbed C152 and C461, we assign the long waublésature in the high surface
coverage C152 data to the formation of aggregatesuitilayers. Previous work
examining adsorption of other dyes on silica sw@$dtave observed similar effects
arising from a variety of aggregate structut&®¥:*! Given the comparable linewidths
of the emission features at 505 nm and 574 nm wbden Figure 4.3 we do not
believe that C152 forms aggregates having spetel,defined geometries such as
J-aggregate¥ What is clear, however, is that high surface cages of C152 lead to
a newly emissive eigenstate whose wavelength impligelocalized wavefunction
spread over multiple associated monomers.

As with C152, the adsorption isotherm for C461 shanvFigure 4.4 suggests
strongly that this solute also forms multilayersitita surfaces. However, high C461
surface coverages result only in increased intginsia single emission feature (at
~ 468 nm), not in the appearance of a new emids@mtare at longer wavelengths.

Both C152 and C461 are anticipated to have sirgilannd state dipole momerifs
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and both are able only to accept hydrogen bondssd& kimilarities lead to the similar
adsorption energies calculated from the adsorptada. The most pronounced
difference in electronic structure between thesegpecies is the change in
permanent dipolerientation in the S excited states of C152 and C461. As
mentioned above, both solutes have relatively lahgenges in dipolmagnitude (An
=8.4 D for C152 and 7.7 D for C4689), but theorientation of the C461 $dipole is
expected to rotate more than twice as much compgar€d52. Based on thab initio
calculations performed by Cave and Cagtheve propose that a similar pattern in the
dipole moment’s directional change is responsibtdalie observed differences in
fluorescence behavior between C152 and C461.

The adsorption data imply that both C152 and C46th fmultilayers at
concentrations above ~1@®. Upon excitation, the increase in molecular dgpol
magnitude should strengthen the interactions betwesorbed species both for C152
and C461. If, however, the molecular dipoles changentation as well as
magnitude, then any interactions arising from &asdembled structure will be
weakened leaving the molecules to behave as desbupbnomers rather than as a
collection of associated multimers. For C152, weppse that the change in dipole
orientation following photoexcitation is not largaough to disrupt the intermolecular
interactions between adsorbed species, thus omev@ssa second, longer wavelength
emission at higher (aggregated) surface coverdgesntrast, a larger change in
C461’s dipole orientation will drive molecules irutilayers to lose correlation with
one another and emit as monomers rather than asgaggs. Given the large change

in permanent dipole following photoexcitatioh ~ 8 D), correlated monomers in
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adsorbed multilayers will be energetically stalatian. The greatest stabilization will
occur if dipole orientation does not changé €0° whereAd is the change in the
angle between the ground and the excited statdedigbthe dipole orientation does
change then this stabilization will be weakenedetiog to the following
expressiorf>

W) =—44[200s8, cof,- Sif, Sifl, ogs |/ar’ Eq. 4.3
where w(r) is the dipole-dipole interaction energyhe dipole moment of molecule
i, 6 is the change in the dipole orientation of molecudeis the dihedral angle and r
is the intermolecular distance. To estimate theoirtigmce of dipole reorientation we
assume that monomers start perfectly aligieedf, ¢ =0°) and closely packed. (r ~
5A). Using the change in dipole orientation caltetisby Cave and Castr&for

C151 (8.8) and C120 (18% we estimate that the large change in orientdtion
C120 leads to a corresponding 20% reduction iretiezgetic stabilization that would
result from photoexcitation &0 =0°. The smaller change in dipole orientation for
C151 lowers w(r) by less than 2%

The second and third questions posed above focd#ferences in the
fluorescence lifetimes of C152 near a polar, silitarface compared to bulk solution
limits. The shorter lifetime of C152 in bulk metlwhisolution has been assigned to
the formation of a TICT state following photoextida. In nonpolar solvents the
TICT state can not be stabilized and the fluoresedifetimes of C152 and C461 are
very similar. (See Supporting Information, Figéd.2. for fluorescence decay
curves of C152 and C461 in bulk decane. FigurelAghows the steady state

absorption and emission data for both solutes caule). The longer lifetime
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observed for C152 in the TIR measurements at titaanel/silica interface is
assigned to C152 monomers interacting directly Withsilica surface. Surfaces
introduce anisotropy that can restrict moleculatiamboth through changes in local
solvent densityand through specific solute-substrate interactith& *'Strong
associations between the solute and substrateéncitie ability of a solute to
undergo large amplitude motidhWe believe that this effect — solute-substrate
interactions — is responsible for the differenceveen C152 fluorescence emission in
bulk methanol solution and emission observed in Mi&asurements carried out at the
methanol/silica interface. We base this assignraergeveral considerations. First,
adsorption experiments show that C152 adsorbsvelastrongly to the
silica/methanol interface. Second, resonance emtbBEIG experiments have shown
that solvation at hydrophilic silica surfaces isrdoated by strong hydrogen bond
donating sites that do not have any conformatifieaibility. 3*333If the silica

surface donates hydrogen bonds to C152 througsadilge’s nitrogen lone-pair, then
the surface will restrict the C152’s ability to fieithe TICT state following
photoexcitation. Thus, although the silica surfpieesents adsorbed solutes with a
very polar environment, the surface itself canhitithe ability of these adsorbed
solutes to undergo large amplitude structural faangations and the time dependent
emission will resemble that of monomers dissolveléss polar solvents. Third, the
observed behavior of C152 at the silica metharteriace appears to be general
given similar observations made with C151, the prymamine analog of C152. In
the case of C151, the%shpybridized conformer has a relatively short lifiedi (~ 1.00

ns) compared to the CT conformer (~5.00 ns) andflli®tescence measurements
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show that the silica surface stabilizes the C15ffaroner having thehorter lifetime,
despite the silica/methanol interface being dedidpdlar.

A final basis for assigning the long-lived C152eies observed in the TIR
measurements to solutes adsorbed directly to lica surface comes from using
different filters to discriminate the time depentlbehavior of the red and blue edges
of the overall emission profile. From the datawshan Figure 4.6 and analyses
reported in Table 4.2.2 one readily sees thatdhg 5.20 ns lifetime is more
pronounced in the short wavelength emission (ctdtéasing the 512 nm short pass
filter). Again, a longer lifetime is associated WL 152 solutes unable to undergo
large amplitude motion to form the TICT state. Tdreg wavelength emission
(collected with the 550 nm long pass filter) hddedime (0.95 ns) characteristic of
C152 that can form a nonradiative charge transéte sAn important consideration is
that these experiments were carried out with nedgtilow C152 concentrations
(10 uM) to lessen the contributions from solutes in &okution within the ~60 nm
probed by the evanescent field of the excitatieerdaThose solutes sampled in the
experiment that do not interact directly with tlhefaceshould have emission profiles
and lifetimes similar to those observed in the mdhkution. (Figure 4.5) The fact that
the TIR measurements carried out with the 512nmt @ass filter emphasize the
long-lived C152 population bolsters confidence that thesgteslare, in fact,
adsorbed directly to the silica surface.

The last remaining question is how to interpretltmg wavelength, short-
lived feature attributed to C152 that appears g Burface coverage. The long

wavelength implies dimer or higher aggregate foromatThis inference is consistent
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with results from adsorption experiments that stiosvintegrated intensity of the
entire emission spectrum grows linearly for concaians above 10QM. Such
behavior is consistent with the formation of makiérs at the liquid/solid interface.
The short lifetime inferred from data in Figure 4uggests that species contributing
to this emission can relax via one or more nontadigpathways. The collective
behavior of C152 contrasts with that of C461 whe4é1 species in multilayers
retain their monomeric photophysical propertiese $mall red shift in the C461 high
surface coverage emission spectra reports a sligiate polar environment for those
molecules in multilayers compared to those adsotbdide surface, but the emission
maximum still falls within the solvatochromic wingdaf C461 and the single
exponential fluorescence lifetime of 3.23 ns isuatly identical to that measured in
bulk methanol solution.

Taking into account all of these observations, vappse that the unusual
behavior observed for C152 adsorbed to the silietdemol interface is due to the
formation of multilayers composed of monomers, \Whian either isomerize or relax
through one or more nonradiative processes thusestiiog the fluorescence lifetime
from the 5.20 ns observed for monomers adsorbedttirto the silica surface.
Furthermore, monomers within these aggregate adssnmbust be able to interact
cooperatively allowing for fluorescence emissiola atavelength much longer than
that observed for isolated monomers even in the padar solvation environments.
Such interactions can arise from C152’s uniquectiire, namely the close proximity
of two electronegative groups in the molecule (thgonyl group and the —gF

group at 4-position). Resultant charge separatisie a monomer stabilized by the
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electronegative substituents will drive monomeritm close packed aggregates due
to strong coulomb interactions.

Further support for this picture comes from timeoteed experiments that
were carried out with films formed at the solid/eamnterface using procedures
identical to those used to prepare the films resids for the adsorption data shown
in Figures 4.3-4.4. The two lifetimes observedatgolid/vapor interface are
comparable to those observed at the solid/methateface possibly indicating that
two species at solid/vapor interface have simikaracteristics than at solid/methanol
interface. The decay trace for the solid/vaporfate is presented in the Appendix D

Figure A.4.3.

4.5. Conclusions

Steady state and time-resolved fluorescence meaasuts for C152 and C461
in bulk methanol and adsorbed to the methanolésgiafaces show that interfaces
can change significantly the photophysical propsrtf adsorbed solutes, but that
interfacial effects depend sensitively on solutacttire. Analysis of adsorption data
revealed that thAGagsorpiior0f C152 and C461 is insensitive to solute structure
However, the small difference in the solute streetat the 4-position does strongly
influence the photophysical properties of the aosdmonolayer.

Steady state fluorescence measurements indicaprdbence of a second
fluorescent excited state for adsorbed C152, whith dolution concentrations
exceed ~ 40QM; films for adsorbed C461, on the other hand, shovguch

behavior. The influence of the given substituerati$® apparent in the measured
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fluorescence lifetimes of bulk and surface spedrebulk methanol C152’s
fluorescent decay profile is single exponentighva lifetime of 0.90 ns while the
fluorescence decay profile of C461 is also singlgoaential with a lifetime of

3.22 ns, where the value is comparable to lifetioleserved in nonpolar solvents
(Supporting Information Figure A.4.2). The redactin the C152 lifetime is
attributed to the formation of a nonradiative t@intramolecular charge-transfer
state that is stabilized in polar solvents.

The TIR fluorescence decay of C152 adsorbed teagitiethanol interface
shows significantly different properties from buliethanol. In contrast the
fluorescence decay of C461 at the silica/metharelHiace was similar as that in bulk
solution. C152 fluorescence decay at the same/s@itianol interface shows a
double exponential decay with lifetimes of 5.20nd 4.00ns respectively. The longer
lifetime was assigned to the silica surface’s &bt inhibit the formation of a TICT
state upon photoexcitation. In contrast, the sihdisted species retains the monomer
properties similar to those in bulk. Based on datiens between measured lifetimes
and emission wavelengths we assign the short wagttemission in C152 spectra
to those species interacting directly with thecailsurface whereas those C152 solutes
adsorbed in multilayers are responsible for thg avelength emission and are
associated with the short lifetime observed inrfsocence decays. For C461 the
unchanged fluorescence lifetime and the emissiofil@ithat shows only a small red
shift with increasing surface coverage indicate @461 retains monomer-like

properties at high coverages.
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Chapter 5: Time Resolved Fluorescence of
7-Aminocoumarins in Decane and at Decane/Silica
Interface: Correlating Aggregation Tendencies

with Solute Structure

5.1. Introduction

Coumarins are the derivatives of a general classadcules known as
benzopyrones. Because coumarins tend to be photocdiéy stable with high
guantum yields, derivatives of these moleculesoften used laser dyes in the short
wavelength region of the visible spectréithCoumarins substituted with amino
groups at the 7-position are of special importandais regard. 7-amino-coumarins
(7AC) (Figure 5.1.1) dyes have high chemical siglbéind very high quantum yields,
often close to unity>, and a majority of these 7AC dyes show a substiactiange in
permanent dipole following excitation frong ® S. This property leads to large
Stokes shifts that are sensitive to solvent paéaritand have been exploited to probe
local solvation effects in heterogeneous envirorsi&tf The experiments described
in this chapter examine the photophysical behaviceveral related 7AC solutes in
order to better understand how solute structurd@eal solvation effects inonpolar
media change the electronic structure of the selilitemselves. More specifically,
steady state and time resolved fluorescence beisavicCoumarin 152 (C152),
Coumarin 461 (C461), Coumarin 151 (C151) and Coum#t0 (C440) in decane are
discussed in the chapter. Some of the schemesogedsfrom this work are tested
with the two additional 7AC solutes, Coumarin 4€3l45) and Coumarin 450

(C450).
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Figure 5.1.1. Structure of 1, 2 benzopyrone
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Figure 5.1.2. Structures of 7-aminocoumarins dyes
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Additional experiments identify differees in solute emissive behavior in
bulk decane solution and at the anisotropic sadjditi boundary formed between
silica and decane. Studies described in this ch&mtas on the roles played by solute
structure, concentration and solvation environnieietermining the equilibrium
and dynamic solvation properties of structuralbated solutes. Results provide clear
evidence that subtle changes in solvent structamehave dramatic impact on
phenomena such as nonradiative decay rates anenthency of solutes to aggregate
in solution or at/near surfaces. These resultglstanontrast to those reported in
Chapters 3 and 4 where the solvent was polar agekgation in solution was never a
concern, but aggregation near surfaces stronglyan€ed the emissive behavior of
selected 7AC species. When the solvent is nonpsliaface aggregation appears
inhibited and dimers of the 7ACs with tertiary assrare much more likely to form
in bulk decane. The 7ACs having primary amineswsho such tendency.

The four coumarin solutes used in these studiestaen in Figure 5.1.2. All
have a common 7AC structure and differ solely mnlature of substituents in the 7-
and 4- positions. C152 and C151 both have a-g@dup in the 4- position while this
both C461 and C440 have a methyl ({£bubstituent in this same position. C152
and C461 are tertiary amines with methyl groupascaied to the 7- position amine.
C151 and C440 are both primary amines. Throughusittork, these solutes are
referred to as tertiary coumarins (C152 and C46d)m@imary coumarins (C151 and
C440). All four solutes have two low-lying excitetéctronic states resulting from n-

m* or - T* transition and the charge localized in the bgyzone ring***2
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Several different 7AC solutes have been used extdydo characterize
solvation dynamics in a wide variety of solventsu@arin 343 and Coumarin 314
are tertiary amines but — unlike C152 and C46lenitrogens in C343 and C314 are
locked into large, conformationally hindered fused) systems (See chapter 7). In
contrast, C152 and C461 are free to undergo inmef@out the amine in solution
and all of the 7AC solutes used in this work aneatde of forming charge transfer
(CT) states upon photoexcitation. In a CT stateathée in the 7- position assumes a
planar geometry ($phybridization) with the rest of the aromatic rifidnis geometry
also places a formal positive charge on the nitncaged a formal negative charge on
the carbonyl group in the 2-positidtPrevious work have noted that 7AC CT states
are stabilized in polar solvents but not in nonpstavents:>*° As a result, the
photophysics of unhindered 7AC solutes can be cioatpd given the proximity of
two different excited states.

Work presented in Chapters 3 and 4 show solutetsteiand changes in
solute properties that accompany photoexcitationreault in significantly different
emission behaviors both in bulk solution and ataiimethanol interfaces. An
important finding from this work was that the atyilof a polar environment to
stabilize a CT state did not necessarily transfgralar surfaces where hindered
functional group mobility restricted the confornuats available to adsorbed solutes.
A second observation was that tertiary coumarir(Cand C152) formed
multilayers whereas the primary coumarins (C440@h81) did not. A final
observation was that the change in dipole mordettion upon photoexcitation

appeared to play a large role in controlling thieitgds ability to form associated
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aggregates at surfaces. With these consideramomsnd, we have chosen C152,
C461, C151 and C440 to probe solvation in enviramtswe/here the solvent is
nonpolar. By comparing these results to those @bddor the same solutes in
methanol, we are able to learn about which photsichl/properties of the solutes are
general and which depend on solvent choice.

Compared to the properties of the coumarin solateslar, protic solvents
such as methanol, observations of coumarin phospalybehavior in nonpolar
decane solutions are surprising. Tertiary coumappear to form dimers at higher
concentrations, but primary coumarins do not. Shetavior is considered in light of
differing barriers to amine inversion between tiary and primary coumarins. In
contrast to bulk solution behavior, tertiary coumaolutes adsorbed to silica
surfaces appear to emit as monomers regardlesglofdnd surface) concentrations.
These differences are explored further using 7AGtes having secondary amines in
the 7- position.

An important aspect of the studies presented swlark is the correlation
between solute structure, nonpolar solvation ahaehotophysical properties.
Additional experiments examining how these propsréire altered by surface
anisotropy reinforce the notion that solute phoywots reflects a complicated
interplay between nonspecific dipolar forces arwhlized, directional interactions
such as hydrogen bonding and/or individual dipopsié interactions. Data
presented in this work attempt to categorize edthese contributions to the ground

and excited state behaviors of solutes in solution.
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The remainder of this chapter is organized asvdldSection 5.2 describes
experimental considerations. Section 5.3 presestdts in two subsections. The
section begins by comparing and contrasting steatlyemission data from these
solutes in bulk decane. Fluorescence lifetime nreasents in bulk and the
silica/decane interface are described in the stiloses.3.2. Section 5.4 discusses the
steady state and time-resolved results and expfmesible mechanisms and
interfacial interactions that lead to observedatd#hces between the interfacial and
bulk solvation. Section 5.5 has the concludingaks. Our findings show that
primary coumarins (C440 and C151) in decane hax@dkcence lifetimes
characterized by biexponential decays. Both fleilnies and the relative amplitudes
are concentration independent. The two distifietitnes are assigned to different
excited state conformers. The tertiary coumarimmsssingle exponential emission at
low concentrations but at higher concentration®(41M) a second contribution to
the emission decay begins to grow in with a negamplitude. We assign this
second, concentration dependent process to dissoca pre-formed, ground-state
dimers that are photoexcited by the incident lgs#se but then fall apart to leave an
excited state monomer that then fluoresces. Thea&lecane interface inhibits
formation of dimers and higher aggregates by adsbtbrtiary 7AC, in contrast to
the behavior observed at the silica/methanol iatef Primary coumarins also
showed an unusual behavior at silica/decane imetg stabilizing the excited state

charge transfer (CT) conformer which was destadiliin bulk decane.
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5.2. Experimental Considerations

Laser grade coumarin 461, coumarin 440, coumars) ddumarin 450 were
purchased from Exciton and coumarin 152 and coumi&i were purchased from
and Aldrich. All solutes were used as receivedhaut any additional purification.
The solvent used was spectral grade decane( >99%)luorescence lifetimes were
measured using a time-correlated single photontooyu(iTCSPC) assembly
described in Chapter 2. A total internal reflect(dihR) geometry was employed to
measure the lifetimes of C151 and C440 at solwigignterface. A block diagram of
the TCSPC assembly including the TIR geometry ajgpeaChapter 2. All data
analyses were carried out using routines writtelgam Pro and provided by Dr.

Castner from Rutgers University.

5.3. RESULTS

5.3.1. Steady State Characteristics

Absorption and fluorescence spectra of all foumsarins were recorded in
bulk decane and are shown in Figure 5.2. Tabldigslthe absorption and peak
fluorescence wavelength and their respective Stekisvalues. Solute
concentrations were kept constant apid0 Both the absorption and fluorescence
spectra show modest Stokes shifts consistent wabiqus results reported by Netd
al.’® '’ The approximate “mirror symmetry” in the vibromitucture of the
absorption and emission spectra of C151 and C1pPithat these dyes in their
excited state retain a geometry reminiscent ofjtioeind state structure with a’sp

geometry about the amine in the 7-position. Fo#@dnd C461, however, the
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absorption spectra show some vibronic structureghmiemission spectra are
relatively featureless indicating some degree fdamplitude motion or fast

conformational changes following excitation.
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Figure 5.2. Steady state spectra for 7-aminocoumans in bulk decane
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Table 5.1. Spectral data for 7- aminocoumarins in bk decane

Solute Absorption Emission Stoke's_,lshift
peak (nm) peak (nm) (cm)
c1s2 367 425 3720
C461 348 395 3420
C151 348 400 3736
C440 332 378 3670

5.3.2 Fluorescence Lifetime Measurements

5.3.2.1 C152/C461 in Bulk Decane

Figure 5.3.1 shows the time resolved fluoresceroayk of C152 and C461
in bulk decane. Results are reported in Table 545Inoted in the introduction, the
sole structural difference between these two sslist¢éhe identity of the substituent in
the 4-position. The —GFgroup at the 4-position of C152 is electron witwling
whereas the —Ciht the 4-position of C461 is weakly electron dowtin polar
solvents, the -CHunctional group on C152 stabilizes a twisted gkdransfer state
(formally placing a positive charge on the nitroger a negative charge on the
carbonyl) that can decay nonradiatively shortetimegobserved fluorescence lifetime
(7~ 0.90 ns in methanotfC461, in contrast, fluoresces with a longer lifetim
(7~ 3.22 ns in methanol) and is thought to retgoyramidal structure about the
amine group. In decane, the fluorescence decaybhdse solutes in low-
concentration solutions (~1M) show single exponential decays with time constan

of 3.85 ns and 3.33 ns for C152 and C461, respygtiVhese results imply that the
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low-dielectric alkane solvent can not stabilizdangr excited electronic state having
charge transfer character.

At higher bulk concentrations 600uM), the decay profiles of both C152
and C461 in decane show a second time constamdaegative amplitude and a
lifetime comparable to that of the first time camdt The two lifetimes observed for
C152 are 4.54 ns (&= +0.60) and 3.85 ns (A= -0.40); similarly, the lifetimes
observed for C461 are 3.85 ns (A+0.60) and 2.08 ns (A= -0.40), respectively.
The experimental effect of the second, negativelitinde component is to diminish
the fluorescence intensity at early time. This tiegaamplitude (also called a rise
time) is often associated with aggregate and/oinecformation:® Simple physical
considerations lead us to believe that the dataatethe presence of dimers (or larger
aggregates) that form in solution prior to photdgetion. We propose that the growth
of a rise time in the emission decay is due to gdostate dimers and not excited state
excimer formation based on concentration consigerat If monomers are randomly
distributed throughout solution, then the averaggasation between monomers is
~3.5um for a 500uM solution. Assuming a diffusion coefficient of aoarin in
decane of ~5 x 10cnf/s *°, excited monomers travel only ~0.04% of their mean
separation distance within their 4.00 ns excitatkstifetime. In contrast, for these
solutes to form excimers in bulk solution, concetitns >1 M is requiredn fact, the
emission spectra of C152 don’t show any secondargsgon characteristic of
excimer or aggregate formation until bulk concetidraexceeds 0.5 mM. In the
kinetic model discussed below, we propose thaptiar solutes form weakly

associated ground state dimers in nonpolar solvBhistoexcitation leads first to
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dimer dissociation and then radiative relaxatioamexcited state monomer. The rise

time reflects the dissociation of excited stateet®srinto excited state and ground

state monomers and the experiment then detectsiemisom the monomer.

Wurthner and coworkershowed that such a dimerization process is vergites to

solvent polarity. For low polarity solvents dimexiion of merocyanine dyes begins

to occur at concentrations as lowaggiMolar.*°
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Figure 5.3.1. Fluorescence decay profile of C152 @€461 in high and low
concentration of bulk decane. The excitation wavetgth was fixed at 360 nm
and the fluorescence emission was collected using20 nm long pass filter

(LPF).
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Table 5.2.1. Fluorescence lifetime values of C158&C461 in bulk decane.
Uncertainties in lifetimes and amplitudes are + 9@s and + 1%, respectively.
The low concentration data reported in the table wee fitted with double
exponential to reduce they® value, but no significant change was noticed.

For the high concentration data they® values are high as the decay traces are
not smooth as the low concentration data.

Solute

in Conc. A & A 5 (NS X
Solvent " (ns) i (19
C152in 50uM 1.00 3.85 - - 1.4
Decane 500uM 1.00 4.54 -0.70 3.84
C461 in 50uM 1.00 3.33 - - 1.5
Decane 500uM 1.00 3.85 -0.65 2.08

5.3.2.2. C152/C461 at the Silica/Decane Interface

The time dependent, photophysical properties of2ZCirtd C461 near the
silica/decane interface were measured using TC&R@Ecence emission in a TIR
geometry. Figure 5.3.2 showed the decay tracesemsudts are reported in Table
5.2.2. Unlike in bulk decane the fluorescenceilifies of C152 and C461 remain
virtually unchanged for different concentrationghe TIRF experiments. As bulk
concentrations varied from %0 to 1mM the lifetime of C152 remained single
exponential with a decay constant of ~ 4.00 nsgs Tésult matches the observed
lifetime of C152 in low concentration decane san$ and is assigned to monomers
constrained to a nonplanar geometry with ahsfpridized nitrogen. Similarly, the
lifetime of C461 measured in the TIRF experimensrages ~3.4 ns and again
coincides with results from C461 in low concentratbulk solution. From these
results, we deduce that whatever process is regpersr the risetime observed in

high concentration bulk solution is restrictedret silica/decane interface. Given the
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strong hydrogen bonding opportunities availabldatsilica surface, we propose that
adsorbed solutes interact so strongly with thefiate that they do not form dimers

or larger, extended structures that are inferrechfrise time observed in the high
concentration bulk solution measurements. Furthegpwe also believe that the low
polarity of the solvendestabilizes any surface aggregation such as that observed for

C152 adsorbed to silica/methanol interfaces. Swpter 4.)

inferface { 500 uM) 10° 9
interface (100 uM) ] — interface { 500 M)
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Figure 5.3.2. Fluorescence decay profile of C152 @@€461 in high and low
concentration at silica/ decane. The excitation wakength was fixed at 360
nm and the fluorescence emission was collected ugia 420 nm long pass
filter (LPF).
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Table 5.2.2. Fluorescence lifetime values of C158&C461 at silica/decane
interface. Uncertainties in lifetimes is + 30 psThe C461 data were tried to
fit with double exponentials but showed no signifiant change.

Solute Conc. A 71 (NS) Ao 7, (Ns) X°

10uM 1.00 4.16 - - 11

C152 (Silica/Decane) 10uM 1.00 4.00 - - 11
500uM 1.00 4.34 - - 1.2

10uM 1.00 3.70 - - 1.6

C461(Silica/Decane) 100uM 1.00 3.70 - - 1.6
500uM 1.00 2.85 - - >2

5.3.2.3 C151/C440 in Bulk Decane

C151 and C440 are the primary amine analogs of @h82C461,
respectively. A consequence of having two protatisar than two methyl groups
attached to the 7-position amine is that inverbiecomes much more facile. (The
gas-phase barrier to inversion shrinks by almo#d % when comparing a primary
amine to its N, N-dimethyl tertiary equivaléntin bulk decane, both solutes show
fluorescence decays that can be fit quite accyratith two lifetimes: ~3.5ns and
1.26ns for C151 and 3.45 ns and ~0.80 ns for CliH€se lifetimes are largely
insensitive to 100-fold changes in concentration, &m contrast to the tertiary
coumarins C152 and C461, both amplitudes remaiitip@sThe primary difference
between C151 and C440 is that the short lifetimagmnent accounts for almost
67 % of the total integrated intensity measuretheénC151 decay but only ~ 5 % of
the total integrated intensity measured for C448sd8l on previously reported results

as well as our own experiments studying the flumease behavior of these solutes in
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methanol, we assign the short lifetime to radiatelexation from a non-planar
excited state having a fast nonradiative decaymélaimhe long lifetime is assigned
to decay from an excited state having a degredaxige transfer character and a
planar sp hybridized amin® For both C151 and C440 the fluorescence lifetimes

remain largely unchanged over a 100-fold increas®ncentration; measured

lifetimes are reported in Table 5.3.1.
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Figure 5.4.1. Fluorescence decay profile of C151 @€440 in high and low
concentration of bulk decane. The excitation wavetgth was fixed at 360nm
and the emission was collected using a 400 nm lopass filter (LPF).

Table 5.3.1. Fluorescence lifetime values of C15hc&C440 in bulk decane.
Uncertainties in lifetimes and amplitudes are + 90pand * 5%respectively.

Solute in 21 (7 2
Solvent Conc. A (ns) Az (ns) X
C151 in 10uM 0.84 1.26 0.16 3.33 1.3
D 500uM 0.92 1.23 0.08 3.57 1.3
ecane
1mM 0.92 1.23 0.08 3.33 1.3
. 10uM 0.15 1.08 0.85 3.45 1.1
C440 in
Decane 500uM 0.18 0.63 0.82 3.45 1.2
1mM 0.16 0.77 0.83 3.45 1.2
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5.3.2.4 . C151/C440 at the Silica/Decane Interface

Figure 5.4.2 shows the results of TIRF experimemgasuring the
fluorescence decays of C151 and C440 at the slBcahe interface. The
corresponding lifetime values of C151 at silicaatexinterface are reported in Table
5.3.2. The TIR data for the range of C440 coneiotns studied (1AM,100
MM,500 uM) are virtually indistinguishable from bulk decalivaits. The TIR data
from C151 in the interfacial region show a morempireent contribution from the
longer lived state relative to bulk solution limiBased on comparisons with C151
time resolved fluorescence in bulk polar solvetits,longer lifetime is assigned to a
planar, CT state. Unlike in bulk decane where timgllifetime contributes to only
~33% of the total observed fluorescence intenattyhe silica/decane interface, the
long lifetime component is responsible for ~65%a&f total integrated intensity.
Furthermore, this contribution remains constant @a/&0-fold change in
concentration (1@M to 500uM) indicating that the surface is saturated, alteébat
is consistent with the observed adsorption behg@ee Chapter 3). At the
silica/decane interface C151’s CT state is stadlizy the more polar environment.
C440 fluorescence from the silica decane/intertuevs little difference from bulk
solution limits indicating that a charge transfets remains relatively inaccessible at

the polar solid surface following photoexcitation.
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Figure 5.4.2. Fluorescence decay profile of C151 @€440 at silica/decane
interface. The excitation was fixed at 360 nm anthe fluorescence emission
was collected at 400 nm long pass filter (LPF).

Table 5.3.2. Fluorescence lifetime values at silickecane interface.
Uncertainties in lifetimes and amplitudes are + 8@s and + 1%respectively.

2

Solute Conc. A 71 (NS) A 72 (NS) X

A0uM 0.60 1.20 0.40 333 12
100uM 0.60 1.30 0.40 353 11
450uM 0.62 1.15 0.38 434 13
40uM 0.14 0.83 0.86 333 13
100uM 0.13 0.96 0.87 430 15
45uM 0.10 0.80 0.90 370 14

C151 at
silica/Decane

C440 at
silica/Decane

5.4. Discussion

When considering the properties of the differentroarins in bulk decane

and adsorbed to the silica/decane interface, Segeestions stand out. First, what
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is the origin of the rise time that appears intthree resolved emission from high
concentration tertiary coumarins? Second, why ¢h faehavior observed neither
for C152 and C461 at the silica/decane interfacdorahe primary coumarins
(C151 and C440) in bulk solution? Third, why do twe primary coumarins,
C440 and C151, show such different behavior redativeach other when
solvated in bulk decane? Finally, why does theaitiecane interface appear to
stabilize the planar, CT state of photoexcited Clitinot C440?

The behavior of the tertiary 7-aminocoumarins ehpps, easiest to
understand. At low concentrations in decane, bothites are characterized by
single exponential fluorescence decays and in tasls, the measured lifetimes
are consistent with a nonplanar? gbridized amine in the 7-positioAt higher
concentrations in bulk decane, the time resolvéd ftam both solutes show
evidence of a second lifetime having negative atgbd. We attribute the
negative amplitude feature at the higher C152 af@tlConcentrations to the
formation of solute dimers in solution. Dimers that loosely associated in bulk
solution can separate upon photoexcitation withairtke monomers remaining
excited and then fluorescing with a lifetime chaeastic of monomers in
solution. Such a scheme would lead to continuéld g of excited state
monomers in solution even after the laser pulsgphased through. This kinetics
would manifest them as a second process obsentbe ime resolved emission
and this process would have negative amplitude iiimgahat the process would
continue to create excited state monomers) lorey #fe original laser excitation.

This scheme is illustratedin the following page:

107



Dimer Dimer
formation excitati on
l l
A+ A Ay A2
TI
Monomer
excitation
__P. + .b_.s. .h__._ + __P_
———

Monomer relaxzation
(radiative)

———

—

—————:

A,  Dimer relaxation (nonradiative)

A+ A Dimer dissociation(nonradiative)

A+ AF Dimer dizzociation

Monomer relaxation
(radiative)

Samefor dimer dissociation

108



In this scheme both ground state monomers and drstate dimers are present at
high concentration solutions (> ~5@d). The ~100 fs optical pulse excites both
species. The excited monomers will relax with acited state lifetime equivalent to
that of monomers in low concentration solutionse Excited dimers can relax
nonradiatively (and remain associated as dimenserd can dissociate
nonradiatively to form two ground state monomerdiarers can dissociate and still
retain the excitation energy that resulted fronoghison of a photon. In this last
instance, one of the monomers will be in its grostade, but the other monomer will
remain in its excited state and thus decay radibtiwith the characteristic monomer
emission lifetime. The important part of this macitsm is that it provides a way for
the excited state monomer population to continugréav long after the original
excitation pulse has passed through the sample.

Further support of the proposal that the mononmeseiution form dimers
comes from steady state emission spectra from lcorMentrations of C152 in
alkanes. Figure 5.5 shows the absorption and eémnispectra from high and low
concentration solutions of C152 in hexane. In adidito the primary feature centered
at 425 nm from monomer fluorescence, the emisgpestsum also shows a very
weak but distinct band at ~520 nm. We assign tmis&on to weak fluorescence
from those dimers in solution that remain assodi&éowing excitation. Absorption
spectra of high concentration solutions showedgmfscant change with respect to
the low concentration data, indicating that theskdyp formed dimers have no addition

electronic state.
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Figure 5.5. (Left) Absorption spectra and (Right) Enission spectra of C152
in bulk hexane. High concentrations absorption spera were taken with a
cell having pathlength 1mm.

Given the consistency of the proposed scheme wjikrénental observations
and prior reports from the literatufé,one can wonder about the structure of the
proposed C152 dimer that forms at higher bulk cotregons. Both C152 and C461
are tertiary amines and are unable to donate hgdrbgnds. However, these
monomers do have relatively large ground stateldipmments that can pair either in
a head-to-tail fashion or with an anti-parallel gedry. We believe that the data
presented in this work are most consistent withranparallel arrangement. We base
this conclusion on several considerations. Firgtlieit intermolecular hydrogen
bonding can not be important given that the rigetis observed at high

concentrations for the tertiary amines but notif@r primary amines. (The tertiary
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amines cannot donate hydrogen bonds.) Seconditmtertiary and primary amines
have similar ground state dipole mometit&;so simple energetic arguments based
on dipole-dipole pairing would predict that thetiary and primary coumarins should
behave in a similar manner contrary to experimesttakrvation. (The excited state
tertiary and primary coumarins also have similg@oté moments, so the argument
that monomer association following excitation (gciener formation) is also unable
to account for the diference between the primadstartiary coumarins.) The most
important structural difference between the teytemd primary coumarins is the
barrier to inversion about the amine. This baiger2-3 fold lower for primary
amines compared to the tertiary amiffesieaning that C151 and C440 will be
undergoing large amplitude conformational changeserften than C152 and C461.
Inversion about the amine will not change signiifittathe magnitude or the direction
the ground state dipole, but such motmatl affect the minimum separation between
polar solutes that might otherwise try to dimeiiz@onpolar solvents. We propose
that rapid inversion disrupts the ability of C151daC440 to form strongly associated
dimers in solution and thus not exhibit the didierise time in the time resolved
fluorescence observed for C152 and C461 at highi&rdmncentrations.

Further support for the idea that dimer dissocratsoresponsible for the rise
time observed in the emission from high concerdrasiolutions of C152 and C461
comes from the behavior of these solutes adsob#tetsilica/decane interface. TIR
measurements of C152 adsorbed to the silica/danteréace show fluorescence
decay that is single exponential characterized lifgtame (~ 4.00 ns) that matches

almost exactly the lifetime of C152 in low concexibn decane solutions. This result

111



is independent of bulk solution concentration. itkidecane the long lifetime of
C152 is assigned to an excited electronic stateemvine amine retains its pyramidal,
sp’ geometry. We interpret results from the silicafdecinterface first in terms of the
silica surface’s ability to restricts C152’s alyiltb form a charge transfer state (with a
correspondingly short, ~0.90 ns lifetime in polalvents)'* and in terms of the
surface’s ability to hinder C152 dimer formatiovén the absence of a measurable
risetime in the fluorescence decay regardless lifsmlution concentration). C461
shows similar behavior adsorbed to the silica/decaterface. Given that the all of
the coumarin solutes adsorb strongly to the sfigdace from methanol solutions,
(AG4gs~-25-30 kd/mole), we expect that the reduced camdtional mobility would
favor the formation of head-to-tail dimers overigudrallel dimers due to steric
consideration&® Nevertheless, the TIRF measurements do not peaiy evidence
of dimer formation at any concentration.

The third question raised at the start of thisisadbcuses on the differences
in emission behavior between the two primary coumsakC151 and C440, in decane.
Time resolved fluorescence from both solutes shiewdmnential decay in decane.
For each solute the long lifetime is ~ 3.50 ns @nadshort lifetime is ~1.00 ns. The
long lifetimes of these primary amines is assodiatéh a planar, charge transfer
excited state while the shorter lifetime is typigassociated with the pybridized
amine with a double-well potential. In the cas€ab1, the short lifetimer{()
component dominates the time resolved emissian-(B.85) whereas for C440, the
long lifetime () is the dominant pathway for radiative relaxatién ~0.85).

Previous studies by Nad and Pal reported thathléophysical properties of C151 in
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nonpolar solvents change dramatically from thos€1d1 in moderate to higher
polarity solvents®*’ In particular, the quantum yield of C151 in alkamkops from
~0.5 to ~0.2 as solvent polarity changes from th&MSO or ACN to that of hexane
or branched pentanes. Transient absorption measuatsndentify a nonradiative
state having absorbance wavelength maxima at ~&2&nd 700 nn® If we assign
the dominant, short lifetime component observedXds1 fluorescence in decane to
rapid conversion to a nonradiative state, then redeal to conclude that optically
excited C440 does not cross over to the nonradiatiate as readily and the observed
fluorescence results from a state having more ehmegsfer character

The origin of this difference between C151 and Cd#fission is not obvious,
although experimental constraints may play a rbhe steady state spectrum of C440
in bulk decane (Figure 5.2) has a distinct maxiai@32nm (See Table 5.1.), but our
excitation laser is limited to producing light &Bnm on the long wavelength side of
the spectrum. At the excitation wavelength, weneste that only 15% of the solutes
are excited and those solutes that are excitesbtibave significant excess vibronic
energy in the excited state. In contrast, the akort maximum of C151 in decane
falls at 348 nm and our excitation wavelength cegite close to 40% of the solutes
in solution. If excess energy in the excited siatesponsible for rapid inversion
about the amine and nonradiative decay, we woytgebthat the shorter lifetime
would be emphasized for C151 and the longer lifetwould be emphasized for
C440 given these specific experimental conditions.

Time resolved measurements of C151 and C440 adbtolibe silica/decane

interface continued to show biexponential decagta®rved in bulk decane, the
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lifetimes measured in the TIRF experiments matateskly those measured in bulk
solution. In the case of C440, even the relativpldaodes associated with the short
and long lifetimes were unchanged. For C151 werwksean increase in the relative
amplitude assigned to the long-lived CT state.dlk lolecane, ~ 90% of the C151
fluorescence comes from the shorter lived electretate. In contrast, the
contribution to the fluorescence decay from thetsined states of those solutes
probed in a TIRF experiment is only 60%. (See Takd2). These data imply that
the polar silica surface is able to better stabittee long lived, planar CT state of
C151. For C440 the TIR data showed no significaainge with respect to the bulk
data indicating that the weakly electron donatifids-group of C440 is unable to
help stabilize a planar conformation of the excitate solute, but due to
experimental constraints mentioned above the feamece will be detected from the
CT state.

Many of the differences between the bulk solutibntpphysical behavior of
tertiary and primary coumarins have been assigmeanolecular motion about the
amino group in the 7-position. At low bulk concextitons, the tertiary coumarins
(C152 and C461) both show single exponential flaceace decays. At higher
concentrations, the emission data show a disti@ctse time consistent with the
dissociation of pre-formed dimers in solution. Tmemary coumarins (C151 and
C440) show biexponential decays (with positive atngés) associated with emission
from two distinct electronic states. These decaysain invariant regardless of solute

concentration and the different weightings of thersand long lived states are
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attributed to the amount of excess vibrational gneach solute has following
photoexcitation.

To test these ideas we conducted several expesmegamining the steady
state (Figure 5.6.1) and time resolved fluoresegoperties of two coumarins
havingsecondary amines at 7-position (Figure 5.6.2). Coumarin 44%45) is
equivalent to C440 and C461 except that C445 Isasgée —CH group attached to
the amine. Coumarin 450 (C450) has an ethyl greQgHs) group attached to the
amine and a methgroup attached to the aromatic ring at the 6 pmsitin terms of
inversion about the amine, barriers in 2° aminesi@ermediate between the primary
and tertiary amine limits

The steady state emission behaviors of both soluteslk decane were
similar to that of the other 7-aminocoumarins. Tilhee resolved emission from both
solutes at low concentrations showed single expaaldrehavior (similar to the
tertiary amines) but the emission behavior remainedriant with solute
concentration (similar to the primary amines). (F&5.6.2 and Table 5.4) From
these observations, we conclude the following:tFire single exponential decay
shows that these photoexcited secondary aminesceng decay from one electronic
state, not two. In this respect, the secondary eoins have photophysical properties
similar to the tertiary coumarins. However, theeice of a rise time that appears in
higher bulk concentrations signifies the absenadimmer formation for these
secondary coumarins, much like the primary counsafdue to the presence of single

methyl group for C445 and ethyl group for C450 presat the 7-position the
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inversion motion around the secondary angirmip is restricted" but for high

concentration there is no evidence of dimer forarathuch alike primary coumarins.
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Table 5.4. Fluorescence lifetime value of C445 ar@€¥450 in bulk decane.
Uncertainties in lifetimes is 100 ps

SSO;IL:};:? Conc. A 71 (NS)
C445in 10uM 1.00 2.56
Decane ImM 1.00 2.70
C450 in 10uM 1.00 2.43
Decane 1mM 1.00 2.50

5.5. Conclusions

The experiments described in this chapter compiéuedteady state and time
resolved fluorescence data acquired for a familsetafted 7-aminocoumarin
derivatives solvated in bulk decane and adsorbadsdica/decane interface. The
absorbance and steady state fluorescence emiggotia exhibited small Stokes
shifts in comparison to polar solvents which isgreement with previous bulk
solution result$®'” The time correlated single photon counting (TCH@4ta
suggests that the substitution pattern of the e@uat the concentration in bulk
decane determine the solutes’ fluorescence decayiss. For instance, the data
show that the 7-aminocoumarins with tertiary amiaescharacterized by a single
exponential time constant at low concentrationhi§h solute concentration, the
fluorescence emission showed a distinctive rise {jon negative amplitude)
characteristic of dimer or excimer formation inwgan. Primary amine analogs,
contrastingly showed biexponential decays as ttietimes and relative amplitudes
remained unchanged with changes in solute condemtraPhysical considerations

imply that tertiary amines are more likely to fogmound state dimers rather than
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excimers after photoexcitation, at least at the ¢owcentrations sampled in this
work. The dimers can dissociate upon photoexcitdgading to a continued growth
of an excited state monomer population, which #goes with characteristic single
exponential decay. Tertiary amine coumarins adsbaba silica/decane interface
probed with TCSPC in total internal reflection gexirg showed no such aggregation
at any concentration most likely due to the hydrogend donating properties of the
hydrophilic surface silanol groups.

In contrast, the primary coumarins show no aggeefyatnation in nonopolar
solvents. These findings are discussed in terniseoébility of solute to undergo
rapid inversion about the nitrogen that likely atfedimer formation in solution. The
silica/decane interface study of C151 (s@Fthe 4 position), a primary coumarin,
showed that the planar CT state was stabilizedmparison to the bulk decane
limits. Bulk experiments with secondary coumarihewsed intermediate behavior
with these solutes showing single exponential #goence decay (similar to the
tertiary coumarins) but with no evidence of aggtedarmation at higher

concentrations (similar to the primary coumarins).
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Chapter 6. Competition between Polar and Nonpolar
Solvation Mechanism

6.1.Introduction

Experiments described in earlier chapters probedtdady-state and time-
dependent photophysical properties of 7-aminocoun®#r-AC) in a polar, protic
solvent (methanol), in a nonpolar solvent (decame(l, adsorbed to a polar silica
surface from both solutions. A surprising resulswiaat the silica surface appeared to
stabilize a conformation of excited state coumattiras was less polar than expected.
Specifically, the time dependent fluorescence eomnsom C151, C440, and C152
adsorbed to the silica/methanol interface all eitddblifetimes more consistent in a
nonpolar solvation environment. We attributed tiebavior to the silica surface’s
ability to donate strong hydrogen bonds to the angiroup thereby favoring a
pyramidal, sp hybridization. In bulk methanol solution, the seft was mobile
enough for excited state coumarin solutes to adgpanar, CT geometry (or a
nonplanar TICT structure in the case of C152) withamine adopting a’sp
hybridization.

These studies showed that solute-substrate antkssmlute interactions
played important roles in promoting unexpectedaxgfchemistry. Additional
experiments using decane as a solvent clarifigtiéuthe roles played by solvent-
solute and substrate-solvent solvent interactiore®ntrolling interfacial solvation.

Tertiary-7AC solutes showed a tendency to aggregdialk decane solution at
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concentrations above ~ 1 mM. For these coumaguisp in decane solutions,
however, a silica surface appeared to inhibit tren&tion of dimers (or larger
aggregates) and the time resolved emission dat eossistent with the surface
promoting emission from the polar, excited statefaoner. Given the very different
effect of polar and nonpolar solvents on the irgiel photophysical properties of
these solutes, one can wonder what effects an ampbisolvent will have on the
steady state and time resolved properties of sohttsurfaces.

1-decanol has characteristics of both decane @adlfn aliphatic chain) and
methanol (a —OH group in the 1-position). Experitsatescribed in this chapter
examine the steady state and time resolved emipsagrerties of different 7AC
solutes both in bulk solution and adsorbed toafliedecanol interfaces. The simplest
guestion that can be asked is will solvation inashet resemble solvation in decane or
methanol or will evidence of both nonpolar and palalvation environments be
observed? Alternatively, will decanol solvate tloeimarin solutes in bulk solution
and at interfaces in unique ways that can not Berdeed by some combination of
nonpolar and polar environments? What affect tiiasa have on interfacial
solvation in decanol solutions? To answer thesestores we measure both steady-
state and time-dependent fluorescence emissiorirafpy and tertiary 7AC solutes
using instrumentation described in Chapter 2.

Previous works in our own group and by others e basis for
anticipating results. Maroncelli and coworkers deiaed the solvation timescale of
Coumarin 153 in variety of alcohaldzlourescence upconversion experiments

showed that hydrogen bond donating propertieseftbohols provide an additional
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solvation mechanism with a characteristic timestad¢ is considerably longer than
other aprotic solventsin a separate effort Eisenthal and coworkers iebed the
solvation timescale in different alcohols. Theyeted that solvation timescales
slowed down for long chain alcohols and proposed $olvent relaxation times
depend on alcohol chain-length due to the effeth@hydroxyl liberational motion
and translational motion of the alcohol molecdldaxtending these studies into
interfacial solvation, Yanagimachi al. probed solvent relaxation at the sapphire/1-
butanol interface and observed that the relaxdtemame slower in the interfacial
region due to the hydrogen bonding interactions/ben solvent and substrate.

To further investigate the effect of solvent-sustigtrand solute-substrate
interactions earlier work from our own group usedalinear optical methods to
probe polarity at two different interfaces: a wgakiteracting silica/cyclohexane
interface, and a strongly associating silica/14ocktanterface. Results showed that at
the weakly interacting silica/alkane interface useé sampled a more polar
environment than in bulk. In contrast, the silozdanol interface showed evidence of
heterogeneity with two distinct dielectric regioonsie that was more polar and the
one that was less polar than bulk solutldthese studies were sensitive to the
orientation and environment surrounding adsorbéate®in their electronic ground
state. These studies also motivated us to explmsedttered solvation environments
at interfaces influence the properties of theseessotutes in their excited states. To
accomplish this goal, we carried out TIRF-TCSPC sneaments of solutes solvated
at the silica/decanol interface. Of particular iett was whether or not these

experiments would show evidence of both the paldrr@onpolar environments
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inferred from non linear optical measurements dfestt polarity at strongly
associating, silicatalcohol interfaces.

In this chapter we first report the steady statktane-resolved emission of
7-AC solutes dissolved in butikdecanol. The solutes used are the same as thaise th
were featured in Chapters 3-5 of this thesis, ngif@elumarins 151 (C151),
Coumarins 152 (C152), Coumarin C440 (C440), andh@oin 461 (C461). (Figure
6.1) All solutes were used as received withoutaahditional purification. The
solvent used for all of these studies was spegteade decanol (>99%, Aldrich) that
again was used as received.

Results presented in this chapter address how bgdrbonding properties of
the solvents can affect solute emission dynamié§or the first time, we observe
effects on solute emission behavior that can bigreesd to solvent reorganization
following excitation. For smaller solvents like rhahol, such dynamics were too fast
to be measured with our instrumentation. For 1-delzdnowever, Maroncelli and co-
workers reported solvation dynamic times as long=sps around 7AC solutes
including C153"* In the data presented below, we see evidencedsofabrganization
reflected in the measured lifetimes of emittinguses$. Following photoexcitation,
hydrogen bonds between the solute and solvent limezkier for the solvent to
stabilize the new electron distributioh‘® In decanol such motion is slow and,
consequently, the solute exists first in a pdytisblvated (non-hydrogen bonded)
state following photoexcitation before the solviuitly reorganizes around the solute
re-establishing hydrogen bonds and any additioipalleldipole and dipole-induced

dipole interactions.
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For C152 and C151 we observe fluorescence fronettves states distinctly
and the origin of the two lifetimes will be discadsn detail below. Unlike C152 and
C151, the fluorescence decay behavior of C461 &l Ghowed a distinctive rise
time that is assigned to the inertial solvent motiesulting from solvent
reorganization. For C461 and C440 the solvent maorgtion is most pronounced as
the solute molecules undergo a relatively largengban the dipole direction
compared to C152 and C151The change in fis almost two-fold greater for C440
and C461 than for C151 and C152 as described @l detChapter 4. This change
requires a greater degree of solvent motion inraimetabilize the newly excited
electron distribution. Results from bulk solutioene compared with those obtained
from the silica/decanol interface, but the inteidadata showed little significant
change from the bulk limit implying that at theicdl/decanol interface solutes do not

interact as strongly with the surface and see aistant, bulk solution environment.
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Figure 6.1. Structures of the 7-aminocoumarins

6.2. Results

Figure 6.2 shows the absorption and emission o7 &@ solutes in decanol.

Previous results in this thesis showed that th&e&tshift is larger in the polar

hydrogen donating solvents than nonpolar non-hyeindgonding solvents. (See

Figure A.6.1 in the Appendix-6§:2* The values of the Stoke’s shift are reported in

Table 6.1. From the steady state results of n-d#dbwas observed that the Stoke’s

shifts were smaller compared to MeOH and largerpamed to decane. From these

results we infer that steady state solvation bejramin-decanol is intermediate

between MeOH and decane which reflects a balaneeskba the hydrophobic and

hydrogen bonding solvation mechanism. Furthernmtbeesimilarities between C440



and C461 indicate that steric hindrance about thie@does not impact significantly

the local solvation environment.
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Table 6.1. Spectral data in bulk decanol

Solute Absorgfir?];‘ Peak Emisgiﬁnr; Peak  sioke's shift (cnit)
C151 382 460 4440
C152 392 492 5190
C440 355 432 5020
Cc461 365 445 5030

In order to determine whether polarity and hydrobending properties of the
solvent play an important role in defining time dagent solute-solvent interactions,
emission lifetimes were measured using the TCSBumentation described earlier.
Figure 6.3.1 shows fluorescence decay traces dbtlrecoumarins in bulk decanol.
The fluorescence lifetime measurements were matte-i00uM concentrations.
For both C151 and C152, the decays are distinatlyponential. The longer
lifetimes of C151 and C152 are characterized by tomnstants ranging ~ 4.00 to
5.00 ns with both amplitudes being positive. Thertr lifetimes for C151 and C152
are on the order of ~ 500 ps and contribute ~1A% to their emission intensity
In contrast to these two solutes that have the gedup at the 4-position, the decay
data of C461 and C440 in decanol could only bi &trise time (indicated by a
negative preexponential factd}j was added to the exponential decay at a ~ 4.00 ns
(Figure 6.3.1). The value of the rise time for tve solutes varies between 200 ps-
300 ps and the negative amplitude accounts for ~28% of the total intensity. The

relevant lifetime values are reported in Tableb&hd Table 6.2.2 respectively. It is
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important to note that all experiments were caraatlwith an excitation wavelength
of 380 nm and emission was measured with a 420 Rmtb discriminate against
scattered light from the excitation pulse. Giveat tihe absorption and emission
peaks for the four solues are different for eacthe$e coumarins, experiments begin
with different amounts of excess internal energigbeir excited states.

To further explore the origin of the two lifetimassociated with the
fluorescence decay of C152 and C151, we employetbiza@tions of short pass
filters (SPF) and long pass filters (LPF) to exaarseparately the short and long
wavelength contributions to the emission spectraddition to the 420 LPF we used
a 512 SPF and 550 LPF. The 512 nm SPF discrindregainst contributions to the
decay from the long wavelength portion of the speotand the 550 nm long-pass
filter was used to capture only emission from tbe side of the emission spectrum.
Using the 512 nm SPF, we observe that the conioibwif the shorter lifetime (~ 400
-500 ps) component to the measured decay for bd®2 @nd C151 increases by 2-3
fold (A1= 0.3), whereas with a 550 LPF the observed fluamese for C152 showed
an evidence of rise time with a time constant ofadt ~ 500 ps. (See Figure 6.3.2).
For C151, using 550 LPF yielded no significant siges the steady-state emission
spectrum has virtually no intensity at 550 nm.

Results for C151 and C152 solvated in bulk decamwoe compared to
time-resolved results from the silica/decanol ifaee. For bulk solution
measurements, concentrations were kept lownpbut these were increased
serially to 10QuM for the TIRF measurements. Regardless of bulktiem

concentration, fluorescence lifetimes of these canimspecies at silica/decanol
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interface remained virtually unchanged comparedali& limits. The fluorescence

decay profiles are shown in Figure 6.4.and ampdisdidetimes are reported in Table

6.3.
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Figure 6.3.1. Fluorescence decay of 7-aminocoumasi used in the present study
in bulk decanol. The excited wavelength was fixed 880nm for C151 and C152;
whereas for C461 and C440 the excited wavelength 865 nm. The
fluorescence emissions were collected using a 420d pass filter (LPF).
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Figure 6.3.2. Fluorescence decay of 7-aminocoumasi used in the present study
in bulk decanol using three different filters to cdlect emission for C151 and
C152.

Table 6.2.1. Fluorescence lifetime in bulk decandUncertainties in lifetime and
amplitude are + 60 ps and + 8% respectively.

Solute Filter A1 71 (NS) A 72 (NS)
420 LPF 0.10 0.40 0.90 5.55
C151 512 SPF 0.30 0.41 0.70 5.55
550 LPF Sgnal very low
420 LPF 0.17 0.55 0.83 4.34
C152 512 SPF 0.26 0.55 0.74 5.30
550 LPF 1.00 4.34 -0.65 0.50
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Table 6.2.2 Fluorescence lifetime in bulk decandlUncertainties in lifetime and
amplitude are + 60 ps and + 3% respectively.

Solute Filter A 71 (NS) A 72 (NS) %
C440 420 LPF 1.00 4.00 -0.20 0.28 1.4
C461 420 LPF 1.00 4.00 -0.13 0.21 1.1
N — Surface
Bulk
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Figure 6.3.3. Fluorescence decay profile of 7-aminoumarins at silica/decanol
interface. The excited wavelength was fixed at 38@mfor C151 and C152;
whereas for C461 and C440 the excited wavelength 865 nm. The
fluorescence emissions were collected using a 420d pass filter (LPF).
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Table 6.3. Fluorescence lifetime at silica/decanuiterface. Uncertainties in
lifetime and amplitude are £ 30 ps and + 3% respedtely

Solute Filter A 71 (NS) Az 72 (NS) X
420 LPF 0.16 0.50 0.84 5.27 1.3
C151 512 SPF 0.35 0.47 0.65 5.27 1.5
550 LPF Sgnal very low
420 LPF 0.33 0.48 0.67 4.16 1.4
C152 512 SPF 0.60 0.47 0.40 4.16 1.5
550 LPF 1.00 4.06 -0.60 0.52 1.1
C440 420 LPF 1.00 3.84 -0.30 0.31 1.4
C461 420 LPF 1.00 4.00 -0.20 0.30 1.2

6.3. Discussion

Studies described in this chapter exarttie photophysical behavior of
different 7-AC solutes in decanol solutions andoabed to the silica/decanol
interface. These studies build upon work preseegglier that characterized the
fluorescence emission of these solutes in methanmmb)ar protic solvent, and decane,
a nonpolar, saturated alkane. Decanol has both aothnonpolar characteristics and
can provide insight into which solvation mechanisaolar or nonpolar — control a
solute’s behavior when both mechanisms are vigle.results indicated that the
primary and tertiary 7ACs with —Gfat 4-positions (C151 and C152) behave
similarly. However, in C151 the dominant long lifee indicates the stablization of
CT state, but the dominant long lifetime of C15@igates a nonplanar $p
conformation.

The decay profiles of 7ACs with -GHgroups at the 4-position (C440 and

C461) appeared similar to each other but diffefiemh those of C151 and C152.
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With these comparisons in mind, we conclude thatdentity of the substituent at 4-
position appears is the primary factor controllif#C solvation in decanol. This
result contrasts with the behaviors of these sarhges in decane where the identity
of the amine (primary or tertiary) played the doamitrole in controlling solvation
behavior. The decanol results also contrast infpamt those observed for these
solutes in methanol solutions. Methanol stabilitezlpolar conformation of all 7AC
solutes studied, regardless of the actual functigrrups or substitutents preséht®
Unlike in methanol, both C151 and C152 in decaholged biexponential decays
indicating that two excited states — not one —tbuated to the observed emission.
To explain differences between solvation in 1-detand methanol, we
begin by assuming that all solutes in their elegtrground states are hydrogen-
bonded to decanol in a manner similar to methdralowing photoexciation the
electronic structure of the solute changes andifgpfunctional groups that
participated in ground state hydrogen bonding nmeynbre (or less) electronegative.
The solvent will reorganize itself to accommodéiis hew charge distribution
leading to some hydrogen bonds being broken andomes being formed® In
short chain alcohols like methanol this reorgamirais fast (< 20 ps) and is can not
be observed with our instrumentation. Reorganipatiol-decanol, however, is slow
(> 200 ps);* and we are able to detect emission from the exsitate prior to the

excited solute being fully stabilized by the surrding solvent.
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Figure 6.4. Scheme depicting the hydrogen bond miaded solvation mechanism.
Here & is the ground state and $is the first electronic energy state populated
by the solutes immediately after photoexcitation (bfore the H-bond dissociates).
We assign the shorter lifetime (~ 400 ps) obsefee€151 and C152 in
decanol to the intermediate non-hydrogen bondedd.stae longer lifetime of C151
(5.00 ns) and C152 (4.00 ns) in decanol are asgignthe fully solvated excited
solutes. As noted above, the longer lifetime of Ciktbdecanol appears similar to that
in bulk methanol, whereas the longer lifetime ob€hppears to be the same as in
bulk decane. We, therefore propose that the fullysged C151 state in decanol
experiences polar environment leading to a planar CT state. Convertse fully
solvated C152 in decanol appears to adopt a noraptanpolar conformation as in
bulk decane. The origin of this difference is nletac, but is likely due to steric
considerations. C151 with its primary amine mayeha\CT state more accessible to

be stabilized by the —OH groups of decanol. In @stf the TICT state of C152 may
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not be as easily stabilized because of the metioylgs on the aminand the bulky
Cuo chain on the solverif;?®

Dissecting the emission spectra from these twateslusing the 512 SPF and
550 LPF helps clarify these ideas. From the origéxperiments (collecting all of the
emission using only a 420 nm LPF), fluorescence duaasinated by the longer
lifetime (~ 4.00 — 5.00 ns) component implying thadst of the solutes sampled in
this spectral window were emitting from the fulbalsilized excited electronic state;
whereas the 512 nm SPF led to enhanced contribfrttanshorter-lived species.
From these findings we surmise that the emissiom fthe shorter-lived species
comes from excited state solutes that have not hudlgrstabilized by the decanol
solvent. Next, a 550 nm LPF was used probing Cag®Hect emission from the red
tail on the emission spectrum. This experimentalfigaration discriminated against
contributions from the shorter-lived species emiftat a shorter wavelengths. With
the 550 LPF we were unable to observe any emigspom C151, but the C152
emission from longer wavelengths showed the disgnawth of a rise time (with a
negative amplitude). This result reinforces thaitteat the ~0.50 ns lifetime observed
for these solutes in decanol reflects the effetsotvent relaxation. With the 550
LPF, we can only detect emission from those soliltashave been sufficiently
stabilized so that they lie at the minimum of tlkeited state potential energy surface.
The rise time observed in the C152 emission wdudeh torrespond to the duration of
the reorganization before the emitting solutesifa the “window” where the

fluorescence can be observed.
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Decay from C440 and C461 with the —C¢toup at 4-position is
characterized by a single emission mechanism cdwpid a second process having
a negative amplitude or rise time. We proposettiiatphenomenon can be attributed
to the fact that the 7AC solutes with a —Ciil 4-position undergoes a larger dipole
orientation orientationAp),*® compared to 7AC solutes having a s@Foup. In the
case of C151 and C152, excitation leads to a chengdipole magnitude, but not
orientation, meaning that long range solvent stmgctioes not need to change
significantly and that reorganization will be affed by local interactions. The change
in dipoleorientation that accompanies excitation of C440 and C461reqlire not
only that local structure changes but also thastireoundings also adapt to the new
dipole orientation. One important point to noté¢hiat all the decay profiles of all
7ACs in decanol were sampled using 420 LPF. Usi#hgaLPF we collect emission
towards the red-edge in the steady state emispiertra for C461 and C440.
Therefore, it could be possible that any fluoreseeinom wavelength shorter than
420 nm is not detected in this present experinard,the fluorescence from the
partially solvated non-hydrogen bonded complex ma@ssampled using a 420 LPF.
This last hypothesis represents a clear line aéstigation that can be pursued in

future investigations.
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Figure 6.5. A representation of silica/decanol intéace

The last experiments conducted compared the rdsoittsthese solutes in
bulk decanol to those from solutes adsorbed taitlea/decanol interface. The
surface data showed no significant difference ftbenbulk limits. For C151 and
C152, we observed a bi-exponential decay simildul& solutions (with similar
coefficients). For C440 and C461, a fast rise twmas observed again, like the bulk
data, along with a long lived decay. These resudg mean that the solvation
environment sampled at the silica/decanol intertiffers little from bulk decanadr
that these solutes do not adsorb to the silicafatte to an appreciable degree from
decanol solution and that all of the signal detkatethe TIRF experiments comes
from those solutes probed by the evanescent walackrof surface activity could be
due intermolecular interaction solutes as longrcla#ohols force to make their way

to the surface (illustrated schematically in Figarg).
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Chapter 7. Summary and Future Directions

Surfaces, unlike bulk solution, are intrinsicalhjisotropic and can induce
changes in solute conformation and reactivity. Hevea systematic understanding
of interfacial solvation remains elusiva this context, the present studies used
steady state and time resolved techniques to canparbehavior of 7-
aminocoumarin (7AC) dyes in bulk solution and alisdrto polar hydrophilic silica
substrates. 7AC dyes used in the present studyeéegorized as either primary
amine coumarins (C151, C440) or secondary aminmaauns (C445, C450) or
tertiary amine coumarins (C152, C461) based omalkhgation of the amine group. A
second structural element differentiating thesateslfrom each other is the
functional group in the 4- position: C151 and Cbs#h have electron withdrawing —
CF; groups whereas the other solutes all have weddtyren donating —Ckigroups.

Solute structure as well as solvent polarity andrbgen bonding play key
roles in determining the excited state conforma#ind relaxation pathways of solutes
in solution and adsorbed to silica surfaces. Totteseffect of solvents’ identity on
interfacial solvation; solvents used in this workre/ systematically chosen with
varying polarity and hydrogen bonding charactersstSolvents used were a
methanol (polar and protic), decane (nonpolar gndter), andn-decanol
(amphiphilic and protic). Additional solvents inding acetonitrile (polar and
aprotic) were sampled selectively and those reanétgabulated in Appendix X. Our

findings suggest that the strong hydrogen bond titognaroperties of the silica
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surface can induce anisotropic ordering in theaajasolvent molecules as well as

the adsorbed solutes resulting in the alteratianteffacial polarity.

7.1. Steady State Characteristics

Solute-solvent interactions of the coumarins irkbnedia were characterized
by their respective absorption and emission speRiaults show that the absorption
and emission of all solutes studied depended cereditly on solvent polarity and
hydrogen bonding ability. All 7AC solutes testedhie present study have similar
ground state dipole moments and undergo large esang. upon photoexciatioh.
Our result showed that larger Stokes shifts wesenked in polar protic solvents
(MeOH, DeOH) than nonpolar aprotic solvent (decameplying that the excited
states of the solutes are more stabilized due bohtling interactions. Next,
adsorption experiments were performed to charaet¢hie respective surface
activities of these solutes. All solutes showedlsinfree energies of adsorption —
AGy4s~ -25 —30 kJd/mole — regardless of solute strectlinese results suggested that
the structural differences between the moleculesalglay as significant a role in
adsorption to hydrophilic silica surfaces. Howevke photophysical properties of
the adsorbed solutes showed a much larger dependarrespective solute structure.

Structurally, 7ACs with tertiary amines (C152, C¥6a&n only accept
hydrogen bonds, whereas the coumarins with prirmampes (C151, C440) can both
donate and accept hydrogen bonds. Adsorption spet€152 and C461 showed a
larger red shift in the adsorbate emission spewittaincreasing surface coverage due

to the formation of multilayers. The alkyl groupgstertiary 7ACs sterically hinder the
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solute’s ability to accept hydrogen bonds fromghgace. Hence these solutes can
readily interact with the adsorbed neighbors rathan the hydrophilic surface,
making the surface appear more polar at high sclumeentrations. Furthermore, the
emission spectra of C152 (-€iR the 4-position) of adsorbed solute moleculesfr
high concentration methanol solutiorsQ. 4mM) displayed two distinct emission
features whereas C461 (—€lid the 4-position) was characterized with single
emission feature even at higher concentrationpygposed that the electron-
withdrawing -Ck causes a small change in dipole orientatic#) (ipon
photoexcitation that allows the excitation to bédalized over two (or more)
monomers with emission occurring at much lower giesr(or longer wavelengths).
In contrast, the electron-donating -gdtoup of C461 causes this solute to experience
a larger change in dipole orientatiagx¢f upon photoexcitation. It was inferred that
the resulting condition could disrupt any extendedcture in adsorbed multilayers
and the excited C461 adsorbates would emit as mersofhe primary amine
coumarins (C151 and C440) showed no evidence dilaydr formation and no
evidence of aggregate formation at the silica serf&vidently, the sterically
unhindered primary 7ACs are more likely to be “eltted” to the surface and are not

as mobile as their tertiary analogs.

7.2. Time —Resolved Studies in Bulk

Steady state emission data were correlated with tenolved studies at the
different silica/liquid interfaces. We initiatedetbe studies by characterizing the

solutes’ excited state, time-resolved photophygicaperties and relaxation dynamics
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in bulk solution of different solvents. Except 0152, the coumarins studied here
showed a single exponential decay in methanol w8t ns lifetimes. In polar
solvents like methanol, photoexcitation leads ®amine adopting a planar tsp
geometry and the carbonyl oxygen assumes a foregative charge. However,
previous studies have shown that C152 forms a datiee TICT excited state in
polar solvents. This new relaxation pathway shadeihe observed emission lifetime
to ~1.00 ns. The unigue structure of C152 withgresence of an electronegative (-
CFs) at the 4-position and the electron donating gsatHCH), attached to amine
facilitates formation of TICT state.

In nonpolar solvents like decane, primary aminencains showed a
biexponential decay, which was attributed to ad#jpp-flop motion around the
nitrogen of the amine group. These two lifetimesenassigned to the planarisp
and non-planar or pyramidal @hybridized states of the solutes formed when the
solute interconverts between the two equivalenimmaron the excited state potential
energy surface. Tertiary amine coumarins were canzed by a single exponential
time constant at low concentration. Single expaaédecay of tertiary coumarins
could be attributed to the high inversion barrieth@ amine group restricting the
energy state to the pyramidal conformation. Inti&mgly, the fluorescence decay of
tertiary coumarins at higher concentrations, uniiiesprimary analogs, showed
evidence of distinctive rise time due to formatajrdimers in solutions.

To further evaluate the effect of solvent’s idgntoh the tendency of solutes
to aggregate in the ground state and undergo aoataynal changes in the excited

state we chose to study 7AC photophysical propeitid-decanol. This solvent
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offers both polar solvating opportunities withtésminal —OH group and non-polar
solvating capability derived from its long chaikylgroup. Results showed that the
functional group in the 4—position of the 7AC sekitplayed a major role in
determining the solvation properties of the soldtdiexponential decay was
observed for primary and tertiary amine 7AC solutéen a -CEgroup was at the 4-
position. In the ground state, the solute moleubdtached to the solvent molecule
through a hydrogen bond. Following excitation, Eibond breaks and solvent
molecules starts reorganize around the excitedesdHowever, the solvent
reorganization time in bulk decanol is much loniigan the other protic solvent
namely methanol that we studietiVe argued that this longer timescale of solvent
reorganization helps in detecting fluorescence fnam H-bonded solutes at shorter
emission wavelength with short lifetime. The lontjitime was assigned to the fully
solvated solute.

Probing 7ACs with -Chklat 4-position resulted a negative amplitude that w
associated with the longer solvent reorganizatiatcgss. The time measured for
solvent reorganization appeared quite consistethi tive earlier published literature.
Since -CH at 4-position is known to account for larger dgotientation in
comparison to -C§ a longer solvent reorganization time is expeateitie C440 and

C461 with respect to C151 and C152.

7.3. Time Resolved Studies at Silica/liquid Intackes

The result of the bulk studies were then compavethta acquired from

different silica/liquid interfaces. The TIR fluonce decay data for the primary

146



coumarins at the silica/methanol interface showatl $olutes interacting directly
with the surface have much shorter lifetimes thalntes in bulk methanol. The
lifetimes of the interfacial coumarin species mattislosely to those observed in
bulk nonpolar solvents like decane. These resut®\wurprising because polar
solvents stabilize charge a transfer (CT) stateviohg excitation, but nonpolar
solvents leave the excited coumarin solute in s pedar conformation having
decidedly less CT character. We discussed thetriesthle context of hydrogen
bonding donating properties of the silica surfdee keeps the solute’s stabilized into
the less polar, non-CT state, despite the factitbtit the silica surface and methanol
are individually known to create very polar soleatenvironments. These results
further motivated us to study tertiary coumarinsiita/methanol interface. For
C461, the lifetime values at silica/methanol reraditargely unchanged compared to
bulk solution limits. However the TIR data for C1&@ain showed an emergence of a
second lifetime in addition to the original life@nobserved in the bulk. The longer
lifetime assigned to the surface species was agtibuted to the hydrogen bond
donating properties of the silica surface thathitkithe formation of a TICT state
observed in bulk. The lifetime of the species diyeinteracting with the surface has
a lifetime that was similar to that observed inkodiécane for C152. The interfacial
results with both primary and tertiary 7ACs showedsistent behavior.

The interfacial studies were further extended ffedént interfacial
environments with silica/decane and silica/decamelface. Due to the polar nature
of the silica surface the charge transfer stateeprimary amine 7ACs became more

dominant at the silica/decane interfaekative to bulk decane limits. Tertiary
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coumarins adsorbed to silica/decane interface stidkaag the silica surface inhibited
aggregate formation at all concentrations, presiyrdike to the hydrogen bond
donating properties of the hydrophilic surfacersilagroups. At the silica/decanol
interface results were virtually identical to bsiiution limits, implying that the bulk
environment persists right up to the silica surfacthat the decanol solvent interacts
with the surface strongly enough to prevent the &afdites from accepting hydrogen

bonds from the surface silanol groups.

7.4. Future direction

Research described in this work employed steadg-atad time-resolved
optical spectroscopy to quantify the influence wffaces on interfacial
photochemistr. Our results have successfully addressed a nunfilgerestions that
were posed at the start of this project regardiegle of polarity and hydrogen
bonding in controlling interfacial isomerizatiortea and the relative stabilities of
adsorbed, photoexcited solute conformer, howewarqueestions were also raised.
Some of these questions that point the way towaeds interesting lines of inquiry
are given below:

1. The 7AC solutes used in these studies could akrgalinversion around the
nitrogen. Based on prior reports in the literatamne additional findings from our own
work, we believe that this degree of freedom pkaysmportant role in determining
the ground and excited state behaviors of the 7@(@es in solution and adsorbed to
interfaces. In this context, it would be interegtio study the photophysical behavior

of the coumarin molecules that are unable to uralemgersion motion around the
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amine. C314 and C343 are examples of popular 7A@esH* that can’t undergo
inversion motion due to the locked fused ring dtéatto the N-position (Figure 7.1).
Our results in Chapters 3 and 4 showed that ther gdica surface inhibits the
formation of a CT state forcing adsorbed solute®tain their pyramidal structure at
the 7-position. It will be particularly interesting explore the behavior of C314 or
C343 under similar conditions to understand themf surface’s influence over the
excited state’s molecular confirmation as the gebstate for these coumarins

typically have restricted conformation than theroaudns we studied.

C343 C314

Figure 7.1. Structures of C343 and C314

2. Thefocus of the present thesis wasstudysolid/liquid interfaces. Results
implied that substrate rigidity played an importesie in controlling the time-
dependent photophysical properties of solutesantarg directly with surface silanol
groups. A logical extension of this work is to quame the findings from solid/liquid

interface to data acquired for similar solutes aoksd to liquid/liquid interfaces. Do
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the aggregation and isomerization properties aftsslat solid/liquid interfaces also
apply to the liquid/liquid interfaces where bothaghs are mobile?

3. Our results suggested how polar hydrophyllic swiaitects solute
conformation. These results could be compared sutfaces having hydrophobic
character. By changing the properties of the iata&fwe can specifically identify and
isolate the contributions of nonspecific and speablvation forces arising from the
surface itself’

4. TIRF spectroscopy used in the present study sarapfmnse tens of
nanometers into bulk solution due to the penetnadiepth of the evanescent field. To
overcome this difficulty Time resolved SHG (TR-SH€uld be used an effective
tool. TR- SHG signal is surface specific and geteerdy interfacial adsorbate. TR-
SHG could also provide information about the changeground and excited state
vibrational structure due to the conformationalrayes in photoexcited species at
surfaces. In addition, TR-SHG could also be empldgecharacterize the solute
reorientation rates and to search for evidencemédformation/dissociation at
interfaces following photoexcitatidhiThese findings could then be correlated with
our present findings. Time resolved fluorescen@egpscopy used in this project
measured the fluorescence lifetimes of solutesraddao silica/liquid interfaces to
examine the excited state solute mobility at ligeudfaces. TR-SHG experiments can
measure both in-plane and out-of-plane reoriematdes to determine how solute
mobility depends upon interfacial solvation forcelsese studies will build upon

lessons learned about interfacial solvation spetifibove and advance systematically
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our understanding of the photochemistry that ocativgeakly and strongly
associating liquid interfaces.

Given the fundamental and applications-driven irtgptce of solution phase
photochemistry at surfaces, these predictive nsoaietount for changes in solvation
that occur as a solute moves from an isotropic balltion to the asymmetric

environments at interfaces
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Appendix A. IGOR Routine used to fit the Decay Cuves

The Igor routines were developed and given to uBhy¥d Castner from
Rutgers University. These Macros were written txlall the data files and then fit
the data to the sum of the exponentials using éine@alution routine.

1. To Load all files

#pragma rtGlobals=1 /I Use modern global acceshade

#pragma rtGlobals=1 /I Use modern global acceshade

1 LoadAllASCFilesInFolder(pathName)

1 Loads data from all of the ".igr" files in tfi@der associated with the specified
symbolic path.

1 pathName is the name of an IGOR symbolic pdifcivyou can create with the New
Path

1 dialog in the Misc menu.

1 | forced pathName to be "™, so that it putsaugialog from which you can choose the
folder.

1

I NOTE: This function assumes that ALL of thegt.files in the specified folder are
data

1 files and thus loads them all.

Macro LoadAllASCFilesInFolder()

String pathName="" /I Name of an existing IGOQRbolic path or "
Silent 1
PauseUpdate
/I If pathName is ", allow user to create a ngabBolic path to the folder containing the runs
of data.
if (strlen(pathName) == 0)
NewPath/O/Q/M="Choose folder containing datasfil€urrentDataFilePath
Pathinfo CurrentDataFilePath /I Check to sesér created the path.
if (V_flag == 0)
return -1 /I User cancelled.
endif
pathName = "CurrentDataFilePath"
endif

Variable i=0 , numFilesLoaded = 0
String fileName,newname
Il numFilesLoaded =0
1 i=0
do
fleName = IndexedFile($pathName, i, "???7?")
if (strlen(fileName) == 0)

break
endif
if (strsearch(filename,".asc",0)>=0)
1 print "Pathname = ",pathname," Filename =&ffdme
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1

End

call a function to graph data, make semilog lyapprsors, etc.

print "Loaded filename is: ", filename

LoadAndGraphTCSPC(filename,pathName)
numFilesLoaded +=1

endif

i+=1

while(1)

silent 0

ResumeUpdate

Print "Loaded", numFilesLoaded,".asc TCSPC files"

function LoadAndGraphTCSPC(filename,pathname)

string filename, pathname /I name of file, pathotad, or "™ to get a dialog
string tempfilenam=filename[0,strlen(filename)-5]

variable/g cursorA=150, cursorB=3850

LoadWave /a=$tempfilenam /g/d/o/p=$pathname fileaa

if (V_flag == 0) /I no waves loaded; perhapsrusancelled.
return -1

endif

/ldisplay /I create a new graph

/Istring TheWave
/Ivariable index=0

/ldo /[ append the waves to
the graph

I TheWave = stringfromlist (index, S_wavenames) / nekt wave

I if (strlen(TheWave) == 0) I
end of wavelist?

Il break

Il endif

i wave w = $TheWave

1
1

Later add SetScale commands here after obtaifd@ window and Gain settings from
B&H 'Ascii with Setup' file.

I appendtograph w
Il index += 1
/lwhile (1) /I unconditionally loop back to ‘da/ break

providing termination

1
1

end

/IModifyGraph log(left)=1, rgh($TheWave)=(0,0,68)0showinfo

/lcursor A, $TheWave, cursorA

/llcursor B, $TheWave, cursorB

Insert request for user input (popup) for timadow length; use SetScale x, ...

Or, better yet, obtain the window width from tA8CII with Setup or .SDT binary file.
/ltextbox/A=RT/b=1/f=0 "Waves loaded from " + Sefiame // Annotate graph w/ filename
/lreturn O /I success

Menu "Macros"

End

"Load but don't graph all TCSPC *.asc files indied", LoadAIIASCFilesinFolder()
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2. To make the decay curve in IGOR

#pragma rtGlobals=1 /I Use modern global acceshade
function amy(srcwave, destwave)

wave srcwave, destwave

variablei=0

duplicate /O /R=(0, 4096) srcwave destwave

Do

if (i>4096)

break
endif

destwave[i] = srcwave[4096-i]

i+=1

while(1)

display destwave
SetScale /P x 0, 0.012, destwave

end

3. To subtract the IRF:

#pragma rtGlobals=1 /I Use modern global acceshade
String/g wv1,wv2,wv3,pwave,irfw

Window IRFEditor() : Panel

PauseUpdate; Silent 1 // building window...

NewPanel /\W=(717,280,900,555) as "IRF Editor"

SetDrawLayer UserBack

SetDrawEnv fsize= 18

DrawText 49,24,"IRF Editor"

Button zerobutton,pos={45,30},size={90,24},procxaief titte="Set Baseline to 0"
Button subtractbutton,pos={45,60},size={90,24} prsubtractirf,titte="Subtract Baseline"
Button rangebutton,pos={45,90},size={90,24},proangeirf title="Choose Range"
Button rangebutton,help={"Set the cursor posititirs."}

SetVariable SetIRFbsIn,pos={30,120},size={150, Iilp="Baseline Cutoff:"
SetVariable SetIRFbsIn,frame=0,value= irfbsln

PopupMenu popup0,pos={30,150},size={99,21},procte88RFProc,title="IRF Wave"
PopupMenu popup0,mode=1,popvalue="irf",value= #last(\"*irfx\" \";\",\"\")"
Button finalbutton,pos={45,180},size={90,24},profiralirf title="Magic IRF"

Button vmirfbut,pos={45,200},size={90,24},proc=vnititle="VM IRF"

Button vhirfbut,pos={45,220},size={90,24},proc=wvfiititle="VH IRF"

Button vvirfout,pos={45,240},size={90,24},proc=w¥jtitle="VV IRF"

EndMacro

Function vmirf(ctriName) : ButtonControl

1

String ctriName
wave irftemp
wave irfwave_vm
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I if (WaveExists(irfwave_vm)==1)
I irffwave_vm=irftemp
1 else

Duplicate/o irftemp irfwave_vm
variable vmsum=sum(irfwave_vm,-inf,inf)
irffiwave_vm/=vmsum

1 endif

end

Function vhirf(ctriIName) : ButtonControl
String ctriName
wave irftemp
/lwave irfwave_vh
I if (WaveExists(irfwave_vh)==1)
i irfwave_vh=irftemp
Ilelse
Duplicate/o irftemp irfwave_vh
variable vhsum=sum(irfwave_vh,-inf,inf)
irffiwave_vh/=vhsum
llendif
end

Function wvirf(ctriName) : ButtonControl
String ctriName

wave irftemp

/lwave irfwave_wv
I if (WaveExists(irfwave_vv)==1)
1 irffwave_vv=irftemp
1 else

Duplicate/o irftemp irfwave_vv
variable vwvsum=sum(irfwave_wv,-inf,inf)
irffwave_vv/=vvsum

Il endif

end

Function finalirf(ctriIName) : ButtonControl
String ctriName

wave irftemp

[lwave irf
I if (WaveExists(irf)==1)
1 irf=irftemp
Il else

Duplicate/o irftemp irf
variable irfsum=sum(irf,-inf,inf)
irf/=irfsum

Il endif

end

Function rangeirf(ctriName) : ButtonControl
String ctriName
wave irftemp

variable startpt=pcsr(A)
variable endpt=pcsr(B)
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variable irfnumpts = numpnts(irftemp)

variable x
for (x=0;x<startpt;x+=1)
irftemp[x]=0

endfor

for (x=startpt;x<endpt;x+=1)
irftemp[x]=irftemp([x]

endfor

for (x=endpt;x<irfnumpts;x+=1)
irftemp[x]=0

endfor

End

Function subtractirf(ctriName) : ButtonControl
String ctriName
wave irftemp
nvar irfbsin
irftemp=irftemp-irfbsin
End

Function zeroirf(ctriIName) : ButtonControl
String ctriName
wave irftemp
nvar irfbsin

variable z=numpnts(irftemp)
variable x
for (x=0;x<z;x+=1)

if (irftemp[x]<=irfbsin)
irftemp[x]=0

else
irftemp[x]=irftemp[x]
endif

endfor

end

End

Function SelectIRFProc(ctriIName,popNum,popStr)pigdienuControl
String ctriName
Variable popNum
String popStr
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string/g irfstring
wave irftemp

irfstring = popStr
/lif (WaveEXxists(irftemp)==1)

I duplicate $irfstring irftempw
1 irftemp=irftempw

i killwaves irftempw

llelse

Duplicate/o $irfstring irftemp
Display irftemp
ModifyGraph log(left)=1

1 endif

End

4. Convolution routine

#pragma rtGlobals=1 /I Use modern global acceshade
Function ReducedChiSquared()

end

Function FitConvIRFMultExp(pw, yw, xw) : FitFunc

Wave/Z pw, yw, Xw

variable dx=deltax(yw)

Variable npnts = numpnts(yw)

Duplicate/O yw, IM

Wave IRF

/I external instrument response wave must be ndaRied

Variable shift = pw[0]

IM = IRF(x+shift) 1
interpolates appropriate values from instrumerpoase wave

Variable IMsum = sum(IM, -inf, inf)

IM /= IMsum i
normalize instrument response to 1.0

yw=0

/ initialize model values to zero so we can acglate exponential terms

Variable ii=2

do

yw += pwliiJ*exp(-pwl[ii+1]*(p*dx)) /I add up expplus terms
ii+=2

While (ii < numpnts(pw) )

Convolve IM,yw i
this operation lengthens yw to contain M+N poimtere M is length of instrument response, and N is
length of yw

yw+=pw[1]

redimension/N = (npnts) yw /I this removes the
extra points
end

Function FitConvIRFMultExp_scatter(pw, yw, xw) tiFinc
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Wave/Z pw, yw, Xw

variable dx=deltax(yw)
Variable npnts = numpnts(yw)
Duplicate/O yw, IM

Wave IRF
Variable shift = pw[0]
IM = IRF(x+shift) I

interpolates appropriate values from instrumerpoase wave
Variable IMsum = sum(IM, -inf, inf)

IM /= IMsum i
normalize instrument response to 1.0
yw=0
/l initialize model values to zero so we can acglate exponential terms
Variable numCoefs = numpnts(pw) /I calculatenber of
exponential terms desired
Variable ii=2
do
yw += pwliiJ*exp(-pwl[ii+1]*(p*dx)) /I add up expplus terms
ii+=2

While (ii < numCoefs)

yw[0]+=pw[numCoefs - 1]

Convolve IM,yw 1l
this operation lengthens yw to contain M+N poimtere M is length of instrument response, and N is
length of yw

yw+=pw[1]

redimension/N=(npnts) yw // this
removes the extra points

return O 1
Igor doesn't use this return value in an all-ateofunction
end

Function FitConvIRFMultStretchedExp(pw, yw, xw)itFunc
Wave/Z pw, yw, Xw
variable dx=deltax(yw)
Variable npnts = numpnts(yw)
Duplicate/O yw, IM

Wave IRF
Variable shift = pw[0]
IM = IRF(x+shift) 1

interpolates appropriate values from instrumerpoase wave
Variable IMsum = sum(IM, -inf, inf)
IM /= IMsum i
normalize instrument response to 1.0
yw=0
/ initialize model values to zero so we can acglate exponential terms
Variable numCoefs = numpnts(pw) /I calculatenber of
exponential terms desired
Variable ii=2
do
yw += pwliij*exp(-(pwlii+1]*(p*dx)) pw[ii+2]) /I add up exp. plus terms
ii+=3
While (iiknumCoefs)
Convolve IM,yw 1
this operation lengthens yw to contain M+N points,
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yw+=pw(1]

where M is length of instrument response, and lrigth of yw
redimension/N=(npnts) yw

removes the extra points

end

Function FitGausConvMultExp(pw, xx) : FitFunc
Wave/Z pw
variable xx

/I pw[0] = time shift

/I pw[1] = baseline

/I pw[2*m] = amp m

/I pw[2*m+1] = exp rate m

/I pw[n-1] = last point is gaussian width of instrant function
Variable numCoefs = numpnts(pw)

exponential terms desired
Variable shift = pw[0],wid=pw[numCoefs-1]/sqrt(2)
Variable yw =0

1

Il this

/I calculatenbar of

/l'initialize model values to zero so we can acalate exponential terms

Variable ii=2
do

yw+=pw[ii}/pw[ii+1]*ExGauss(xx-shift,pw[ii+1],wid

ii+=2
While (iiknumCoefs)
yw+=pw[1]
return yw
/I lgor doesn't use this return value in an albate function
end

Function/D ncdf(t)
cumulative gaussian prob dist with unit sigma
Variable/D t
Variable/D r= GammP(0.5,0.5*t"2)
if(t<0)
return (1-r)/2
else
return (1+r)/2
endif
end

Function/D ExGauss(t,r,s)

exponential and Gaussian probability distribution
Variable/D t,r,s

is the exponential decay constant and s is the Seusigma
return rsexp( -rt + s"2*r"2/2 Y*ncdf( t/s - s*r)

end

5. Magic angle decay fitting

gma rtGlobals=1 /I Use modern global access method
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Window MagicSuperPanel() : Panel

variable/g numberofexps,pertv,startrate, ratefaatopfactor
ratefactor=3

ampfactor=.1

startrate=.2

PauseUpdate; Silent 1 // building window...
NewPanel /W=(717,410,950,620) as "Magic Fitter"
SetDrawLayer UserBack

SetDrawEnv fsize= 18

DrawText 49,24,"Magic Fitter"

Button gofitbutton,pos={45,30},size={90,24},prodtdlimagic,title="Fit Magic"
Button gofitbutton,help={"Set the cursor positidirst."}

PopupMenu popupl,pos={10,60}, title="Magic

Wave" value=WaveList("*vm*",";",""),proc=SelectMagbc

End

SetVariable setfitmodel,pos={45,85},size={150, t#}le="Number of Exponentials"
SetVariable setfitmodel,frame=0,limits={1,5,1},va= numberofexps

SetVariable setper,pos={45,105},size={150,14})¢itI'Perturbation Value (%)"
SetVariable setper,frame=0,limits={-Inf,Inf,1} wed= pertv

SetVariable setsr,pos={45,125},size={150,14},titlnitial Rate Constant"
SetVariable setsr,frame=0,limits={0,Inf,.1},valustartrate

SetVariable setrf,pos={45,145},size={150,14},tittAdditional Rate Factor"
SetVariable setrf,frame=0,limits={0,Inf,.25} valueatefactor

SetVariable setaf,pos={45,165},size={150,14},titldmplitude Factor"
SetVariable setaf,frame=0,limits={0,Inf,.05},vakiampfactor

Function fitallmagic(ctriIName) : ButtonControl

end

String ctriName

Execute "SuperFitMagic()"

Function SelectMagProc(ctriName,popNum1,popStBgpupMenuControl

String ctriName

Variable popNum1

String popStrl

string/g magstring

wave magicwave,magicweight

magstring = popStrl
if (WaveExists(magicwavel)==1)

I duplicate $magstring magicwavelpw

i magicwavell=magicwavelpw

1 magicweight=magicwavelpw”.5

i killwaves magicwavelpw

Print "New wave has been created from "+ magstring
else

Make/o/N=4/D pw_1//,pw_SingleExp
Make/o/N=6/D pw_2//,pw_DoubleExp
Make/o/N=8/D pw_3//,pw_TripleExp

Make/o/N=10/D pw_4//,pw_QuadExp
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Make/o/N=12/D pw_5//,pw_PentExp

Make/o/N=6/D chi_squared

Make/o/N=6/D chi_squared_delta

Edit pw_1,pw_2,pw_3,pw_4,pw_5,chi_squared,chi_segiadelta

endif
Duplicate/o $magstring magicwavel, magicweight
magicweight=(magicweight+1)*.5
Display magicwavel
ModifyGraph log(left)=1
ModifyGraph rgb=(0,0,0)
llendif
end

Macro SuperFitMagic ()
/lwavename magicwavel

Wavestats magicwavel
variable/g MagicMax=V_max
variable/g MagicRange=ABS(pcsr(B)-pcsr(A))

variable pvval=pertv/100
[/Ilvariable startrate
[/Ivariable ratefactor

pw_1[0]=0

pw_1[1]=magicwavel[pcsr(A)]

pw_1[2]=MagicMax

pw_1[3]=startrate

/[FuncFit/L=(MagicRange) /H="0111" FitConvIRFMulpg pw_1 magicwavel[pcsr(A),pcsr(B)]
/W=magicweight /I=1 /D /IR

/[FuncFit/L=(MagicRange) /H="0011" FitConvIRFMulkpg pw_1 magicwavel[pcsr(A),pcsr(B)]
/W=magicweight /=1 /D /IR

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_1 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /R

perturbwave(pw_1,pvval)

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_1 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /R

/lres_magicwavel=res_magicwavel/magicweight

/lduplicate/o res_magicwavel,res_1

//AppendToGraph/L=Res_Leftres 1

/IModifyGraph rgb(res_1)=(65280,0,0)

llperturbwave(pw_1,.02)

/[FuncFit/L=(MagicRange) FitConvIRFMultExp pw_1 giewavel[pcsr(A),pcsr(B)]
/W=magicweight /I=1 /D /IR

chi_squared[1]=V_chisg/(MagicRange-4)

if (numberofexps>1)
pw_2=pw_1*5
pw_2[2]=pw_1[2]*(1-ampfactor)
pw_2[3]=pw_1[3]
pw_2[4]=pw_1[2]*ampfactor
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pw_2[5]=pw_1[3]/ratefactor

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_2 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /R

perturbwave(pw_2,pvval)

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_2 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /IR

/lres_magicwavel=res_magicwavel/magicweight

/lduplicate/o res_magicwavel,res_2

/IAppendToGraph/L=Res_Leftres_2

/IModifyGraph rgb(res_2)=(0,0,65280)

/lperturbwave(pw_2,.01)

/[FuncFit/L=(MagicRange) FitConvIRFMultExp pw_2 giewavel[pcsr(A),pcsr(B)]
/W=magicweight /I=1 /D /IR

chi_squared[2]=V_chisg/(MagicRange-6)

ra2(pw_2)

variable change=ABS(chi_squared[2]-chi_squaredidj)/ squared[2]
chi_squared_delta[2]=change

endif

/lif (change>.01)

if (numberofexps>2)
pw_3=pw_2
pw_3[6]=pw_2[4]/ampfactor
pw_3[7]=pw_2[5]*ratefactor

Ipw_3[7]=.5*(pw_2[3]+pw_2[5])*MagicMax/(pw_2[2]+pw2[4])

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_3 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /IR

perturbwave(pw_3,pvval)

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_3 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /IR

/lres_magicwavel=res_magicwavel/magicweight

/lduplicate/o res_magicwavel,res_3

/IAppendToGraph/L=Res_Leftres_3

/IModifyGraph rgb(res_3)=(0,0,0)

/Iperturbwave(pw_3,.01)

/[FuncFit/L=(MagicRange) FitConvIRFMultExp pw_3 giewavel[pcsr(A),pcsr(B)]
/W=magicweight /I=1 /D /IR

chi_squared[3]=V_chisg/(MagicRange-8)

ra2(pw_3)

change=ABS(chi_squared[3]-chi_squared[2])//chi_sedi]

chi_squared_delta[3]=change

endif

/lif (change>.01)

if (numberofexps>3)

pw_4=pw_3

pw_4[8]=pw_3[6]/ampfactor

pw_4[9]=pw_3[7]*ratefactor

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_4 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D IR

perturbwave(pw_4,pvval)

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_4 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D IR

/lres_magicwavel=res_magicwavel/magicweight
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/llduplicate/o res_magicwavel,res_4
//AppendToGraph/L=Res_Leftres_4

/IModifyGraph rgb(res_4)=(0,65280,0)
llperturbwave(pw_4,.01)

/[FuncFit/L=(MagicRange) FitConvIRFMultExp pw_4 giewavel[pcsr(A),pcsr(B)]
/W=magicweight /I=1 /D /IR
chi_squared[4]=V_chisg/(MagicRange-10)

ra2(pw_4)
change=ABS(chi_squared[4]-chi_squared[3])//chi_sed@]
chi_squared_delta[4]=change

/lpw_QuadExp=pw_4

endif

/lif (change>.01)

if (numberofexps>4)

pw_5=pw_4

pw_5[10]=pw_4[8]/ampfactor
pw_5[11]=pw_4[9]*ratefactor

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_5 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /IR

perturbwave(pw_5,pvval)

FuncFit/L=(MagicRange) FitConvIRFMultExp pw_5 magavel[pcsr(A),pcsr(B)] /W=magicweight
/I=1/D /IR
/lres_magicwavel=res_magicwavel/magicweight
/lduplicate/o res_magicwavel,res_5
//AppendToGraph/L=Res_Leftres 5

/IModifyGraph rgb(res_5)=(65280,65280,0)
/Iperturbwave(pw_5,.01)

/[FuncFit/L=(MagicRange) FitConvIRFMultExp pw_5 giewavel[pcsr(A),pcsr(B)]
/W=magicweight /=1 /D /IR
chi_squared[5]=V_chisg/(MagicRange-12)

ra2(pw_5)
change=ABS(chi_squared[5]-chi_squared[4])//chi_sed]
chi_squared_delta[5]=change

llendif
chi_squared_delta=Round(chi_squared_delta*1000)y) 100
endif

res_magicwavel=res_magicwavel/magicweight
/lwavestats res_magicwavel

/[*SetAxis Res_Left (V_min-1,V_max+1)
//[RemoveFromGraph Res_magicwavel

/lprint pvval
/lres_magicwavel=res_magicwavel/magicweight
/lpw_SingleExp=pw_1

/lpw_DoubleExp=pw_2

/lpw_TripleExp=pw_3

/lpw_QuadExp=pw_4

/lpw_PentExp=pw_5

[Ivariable x=0

/[Print "Reduced Chi Squared Values"

/Do

IIx=x+1

/[Print x+" Exponential Fit =" + chi_squared[X]
/IWhile(x<5)

End
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Macro Killem()
Killwaves pw_1,pw_2,pw_3,pw_4,pw_5,chi_squaredncjeavave
End

Function perturbwave(alterwave,variance)
wave alterwave
variable variance

variable alterwavepts=numpnts(alterwave)

variable x
variable y
Do
y = gnoise(10)
if (ABS(y)>10)
alterwave[x]=alterwave[x]
1 print "zero"
else
if (ABS(y)<5)
alterwave[x]=alterwave[x]*(1-variance)
I print "less"
else
alterwave[x]=alterwave[x]*(1+variance)
1 print "more"
endif
endif

X=X+1
While(x<alterwavepts)

end
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Appendix B. Drawing of Home-built Cell and TIRF 8pt

The figure below represents the cell used for tfiFTexperiments. The
specific detail and the geometric of the cell hbgen discussed in Chapter 2.

Cell used for TIRF ( Base: Top View)
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Cell used for TIRF Base: Side view
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To Clamp the prism and the base (roof): Top View
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Side view

@

sm ....... j——— o e - i

- T

Drawing of the base used to align the optics for TIRF measurements

|

© #6-22 through holes Om -20 countar-board through holes @114- 20 threaded hales

=1=" P
o = ok
=
sw P o5 B
[T £ = =

168



Picture of the TCSPC-TIRF setup

Picture of the cell used for solid/liquid interfacestudy. The cell is
made of Kel-F:

169



Appendix C. Supporting Information for Chapter 3
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Figure A.3.1. Representative emission spectra f@151(Left) and C440 (Right)
adsorbed to the hydrophilic silica surface from mehtanol solutions having
different concentrations. As described in the textthese samples were prepared
by allowing silica slides to equilibrate in the mdtanol solution and then
removing the slides slowly from the solutions allowg the excess solvent to
accumulate at the bottom of the (1” x 1”) slide. Bission spectra were then
acquired using a Spex Fluorolog having crossed palaers set for the excitation
(90°) and emission (0°) light. Spectra were acquid from the top, front surfaces
of the slides and are assumed to reflect those stda that remain strongly
adsorbed to the silica surface. Acquisition paranters were 1 nm/s with slit
widths set for 5 nm resolution both for excitationand emission
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Appendix D. Supporting Information for Chapter 4
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Figure A. 4.1: Steady state absorption and emissiaspectra of (Left) C152 in
bulk decane, absorption peak at 368nm and emissigreak at 426nm ( Right)
C461 in bulk decane, absorption peak at 348nm andression peak at 396nm.
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Figure A.4.2. Fluorescence decay curve of (A) C1%2 bulk decane,r ~ 4.00 ns
(B) C461 in bulk decaner ~ 3.45 ns.
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Figure A.4.3 Fluorescence decay curve of C152slica/vapor interface

Table A. D.1. Fluorescence lifetime values of C1%2 silica/vapor interface

2

A T2 (NS) X

Filters A1 T1(ns)
0.68 5.26 1.5

420 LPF 0.42 0.98
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Appendix E. Supporting Information for Chapter 6
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Figure A.6.1 Spectra of 7-aminocoumarins in bulk M®H and in bulk decane
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Table. A.E.1. Spectral data of 7-aminocoumarins ibbulk MeOH and decane

Solutes Solvent Peak difference in Abs and

Em (nm)
Ci151 102
C440 30
C461 90
Ci151 52
440 Decane 45
C152 70
C461 52
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Appendix F. Additional Steady State and Time Resokd
Data in Acetonitrile

Table A.F.1. Spectral data of 7-aminocoumarins in llk acetonitrile. Some of
the values reported here are from literature'? and also taken by Milton Liu an
undergraduate student in our group.

Solute Absorption Peak (nm) Emission Peak (hm)
Ci151 367 460

C440 343 412

C152 393 504

C461 364 431

Counls

Time{ns) Tirmes{na)

C151 AN

5
Time{ns) Time{ns)

C152 aae
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Table A.F.2. Fluorescence lifetime values in bulkcetonitrile and at
silica/acetonitrile interface

Solute Solvent/Surface A 71(NS) A 72 (NS)
C151 1.00 5.06 - -
C440 1.00 3.12 ; ;
C152 Bulk ACN 1.00 2.00 ; ]
c461 1.00 2.78 ; ;
c151 1.00 5.00 .0.35 0.12
C440 - 1.00 3.44 -0.30 0.15
C152 Silica/ACN 1.00 2.38 -0.40 0.13
C461 1.00 3.33 -0.70 0.18

(1) Nad, S.; Pal, Hl. Phys. Chem. A 2001,105, (7), 1097-1106.

(2) Nad, S.; Kumbhakar, M.; Pal, HPhys. Chem. A 2003 107, (24), 4808-4816.
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