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ABSTRACT

The development of new materials capableffafient charge transfer and energy storage
has becomeancreasingly importanth many areas ahodern chemicalesearch.This is especially
true for the developmerdf emissive optoelectronic devices and the field ofsolarto electric
energy conversianThe daracterization ahe photophysical properties of new molecular systems
for these applications hagcome critical in the design and development of these matevialsy
molecular building blocks have been developed anderstanding the properties of these
moleculesat a fundamental level is essential for thailccessful implementatioand future
engineering This dissertation focuses time characterizationof sane of these newlgeveloped
molecular systemsThe gectroscopistudiesfocus on the characterizatiah newly-developed
molecules based on peryleardindolizine derivatives forsolar to electric energy conversjon
thienopyrazine derivatives forear nfrared NIR) emissive applications, an SCS pincer complex
for blue emissive materials and a fluorescent probe for medical applicatidmes effects of
noncovalent interaction are also investigated on these systems and a benchmark biological

moleculetrimethylamine Noxide (TMAO).
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CHAPTER 1

INTRODUCTIONTO SPECTROSCOPY

1.1MOLECULAR SPECTROSC®Y

Spectroscopy is the study of how electromagnetic radidtitian referred tosimply as
light) and matter interactHistorically, spectrecopy originated with the use of visible light from
the sun but modern spectroscopic techniques utilize the full range of the electromagnetic spectrum
from radio to gamma wavesSpectroscopy has become a staple of modern chemistris and
frequentlyused o learn about thelectronic and geometristructure of atoms and molecules.
Spectroscopic techniques are capable of providing information about rotational energy levels,
vibrations, electronic energies, functional groups,relative position of atoms space and much
more. There i®10 one spectroscopic technigihat is capable of fully characterizing argple by
itself, so manytechniques aresed in conjunction in order to properly identify and characterize
the properties o sample.

At a fundamatal level,chemicalsystemsposses®lectric dipoles which can either be
consant or time varying. The ligkdipole interaction will dictate the observed spectroscopic
phenomena. A brief discussion othree fundamentalspectroscopic phenomeiiaScattenng,
Absorption and Emission which are relevant to the proceeding resedalows. Since the
systems of interest in this dissertation are molecular they will behes@ding to quantum
mechanics This mean all of the information about the system igntained by the systems
wavefunction, , which is the solution to the first order linear differential equatimown as the

Schrddinger equation



0 O (1.1.1)

whereOis the total energy operator (Hamiltonian). Observable propettiesan be extracted

from by directly applyinghe corresponding operafar:

o 0 (1.12)

However, this is only allowed if and"Ocommute with one another. If this is not the case then

the expectation, or average, value must be found instead:

a0 20 (1.13)

where ° is the complex conjugate of.

1.2SCATTERING

The scattering properties of light have bdé@own and studied fohundredsof years
However, the modern understanding of this phenomena has been, by comparison, a recent
development.Many different types of scattering have been identibedr the yearsincluding:
Rayleigh, Mie, TyndallBrillouin and Raman scattering. It was, believed for a long time that
scattering wapurelythe result of larger particd€dirt and dust) suspended in thea in liquids

and not a fundamental property of pure fluids. This idea originated with Leonardo d@ly#j¢i



who believed suspended dusaiswesponsible for the blue color of the ,skydpersisted until it
eventually became the basm early studies performed by Newton, Clausius, Brucke, Tyndall
and Lord Rayleigh. It was not until 1869 that Lallemand discovered the scattering of pig® liq
[3, 4] but his peers were not convincétke solutions he studiaglere free of dust and the results
woul d be debat ed umorecohvindngediS8covery df the phiesmomenfBh 0 s
Forty year s b e hbB73eMakhelhwithithe assistance etklier work by
Lord Rayleigh 6], concluded that molecules themselves could constitute scattering particles in the
air andwas first topropose the idea of scattering to facilitate the identificatif different gases.
John William Strutt l{ord Rayleigh would revive this idea in 1899 amal 1915 the scattering of
light by gases was finally demonstrated by Cabari§¢ and then shortly afterwards by
Smoluchowski and Struit8, 9]. Strutttook this work one step further amgs also able to account
for the partial polarization of scattered light. Shory aft er Maxwel |l 6s con
molecular origin of scattered radiation, Lommel used the anharmonic oscillator alontpevith
elastic light theory to model scattering from a molecular or[@@® 11]. Lo mmel 6 s mode
predicted arunshifted scattering frequey, which hedeemeddsochromatic fluorescengebut
also that light would scatter at frequencies between the incident radiations and the eigen
frequencies of the molecule. Unfortunately, these terms did not appear in the electron theory
model developedybLorentz angas a resulscattering theory lost the attention of many physicists
for some time
Eventually, Kramers and Heisenberg developed a modified theory of scattered radiation
and were able to derive the quantum theoretical scattering fofa#}laThis would evolve into

the starting point of modern quantum mechanics. In 1906dwbserved resonance phenomenon



of the modified scattered radiation of iodine vapor and then later of mercury vapor with Fuchbauer
[13]. These observations were before the advent of quantum thdoch led to confusing
interpretations of the results and paved the way for the wiok V. Ramann 1928[14, 15].

Raman observed the modified scatteringoy incident frequencin liquids and pioneered the
advancement of Raman spectroscoppround the same time, Landsberg and Mandelstam
observed similar scattering in crystfl$).

The quantum theory of light scattering phenomenaast canpletelyderived by Diac
[17] andRaman scatteringxpanded upon byl&zek{2]. For a time, there was debate about the
proper method to derive the scattering model, whether light should be treated as a wave or a
particle. The wave concept was ,éyiepaticeng as
concept showed promise for éximing other phenomena. Both concepése expressed forally
by Dirac[18] who also provedhat the two formulations were equivalent by demonstrating that a
collection of particles obeying Bog&instein statistic is equivalent to a wave field.

Scattering can therefore be understood from the point of view of classical wave theory;
however, quatum mechanics must be invoked in order to correlate scatteringstesatiomic or
molecular structure. The advancement of scattering theory by quantum mechanicsdsastadt
in a fundamental change in the description of scattering phenomeradhlenin theunderstanding
of the structure of atoms and moleculd=or this dissertation weiill only be concerned with
Rayleigh and Raman scattering phenomenghe context of Raman spectroscoguyd | will
present a short summary of both the classicdbamntum mechanical derivation these phenomena

in the next sectian



1.3RAMAN SPECTROSCOPY

Raman spectroscopy is generally utilized as a technique to study molecular vibrations,
although it is possible to obtain rotational information as w&kamansattering isusually
introducedas an inelastic collisiobetween a photon and a molecule, while Rayleigh scattering is
the result of an elastic collision. These collisions result in the photon becoming absorbed and the
molecule entering a virtual excitsthte. When the molecule exits the virtual state a new photon

is emittedwhich may be the same, lower or higher in eng¢Fagure 13.1).

Excited State

Virtual States

Vi
Vo

Anti-Stokes Rayleigh Stokes

Figure 13.1 A generic diagram for Raman scatteringgesses.

The change i n ener g)tothe differenee betweert tiee energyos |,

the initial and finalibrationalstate of the systentlastic Rayleigh scattering, happens when the



emitted photon possessthe same frequency as the incident phptong 3andsis tie most likely
result. Thee are two possible inelastic scatteravgnts Stokes and anttokes scattering. Stokes
scattering occurs when the incident photon loses energy to the molecule. The emitted photon is
then of lower frequency of the incident pbiotand leaves the moldeun a vibrationallyexcited
state Stokes scattering accounts for abmngin onemillion of the scattered photons. Ai8tokes
occurs when the molecule loses energy. The emitted photon is then of higher frequency than the
incident photon. This isrdy possible if the molecule is already in a vibrationally excited state
and results in the molecule ending invibrationalground state.SinceantiStokes scattering
requires a vibrationally excited molecule, the probability of such an event is tdorper
dependenbut is typically orders of magnitude smaller than that of the Sttkesm temperature

The magni tude of -Stpke wil berequsdleatkvighghe anly diffeenmce i
being the sign and relative intensitidsus it is only necessary to study one or the other in order to
probe the vibrational structure of a molectlee Stokes lias are usually used over the ebttokes
due to their considerably stronger intensities at room temperature. Raman scattering provides
complimentary informatiomnfrared (IR) spectroscopy in which wavelengthshe IR region of
the electromagnetic speatn areabsorbed by beingh direct resonance with theibrational
modes

This view of Raman scattering is convenient but not complefeom a classical

electrodynamic perspectivi@aman scattering can be explained by considering the indlestdc
dipole 0 ,andt he mol ec ul ar Theimdueed dipplefda systemtwill be egual to

the product of the molecular polarizabilitychanappliedexternal electridield 'O



(13.1)

CA
o

It is important to remembethat the induced dipole and electric field are vectors and the

polarizability is a tensor such thafjeation 13.1 would be more correctly written as:

(132)

ca cica
oNeNe)

However, ve will be continuing this derivation from equatids3.1 for simplicity. If the external
electric field is the result of electromagnetic radiation then the intensity of the field witirbe a
dependent oscillating function given by:

0O 'OAT1100 (1.3.3)

whereO is the maximum amplitude of the wave ands the frequencySubstituting this into

equation 13.1 yields:

0 | '0OAT100 (1.34)

The mokcular polarizabilitican be described by using a Taylor series expansibraafund the

equilibrium geometryn, of the molecule:



—a

¥ (1.15)
| | —nN8
il

—a

The first two terms in the expansion are adequate for recovering the Raman phenfvorareon
classical view point If we assumehe molecule is vibrating, the atoms will be oscillating around

their equilibriumgeometry in a way that the geometry at any given point in time can be described

by:

n nAiI0 o (1.1.6)

Substituting equatios1.1.5 and 11.6 into equatiornl.1.4 we get:

5 ;—r{]/:no 5 OAT100

(11.7)

Rearranging and applying some tmgmetricidentities the final equation for light scattering fro

oscillating molecular dipole moments becomes:

5 1 0AIO0 Z—fOATO 1 & AIO (118

An oscillating electric dipole will emit electromagnetic radiation. This sgaagredicts
that incident radiation will resubit three different scattering frequencigsd correctly recovers

Rayleigh scatteringn the first termand Stokes and arBitokes scattering in the second term.

8



Equation 1.1.8 also predictsthat only Raylegh scattering is possible unless the molecular
vibrations result in a change in the molecular polarizability, or more correctly that the derivative
of Uwith respect to q is not zerd@his is a requirement of Raman spectroscopy and results in only
certain modes being Raman active.

The quantum mechanical theory of Ransaatteringvas developed in the early 193f)s
PlaczekWe startwith a twolevel systemwith vibrationalenergy level$D andO . An external
andoscillating electric fields applied to théwo levelsystem with a wavelengttassumed to be
much larger than the molecular dimensionghe electric field is not in resonance buttéssl
inducesan oscillating dipole moment thatll re-radiate This means thathe transition dipole
moment P, is the quantity of interests its time dependence will determine the frequency of the

emitted radiation

o o : (1.1.9)

where 0 and 0 are solutions to the time depend&uhrédingerequation of the system

and’ is the electric dipole operatoOur first step then, will be to finthe functional form ofhe
wavefunctions This can be donesing perturbation theory where our perturbed time dependent

Schrédingeequation has the form:

Al (1.1.10)

where s the unperturbedround statevavefunction correlating to energy lev@l andthe



perturbation fom the external electric field will be:

O ‘“OATT (1.1.11)

If we assume that this perturbation will alter greund statevavefuntionsuch thait may be

written as

8 (1.1.12)

Then egations 11.11 and 11.12 an be substituted intequation 11.10. Expanding only to the

first order termsournew equation for the Hamiltonian is:

., o o (1.1.13)
O "OAINOG 0——

Collecting terns, the zerotforder wavefuntion can be found to be:

ro (1.1.14)

where[ is the solution to the corresponding time indepen&shtrddingerequation.The first

order wavefunction can be found to take the form:

10



rQ rQ (1.1.15)

[ andl can befound by substitution into emtion1.1.13 and the introduction of eeference

wavefunction

: 0 ( (1.1.16)
cO O 10
And
( © 0 ( (2.1.17)
¢cO O 10

where the summation is over all possible reference wavefunctions that are capable of coupling
the ground and excited stat&he reference waveifations typically correlate to higher energy

excited states. The dipole elemént is:

* @ ss & (1.1.18)

The timedependent first order correction to the wavefunction is then:

11



P © 0 0 (1.1.19)

with:

0 © (1.1.20)

For Raykigh scattering, the initidtateandfinal state of the system are the same,@e."Qfor

PFi(t):

0 6 & gs ae a $s G 0 & ss a (1.1.21)

a ss a

The firstterm haso time dependence and juspresergthe permanent dipole moment of the

molecule inthe vibationalstate . The Rayleigh scattering probability is then given by the

sum of theremainingterms:

0 & & s$ss & & ss & (11.22)

or expanded:

12



i 0 o IS o (1.1.23)

These terms are real and their time dependence is the same as that oidémd madiation.
Therefore, they represent scattered radiation at the same frequency of the incident radiation.

The Stoks and antiStokes scattering can be found when

0 6 & gs Ge @ Ss & (1.1.24)

~

0 Q 0 ss a G ss a«

Again, the first term does not contribute to scattering, but in this case is the transition dipole

moment corresponding to spontaneous emismm state © . The remaining terms are
given by:
v Q o 0 (1.1.25)
0 O
Co 1 1 1 1
Q RO © BRSO

The individual terms are now complex; in order to relate them to the classical radiation emitted by

a real dipoleKlein conditions must be applig@]. These conditions essentially tellus is

13



positive for Stokes scattering and negative for-attkes scatteringssuming the photohas
enough energy to induce the transition from© . After considering Klein conditionst can
be seen thahe first term then corresponds to Raman scattering events where it is assumed that
1 can be either positive (Stokes scatteringhegative (antStokes scattering). The second
term is usually interpreted as a two photon event.

Althoughthis discussion antheseequationsseem to imply that a scattering event is two
independent processes, one of absorption and one of emikfas ot correct ancknbe proven
on the basis of equilibrium or Dirac scattering thdd§, 20]. The previously outlined quantum
treatment is usually sufficientolwever,a more accurate derivation that treats the molecule and
electric field as a singlsystem vas outlined by Dirac, but the results are similar. The results of
the quantum treatment provide more insight into the Raman effect than the classical derivation.
First, it should be noted that Raman spectros
initial and final states musbuple through a third statd.is not impotant if the intermediate state
can be reached energetically by the absorption of a photon. AdHitidha intermediatestate
may be above, below or between the initial &inal states.lt is also predicted that if the incident
radiation is close to resonance with the third state, the Raman intensities will become arbitrarily
large which is unrealistic andan be fixed by the introduction of a damping term but Raman
enhancment by resonance is utilized in resonance Raman spectroscopy.

As a result of thi guanfitgdOh doesinotappeanirotime sdateesing | 6t
formula and there is no correlation between the intensity and selection rules for Ramadh lines.
the common energy levels are knothe selection rules can be derived only partialhyce the

existence of a common level is necessary but not sufficient to allow Raman scatfEniags

14



because calculating the Raman intensity requires a summatorthe state amplitudes and not
probabilities so intermediate states are capable of reinforcing, weakening and canceling the total
intensity for a given modeHowever, the selection rules for Raman spectroscopy can be easily
predicted using symmetryin order for a mode to be Raman active it must transform as quadratic

functions of the Cartesian coordinafg$y?, xz, etc.)

1.4LUMINESCENCE

One of the earliest reliable accounts of the study of a luminescence goes as far back'as the 17
century when Yhcencio Casciarola is attempted to remove precious metal from stone and noticed
his materials emitting a reddish ligi1]. Towards the middle of the # 8enturythe designation
phosphor began teecomegenerally accepted but it would not be until th& ééntury that Edward
Becquerel would lay the foundation for the scieatifieatment of the phenomef[iz2-24]. He
measured the wavelengths of the excited and emitted light, the duration of the glow, and the
influence of temperature. He is known to have studied the luminescence of many different
materials including uranyl salts, rubjediamonds, fluorite and calcite. It was left to Verngih)
and Lenard26,27]t o eventuall yphospglhoregd tdhfataltlhet hese
due to the presence of impurities. Around the same time Cf@8kand Goldsteirj29] started
investigating luminescence using cathode faysn excitation source.

Fluorescence was possilibserved much earlier than phosphorescence in solutions used

in pharmaceuticshowever, most scientists were of the opinion, even into the 1800s, that
fluorescence was not a unique phenomenon but # sdiffusion and dispersion of incident

light [21, 30, 31]. In 1852, Stokes was able to finally demonstrate fluorescence as a separate

15



property by showing that the wavelengththe emitted light did not need to be containedhzy
spectrum of the incident bedB2]. He chose to name his discovery fluorescence after the material
fluorspar which fluoresces very brightly.

Luminescence began to play a larger role in scientific research during tthledasle of
the 19" century. Fluorescent screens were used in idtievspectroscopy cathode and canal
rays were investigated with their help. The use of fluorescent screens also led to the discovery of
X-rays. Cathodoluminescence was the most important method by which G88kand
Boisbaudrar{34] discovered and were able to separate rare earth metal. Their series of papers
provides the first example of luminescence applied to chemical an@ykis

It would be sometime before the application of luminescent material would find their way
out of the laboratgr and into commercial industry. In 1928, Pringsheim wrote an article in
AHandbuch der Physi kd wher e hel[35.|Apiedicdoththdt] uor e
would not hold up as fluorescent bulbs became very popular after the invention of the hot cathode
gas discharge tube.

Luminescence is now separated into many different distinguishable phenomena:
chemiluminescengeelectroluminescence, photoluminescence and mohe. general, these
categories are distinguished by the source of excitationthis@issertation we will be concerned
only with laser or light induced emission. The broad term for this phenomenon in
photoluminescence. More specifically we will be using the term fluorescence to distinguish from

the possibility of phosphorescence.

16



1.5FLUORESCENCE

The simplest modeling for thabsorption and emission of light by a molecaé be
developedby the use ¢ Einstein coefficientsvhich areassociated witheach process The
coefficients represent thaate constantasndthey are based dine spontaneous and stimulated
emissionand stimulated absorptiaf light, Figurel.5.1 The absorption coefficient is signated

as B, stimulatedemission by B: and spontaneous emission by AThese rates are given:by

s I Q. (15.1)
a6
5 _9 (152)
e (15.3
° T 0

where™Q is the oscillator strengiffis the elementarghargeof the electron, is the frequency,

wis the speed dfght and— is the Boltzmann distributioThese equations have several important

consequences. First, it can be seen that the ratio of spontaneous emission to absorption is
proportional to the cube of the frequency. This means that as the frequency ispoedareous
emission will compete more effectively with stimulated emission. This is important because it
means the influence of stimulated emission can mostly be ignored whenkT , as is the case

for visible light at room temperature. The propstof stimulated emission are the same as the
incident radiation and so are not of interest.
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Figurel.5.1 Diagram for Einstein coefficient®etween two electronic states

Figurel.5.2provides a more realistic image of the absorption arehmssia of light by
a molecule. A system in its ground state may absorb a photon and transition into an electronic
excited state. In general, a system is not excited to the ground vibrational state of the excited state.
In the gas phase, the molecule willdk relax directly back down to the ground electronic state.
In condensed phases the molecule will undergo vibrational relaxation due to collisions before it is
capable of relaxing back to the electronic ground state, resulting in the emitted lighafdeugr
energy than the incident radiation. The system need not relax directly dothe ground
vibrational state of the ground excited state. Multiple transitions from the ground to the excited
electronic state and from the excited state to the gretecttronic state will be allowed as a result
of the intermediate vibrational and rotational energy levels of each state. The result will be a

considerable broadened spectrum for the emission and absorption light.
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Figure 1.5.2 Diagram of fluoresagce with absorbance shown in purple, vibrational relaxation

shown in black and emission shown in yellow.
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There aretwo other important modglto the understanding dfuorescenceand Figure
1.5.2 Fermi 6s Gol deiCondon bverlapppnnglp.t~-lee mFioan Glo |l den r u
derived using perturbation theory in a similar manner as the formula for Raman scafférng.

equationprovides information about the transition probability, o , from one state to another:

5 C“ ‘ :D O (154)
' |

wherg is the frequency corresponding to the energy difference of the initial and final state and

is the transistion dipole moment given by:

S (155

The significance of this equation is that the transition probability is linear in time and therefore the
transition rate is time independent. Equatidh4dmay be altexd by replacingthe square of the
amplitude of the electric field withtarm proportional to the density of photons and by replacing
the delta function with the number of states per unit energy. With susitutions, the rate of

emission.Y , is found to be:

¢ X ocha . (1.5.6)
; @]
T2 T W

From equation 1.30, it can be seen that the ratpaitaneousmission is dependent on the energy
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difference between the initial and final state.

The FranckCondon principle describes the probability of transition betweerl@adronic
states based on the vibronic progression of the two states. It predicts the most likely transition will
occur when the wavefunctions of the initial and final stét@ve the largest vibronic overlap.
Thought of another way, the Fran€london pinciple predics there will be no change in the
nuclear geometry during an electronic transition. This is because the change in shape of the
electronic wavefunction will essentially be instantaneous compared to the speed of the nuclei,
which will feel the new electric field and eventually reorient to the new equilibrium geometry.
The FrankCondon principle mandates that electronic transitions are always drawn vertically on
Potential energy surfaces, as the x axis represents the position of the nuclei.

In spectroscopy, parts of molecules are often referred to as chromophores or fluorophores.
A chromophore ishepart (or moiety) of a molecule responsible for its coloany (Figurel.5.3)
When light is absorbed by the chromophore, the resutiimgarmational changeesults in the
molecule entering an excited state geoméityomophoresftendo not cause color by emitting
light but by absorbing light (e.g. something that absorbs red and blue will appear ¢nebekse
cases, the absorption oftigexcites electrons to higher energy levels but the electsdaxto the
ground state without releasingnyaphotors (e.g. by giving off the excess energy as heat or
transferring the energy to another molecukefluorophoreis thecomponent of a moleceilwhich

results in the remission ofight or in itsfluorescece
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Figure 1.5.3An examplemoleculewith the corresponding chromophore highlighted in red.

1.6 NONCOVALENT INTERACTIONS

Chemistry is often studied from molecular approach with heavy emphasis on the study
of covalent bonding. The nature of the covalent bond has been studied for almost a century and
we are now beginning to understand it frbothan experimentadnda theoretical point of view
Unforturately, a description of a molecule that is dependent solely on covalent bonding is only
accurate if that molecule is isolated in free space. Under most conditions, molecules interact with
each other noncovalently and these interactions affect the pegpeftithe systemAlthough
noncovalent interaction have also been studied for a long time, thggreeallymore difficult to
study due to themall magnitude of thie effectsrelative to covalent bondingNoncovalent is
sometimes used as an umbre#iant to include metallic and ionic bonds, but in thissertation
the term is ged to be more synonymous withrvder Waals interactions and does not include
other fundamental intramolecular bonds (metallic, ionic, dative) but instead intermolecular forces
e.g. London dispersion, dipetépole and hydrogen bondingNoncovalent interaction between

molecules are capable of greatly affecting the photophysics of a system.
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A covalent bonds usually described by molecular orbital theoryhasresult of thewerlap
of the wavefunctions of two systems. This overlap can be either constrstteregthening the
bond between the systerns deconstructivewhich results in aveakeningof the bond The
overlap is usually greatest between atoms at distances aofirahd is generally negligible at
distances greater than 4[86]. In contrast, noncovalent interactions @tend todistances as
large as 100 A36]. The attractive (or repulsiveature of noncovalent interactioase primarily
the result oklectrostatis, but magnetic properties can also play a,rdispersion, induction and
the Pauli Exclusion PrincipleWhen considering pure ekegstatics, lhe permanent and induced
electric multipoles of a molecule are generally the properties of intanestnly interacions
between charges (monopoles) and dipoles are significant enough to consider.

Noncovalent interactions are usually brokkrwn into London dispersion forcedipole-
induced dipole interactionsyteractions betwegmermanent dipokand hydrogen bonding, which
is a special case of the permanent dipdlendon dispersion forces ausually explained athe
result of the dynaras of the electron cloud around a molecule. Statisticediytain parts of a
molecule will temporarily have greater or less electron density causing a momentary and small
induced dipole that may attract similar ppbenena in neighboring molecules; howeveondon
forces are more accurately describes as the result of intermolecular electron correfation.
molecule with a permanent dipole may induce a dipokeneighboring molecule simply by being
in close proximity. The induced dipole will be oriengeth that there is attraction between the
two moleculesthis is only possible in heterogeneous mixtures and is especially pronounced in
systems possessing chargeBvo neighboring molecules with permanent digoMll also re

orient in such a way that tree will be an attractive force between thgwen they are not
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geometrically constrained frore-orientating

Hydrogen bondingsigenerally separated from other dipdigole Although hydrogen
bonding can be broken up into strong and weak hydrogen bonds where weak idrodgehave
attractive forces on the order of other noncovalent interactions. Strong hydrogen bonds are the
result of a hydrogen atom having very little electron density because indedbdo a very
electronegtive atom such as oxygen. The relatidalge charge separation is a permanent dipole
that strongly attracts other molecules with hydrogen bondihg.reduced electron density around
the hydrogen atom significantly decreases the Pauli repulsion and allows for the hydrogen to come
into a much Ioser proximity. Since electrostatics follow the inverse square law, this reduced
distance greatly increases the strength of interaction when compared to otherdigipiele
interactions and results in hydrogen bonding distances comparable to covakrdisiances,
around 2 A. The effects these noncovalent interactions have on a system can be enmanced o
mitigated by changing other environmental factors such as temperature and pressure.

The noncovalent interactions present in a system can fasadlitanges in the systems
properties from a single isolated molecu@onsideing Figure1.6.1, at the top of the figure is a
single isolated trimethylamine -bixide molecule (TMAO). It seems clear that this isolated
molecule is not going to be chemicaltentical to the bottom two images of a TMAO molecule
interacting with either water or methanblt it is common in chemistry to ignore the effects of
solvents on a system. Even though noncovalent interactions are generally small and often
neglected, theywre capable of drastic effeatmder the rightertain circumstances. When the
photophysics of a molecule are altered significantly by solvent effects the molecule is referred

as being solvatdhromic.
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Figurel.6.1. Structural difference between agie TMAO molecule in space (top) and one

solvatedn water (left) or methanol (right).

Themagnitudeof nancovalent interactions do not need todsdarge as covalent bonids
order for them to be significant. Noncovalent interactions are responsiblar fvarious
supramolecular propertieshat allows molecules tccrystallize, change phase and self
assemble.The study of noncovalent interactions plays a major role in the design and synthesis of
new materials capabl e of I|d&cthd understanding roforhagyd a n d
biological systems.The hydophobic effecthydrogen bondin@ n dstackingall play a major
role in the structure and function of proteins and are responsible for the iconic double helix shape
of DNA. Properly understanding the effects of noncovalent interactions has led researchers to
advance fields such as drirgnsport and moleculagcognition. Advances in selassembly have

given rise to new candidates for constructing organic photovoltaic devices, such as solar cells and
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light emitting diodes (LEDs).

How exactly noncovalent interaction will affect the jpecties of a previously isolated
molecule can be difficult to predict. Molecular vibrations are usually perturbed but by both
increass and decreasdan frequency depending on the nature of the system. Similarly, changes
in electronic transition are notvedys consistent. Noncovalent interaction may stabilize or
destabilize either the ground or excited state geonoetiopth resulting in either bathachromic or
hypsichromic shifts in the corresponding absorption and emission spectra.

Modeling the effect®f noncovalent interactions is also challenging. It is not feasible to
accurately model an entire system containing moles of solvent molecules. Instead the most
common approaches wutilize either a Onearest
molecules in direct contact with one another contribute significantly to the properties of the over
all system, or a dielectric continuum, where the electric properties of a solvent network are
mimicked by a continuous electric field. Since much of thekworthis dissertation is done in

condensed phases the effetlocal interactions between moleculedl be of great importance.
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CHAPTER 2

EXPERIMENTAL SETUP AND DESIGN

2.1RAMAN SCATTERING

The typical light source for Raman scattering expentsés a lasesincelasersare capable
of producing powerful monochromatic light. Although any wavelength of light should be capable
of producing the Raman effect, the 514 nm line of anidxr laser was chosen for the experiments
done in this dissertatn. This line was chosen because it is in the middle of the visible spectrum
wherethe CCD and photomultipliedetectos have their highest quantum efficiency and also
because it is the highest power line produced by the [Bserdifferent Raman scatteg set ups
were used for this work.

In the first, he beams reflected by two mirrors and théomcused oto asmall mirror inside
afilter cube inside aikon EclipseTE2000U inverted microscopelhemirror reflects the light
beam to the sample at a righngle.The beam is then focused onto the sample using a 10x
microscopeobjectivewith numerical apertur®.25 The resulting Raman scattering is focused
back to thdilter block containing thenirror. Since the mirror does not take up the entiretynef t
area on the filter block, most of the refocused light is able to pass directly through instead of
becoming reflected back out of the microscope.

The scattered light is redirected by anotimeirror into a Princeton Instrumentécton
SP2500 triple grating monochromatqr which is equipped with 2400 grooves/mm, 300
grooves/mmand 150 grooves/mm gratings. Thatggs diffract the beam into a narrow band of

wavelengthslike a prism,which is then directed ontoRroEM chargedcoupled device (CCD)
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cameraThe photo currergroducedrom each wavelength section is then measured at the detector.
Finally, the measured data can be saved and evaluated on a computtreudingSpec software.

The software must be calibrated so it can properly correlate vertical column iCbhar@y to

the correctwavelengtls. This is typically done using the mercury lines of fluorescent lights.

diagram of this set up is shown in Figiré.1
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Figure2.1.1 Diagram ofCCD basedRamanspectrometer

The second Raman set ugdimes a scaning Raman instrument, tl®bin YvonRamanor

HG2S (Figure2.1.2). The set up for this instrument is identical until light reaches the
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monochrometer. This instrument uses a dual grating monochrometer with two 1800 grooves/mm
gratings which separate anidatt the scattered light through a slit and into a photomultiplier tube.

The mirrors in the instrument rotate to let different wavelengths of the diffracted light reach the

detector.
Sample Half-Wave Plate .
\ Mirror
O | AN
Line Filter
Mirror \

Grating

7

Exit slit

Scanning LASER
Spectrometer

Figure2.1.2 Diagram of scanning Ramapectrometer

In Raman pectra, the intensity of measured Raman scatteribypisally plotted versus
the Raman shift. Raman shift is defined dhe difference between the measured frequency of
scattered light anthe frequency of theacident light beangin this case the 514.5 nlme). This

is important becausthe resultingRaman spectra are independent of fileguencyof the light
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sourcesince the frequency of the source is subtracted Dlé Raman shift is gien asa change
wavenumbes (qem?®) which are inversely proportional to the wavelengtind directly

proportional to energy

2.2FLUORESCENCE

The fluorescence spectrometer used for the research presented in this dissertation utilizes
the same set up as tE€D based Raman set,Upigue 5 Multiple laser lines produced by an
Ar*ion laser, a KfAr* ion laserpor one of twasolid state pulse diode lasers were used as excitation
sources. The resulting data was analyzed using the WinSpec program. Unlike in Raman
spectroscopy, fluorespee spectra are typically plotted as intensity as a function of wavelength in
nanometergnm).

Since the CCD array is of finite size it does not necessarily detect all of the scattered light.
This is not a problerfor the Raman set up because the Rasigmaltypically ranges from 100
3500qxn?t, which is an acceptable small range for the 150 groove/mm grating and CCD camera.
However, broader emission spectra may range over 100 nanometers, which is too large for all the
diffracted light to fit on the CD array. In this case data must be collected multiple times at
different location in the emission spectrum and then spliced together to form one cohesive
spectrum over the entire desired range.

Another consideration for the fluorescence set up is teetia dichroic filter as a mirror
instead of the small mirror in the Raman set up. The dichroic acts like a mirror for wavelength
shorter than some cut off value (our current dichroic cut offs in nm are 425, 515, 535 and 585) and

allow light with a wavetngth longer than the cut off to pass through. Dichroics have many
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benefits, including blocking out a majority of the excitation intensity, but also have a downside.
Ideally the reflectance/transmission of a dichroic filter would be a perfect step fuattioe cut

off value. However, dichroic filtsrare not perfecandthe rdlectance varies after the cut off
wavelengthwhich can result in artificial peaks in the fluorescence spectrum. Fortunately, artificial
structure created by the dichroic filters can bed#id out using a source of white light.

One last consideration ftine fluorescence set up is etaloniAgnearlR wavelengths, the
silicon that CCD's are made of becomes increasingly transadthte kack surface, where light
interacts with theCCD is typically coated withantireflection. These coatings are not perfect and
their effectiveness varies by waveleng#t.wavelengths where silicon is transparent enough that
light cantravelthe thickness of the CCD several timglight will reflect back and forth between
the two surfaces.This resultan the light selfinterfering and the resulting fluorescence spectra
will have unwanted structure as a restiliere is little that can be done to remove etaloning effects
since itis a consequenceoéth CCD camer ads desi gn. However,
to the monochrometer, effectively reducing the resolution, can reduce the effects. Etaloning is

only significant at longer wavelengths.

2.3FLUORESCENCE QUANTUM YIELDS

Fluorescent quagum yields were collected with one of two methods: absolute quantum
yields for solids and relative quantum yields for samples in solution.

The excitation source for absolute quantum yield measurements was the white light from
Xe arc lamp, which was pass#uiough a monochrometer to obtain monochromatic light ranging

from 350800 nm. The light was then collimated using a telescope and focused onto a sample
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inside an integrating sphere.

Both the reflected source light and the resulting emission refféthe wall of the integrating
sphere and become isotropically distributed. A small amount of the light inside the sphere passes
through a hole and is guided by a fiber optic cable into the Princeton Instruments Acton SP2500
triple grating monochromatofThe emission spectrum of the sample as well as the intensity of the

source beam are both deteGtEdjure2.3.1

Fiber Optic Cable

Reflected Light

Incident Light

Figure2.3.1 Schematic of thenside ofanintegrating sphereeflecting light.

The quantum yield of a molecule is traditionally idetl as the fraction of eied
molecules that emit lighi87]. However, it is far more common to define the quanyield as the

ratio of emitted photons to absorbed photons:
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(23.1)

It should be noted that thesefuhitions are not equivalenbut it isconsiderablynore tractable to

detect the amount of absorbed and emitted phatodghis has become the standatalculating

the quantum yield of a sample then requires a minimum of two measurements: ongh# just
excitation source and one with both the source and the sample. The decrease in intensity of the
excitation source can then be calculated and compared to the integrated fluorescence of the sample.
It is important that the excitation intensity does floctuate or change focus in between
measurements. Quantum yield measurements are very sensitive and uncertainties on the order of
10% areexpected.

Since the excitation source must be directly detected for absolute quantum vyield
measurements, thiean be difficult to calculate for samphaith very low quantum yields or poor
absorption. In these cases relative quantum yields may be calculated.

Relative quantum yields rely on the comparison to a known standard with a previously
found quantum yield The absorption and emission of the sample are then compared the absorption
and emission of the standard in order to determine the quantum $ielde quantum yields are
wavelength dependent, this methreduires the standard to have similar opticapprtiesas your
sample. In the solution phase it is also important to reduce the probability-albsetption. This
was achieved by ugg the optically dilute methofB7]. Therelativequantum yield can then be

calculated by:
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o 8 _ (23.2)

wheree ande are the quantum yields of the sample and referé@ce,and™O are the
integrated fluoescence intensities of the sample and referénce,ando are the absorbance
of the sample and reference at the excitation wavelength;- andand—  are the indices of

refraction for the sample and reference.

2.4FLUORESCENCE LIFETIME MEASUREMENTS

Fluorescent lifetime measure measurement utilize the same initial set up at the fluorescence
measurements detector and excitation sources being different. The excitation source for
fluorescent measurement must be a pulsedce Typically a pulse width of less than 1 s
required in order to accurately measure fluorescent lifetimes. The pulse afiditie two pulse
diode laser in this set up dvethless than 150 ps. A pulsed source is required in order to correlate
photonsin time by triggering the start and end of data collection

The fluorescent lifetime measurements do not utilize a monochrometer to separate the
emitted light but instead all of the emitted light is redirected into a singleopleaiuntirg
avalanchephotodiode (APD). The photocurrentgeneratd at the diode is processed by a
picoquan® photon counting car with approximately 60 ps of jittdihis, unfortunately, means
the system provides no information about the wavelengths of light being detedtad;dmbe
used in conjunction with the standard fluorescence set up to obtain a spesti@ematic othe

fluorescent lifetimeset up is shown in Figuz4.1
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Figure2.4.1 Schematic of fluorescent lifetime experimental set up.

The data acquisdn is controlled using a LabView® program with monitors and estimated
the decay curves in real time. The data is then saved and analyzed using the @ceoftaate
package. The sensitivity of the detector requires that as much background light siblpdse
removed before the experiment is started; however, since most light sources are not time
correlated, excess light merely results in a large and unwanted background atl afict the

calculatel fluorescent lifetimes.
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2.5DIFFUSE REFLECTANCE

Diffuse reflectance measurements may be considered the solid state equivalent of
absorption spectroscopiffuse reflectances the isotropic reflection of light in all directions off
of a surface as opposed to specular reflectance in whidigkhes reflected at only one angle.
Since absorption mearement require the sample te tsansparent they cannot be perform on
most solids. Diffuse reflectance is the alternative and it measure the degree to which light is
reflected by the surface tdfe sample. This set up again utilizes the integrating sphere and Xe arc
lamp.

White light, with similar spectral features as the siwom the Xe arc lamp is collimated
and the guided to the integrating sphere using a fiber optic cable. The lightsefi the sample
and is isotropically distributed by the surface of the integrating sphEne. light then passes
through a small hole and is guided by a second fiber optic cable into the monochrometer and finally
to the CCD camera. Diffuse reflectamequires two measurements. This is because the reactance
of the sample must be compared to 100% reflectance. This is accomplished using a highly
reflective standard, spectralon®. The percent reflectance of the sample is then a simepfe ratio
the samfess intensity at each wavelength to the intensity of the standard at each wavelength. The
percent reflectance, denoted as R, can then be used to calculate the diffuse reflectance of the sample

using the KubelkaMunk theory of reflectance:

e Y (25.1)

whereR is the absolute reflectance of the sample la/esrthe molar absorption coefficient and s
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is the scattering coefficient.

2.6 SINGLE MOLECULE SPECROSCOPY

Single molecule spectroscopy is usethis dissertatiomo study photophysical properties
of singlemolecules that are building blocks for energy and charge transfer applic&iogke
molecule spectroscopgllows for the heterogeneity of molecular properties to be elucidated.
Singlemolecule spectroscopic taglques have proven to be a valuable spectroscopic method in
recent years to investigate chemical, physical and biological phenomena and for elucidating
structurdand environmental informatigd8i 51]. The advent of single molecule spectroscgpy
rather ecent with the first single molecule fluorescence detection in 1990 [44,52].

The set up for single molecule detection is the same as the fluorescence experiment except
a 100x objective with numerical aperture of 1.4 is used instead of the 10x obj€hts/&s an oil
emersion objective and its use opens up two different possible alignments for sample excitation:
Epifluorescence and total internal reflection (TIR), Figu&l The TIR mode utilizes nedield
evanescent wave generated at the slidepkanmterface for excitation. These waveo not
penetrate as deeply into the sample and as a result the TIR mode often provides cleaner images of
the sample.

Sample must be prepared differently for single molecule spectroscopy. First cover slips
are plama cleaned and all reagents must be spectroscopic grade. This ensure that signal is not
coming from contamination. Samplare typically isolated by being dispersed into an inert
polymer matrix of Zeonex®. This isolates the molecules and prevent tbemirfteracting with

their surroundings. Of course, there is still some degree of interaction between the molecules and
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the polymer. Samples need to be uttitate, roughly 1 M or lower.

It can be difficult to know if single molecules are presenthi sample or not. The
properties of single molecule are different than of bulk sample and this difference can be used help
identify correctly manufactured single molecule samples. The most notable property of single
molecules is blinking. Molecusavil| absorb and emit light but will occasiohabecome trapped
in 6darkdé states and not emit for a short per
of single molecules will also be much sharper ttiatof the bulk sample. The only way to truly
know whether your sample contaimssingle molecule is to perform photon abtinching

statistics.
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Figure2.6.1 Thea) epifluorescence vs. liptal internal reflectioomodes of the microscope use

for single molecule spectroscopy.
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CHAPTER 3

COMPUTATIONAL MODELING

3.1INTRODUCTION TO HARTREEFOCK THEORY

The ultimate goabf computational chemistry is to accurately model chemical systems and
predid their observable properties. ldeally, this would be accomplished by directly solving the
Schrodin@r equatiorin order to obtain an exact wavefunctiobnfortunately, he Schédinger
equation can be solved exactly for thelrogen atom, thil>* molecule(but not analyticallyjpnd
iso-electronically similasystemsFor systems larger thangbeCompuational chemistry is forced
to rely on methods that approximate the real wavefuncti@omputational chemists utilize a
variety of theoretical methods achieve this bypproximating the potential energies between
electronsand nucleiOne method foeppoximatingthe Schédingerequation for larger systems
is the Hartred~ock Method 38, 39].

The HartreeFock method relies on several assumptidhefirst of these asumptionss
the Born-Oppenheimer approximatiolhe Born-Oppenheimer approximation was one bé t
most importandevelopmentsn solving the Schidinger equation. It was proposed in 1927 by
Max Born and J. Robef@ppenheimef40] andassumeshe wavefunction of a molecutanbe
separated into thelectronic and nuclear portion€onsider the total nerelativistic time
independent Hamiltonian operator for an arbitrargiecule written in termsf the kinetic and

potentialenergy of the nuclei and electrons.

0 YOY @ h O (3.1.1)
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Where"Yrepresents the kinetic energy operatorepresents the potential energy operator
and the subscripts and Qrepresent the nuclei and electron. In a systemposed of multiple
nuclei and/or electrons each term must be a sum over the possible unique combinations. The Born
Oppenheimer approximatidakes advantage of the relative masses of nuclei and electrons. Since
nucleons are approximately 2000 time morassive than electrons, if the system is in thermal
equilibrium, the electrons must be moving considerable faster than the nuclei. The result of this
is the electrons moving around in what is essentially a field of fixed ndtlsiapproximation
allowsfor thekinetic energy of the nucléely, to betreated as zer&ince the nuclei are not moving,
the repulsion between the nuclei, , may be treated as constantAny constantadded to an
operator only adds to thesultingeigenvaluesand has no feect on theeigenfunctions. As a
consequence, this approximation considerably lessens the difficulty of solving the Schrodinger
equationThe remaining terms of equati8riL.lare called the electronic Hamiltonianddescribe
the motion of edctrons ina field of point chargesNow we can rewrite the Schrodinger equation

in terms of just the electronic Hamiltonian as:

O 7T O T (3.1.2)

Where'O is:

O Yoo 0 wéEEi O0WEO (3.13)
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The nuclear repulsion energy must then be added back in order to find the togsl ene
This results inthe total energy depending parametricallythe nucleaposition, andallows for
the construction gbotential energy surfas¢PESs) for aquantum system.

The next assumption requiredasapproximate the solution of a mabgdy prdlemwith
awavefuntion of N electronas the product of N orelectron wavefunctions, referred to as the

Hartree product

rQRBQ T Qr Q 81 Q (3.14)

WhereQ, 'Q, etc. are the coordinates for electron one and electron 2 (usually cartesion).

This approach ishot exact and one of its major failures tlsat it differentiates bdeveen
indistinguishable electronSince electrosobeyFermi-Dirac statistics,le wave function must be
antisymmetriand obey the Pauixclusion Principlei.e.thechangeof signs é any two electrons
will also result in theexchangeof spatial and sp coordinateandno two electrons can occupy
the same spin orbitalA new wavefunction may be constructed with these properties by taking the
determinant of a matrix of spin orbitaEsxpressing the wave functiamthis way is callec Slater

determinat:

.0 Q E ..Q (3.15)
P .. Q Q E ..Q
B Y & E &
.. 0 Q E ..Q
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The number of electrons in equati®a.5is denoted by. Spn orbitals are represented by
...and electrons are denoted'@yin parenthesisTheconsequences of théagr determinant are
thatif any two electrons exchange spatial and spin coordinates, two rows of the Slater determinant
swap changng the sign of the determinant arfdwo electrons occupy the same spin orbital, two
columns in the matrix are identical resulting in a determinant equal to zero.

Thebasis of thdHartreeFock (HF) methods tousea single Slater determinant and
optimize te spin orbita by minimizing the total energin order to solve for an approximate
solution to the Schrédinger equatioithis optimization procedure is made possible due to the
variation principlewhich guarantees thtie Hartreg~ock energy will alwgs be higher thathe

true energy of the system:

(0 0 (3.1.6)

In 1951, Roothaan demonstratkd ability to transfornthe differential HF equation canto a set
of algebraic equations using known spatial basis funcfhs42]. TheHartreeFock Roothaan

(HFR) equation in matrix fornis:

1F-1F (317)

WhereF is the Fock matrixC is a matrix of coefficientsS is the overlap matrix, andis
a diagonal matrix of orbital energies. THER equation must be solved in an iterative manner. An

initial guess is made for the spin ortstand equatio.1.7 is solved producing a new set of spin
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orbitals. The new set of spin orbitals is usedepeat the procedure until a neadgntical set of
orbitals is produced as determined bgreset threshold This isreferredto asa selfconsstent
field. The HFR equation was a major breakthrough in computationally chemistry because it allows
for the use of basis functions over a purely numerical technigoies functions, aginally, Slater

type orbitals (STOg@3] of the form:

« 80 (3.18)

were used, but eventually Gaussian type orbitals (GT43s15] of the form:

e 00 (3.19

became more popular becawsehe Gaussian product theorem which greatly sineglimany of
the integrals while still offeringlgebraic solutioeto many of theproblemsencounteredvhen
attempting to solve to HFR equatiofnhe accuracy of the HFR equations can then be scaled based
on the size and form of the basis functions usdith an infinitely large basis set representing the
exact solutiorand known as the complete basis set limit

The modern formulation of thédF method incorporates minimal correlation between
electrons with the same spin by obeying the Pauli Exclusion plendCorrelation energy is
defined as the difference between the exact nonrelativistic energy and the HF energy when the

basis set approaches completendssHF limit).
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3.2RECOVERING ELECTRONCORRELATION ENERGY

The Hartreg~ock methd recovers around 99% of the total energy of a molecular system.
However, the remaining 1% can be on the order of the energy of a covalent bond. This results in
HF theory not being an adequate approximation for most mialesystemsince the omission of
energy on the scale of a covalent bond can be quite signifloatéad posHF methods which
recover more of the electraglectron correlation energy must be employ€de HF method
determines the most energeticallydeablesingle determinanwavefunction; howeveglectrons
of opposite spirstill remain uncorrelatednder HF treatmentMost methods designed te@cover
the remaining uncorrelated energiese the HF wavefunction asstarting pointthenintroduce
excited determinants that are formed éxciting electrons out of the reference function and
forming excited wave functions of various excitation levels (singles, doubles, triplesTle¢c).
new wavefunction is theaxpressed asweighted averagef the orignal HF wavefunction and
the new excited wavefunctiong he three most widely used pd3$F methods are configuration
interaction (CI), mampody perturbation theory (MBPT) and coupled cluster ((D€dry.

We will look at configuration interactioginceit is the most conceptually simple of these
methods. Calso remain variation so the calculated energy will always be greater than the real
energy. It is, however, a very computationally demanding methéd. long as the HF
wavefunction3 is a reasonable approximation for the new CI wavefunctionthen it can be

used as a starting point. The new wavefunction is then:
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(3.2.1)

Where each excited state wavefunction has a correlated coefficient. The coefficients are then
solved for byvariational optimizationvith respect to the electronic energyBPT and CC theory

are conceptually similar but the new waveftions are constructed differently.

3.3DENSITY FUNCTIONAL THEORY

Density functional theoryl{FT) based methods are widely accepted because of their low
computational cost and goadcuracyrelative to HE DFT originates from the Hohenbekgphn
theoren[46, 47], whichdemonstratethat the ground state energy can be determined completely
by the electron density. So thasea oneto-one elationship between the electron density of the
system and the energyCurrent DFT methods usually approximately partition the electronic

energy into severglarts:

'O ” "Y” (b ” l’) ” 'O ” (3.3.1)

Where” is a function of theelectrors ard is the electronlensity,”Y” corresponds to the kinetic
energyfunctional w” corresponds to the nucleakectron potential enerdynctional 0" is the
classical electromlectron repulsion energfunctional and O” is the exchange corrdian
functional. The first three terms in this expression are known exactly but the exchange correlation

energy must founthrough various approximatiorsénce its exact form is not knowrCommon
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expressions include the constrained search formulatiotharatiabatic connection.

In DFT methods, la terms except the nucleauclear repulsion aréescribed bya
functional ofthe electron densifyiowever, the construction thfe approximate density functional
" is the kewdifficulty and primary workof developing DFT methods'he beauty of DFmethods
is thattheir computational cosies somewhere in between ab iniwethodsand semiempirical
methodswvhichrely on experimental results. Ttalows forDFT methodgo provide surprisingly
accurate results with relatively low computational demand

In this work the B3[48] exchange functional along with the LY[9] correlation
functional are usedeferred to as the B3LYP methakhe originaBecke88 correctiorfunctional
is based on the geralized gradient approximati@ndLee, Yang, and Parr suggested the use of
a gradient corrected correlation functional whitye parameters afé to an ab irtio calculation
on the He atonj49]. When using thé3ecke88 exchange functional with the LYP correlation
functional you get the BLYP DFmettod. This method was one of thestiDFT based methad
to be a signittant improementoverHF for molecular calculations. Whening the B3 exchange
functionalwith the LYP correlation functional you get the B3LYP methodhe B3signifies a

three parametdrybrid functionakthatmixes in the HF exchange energy (exact exchange). B3LYP

is one of the most widely us&FT based methods.
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CHAPTER4

CHARACTERIZATION OF MATERIALS FORSOLAR TECHNOLOGY

4.1 MATERIALS FORSOLAR TECHNOLOGY

The inception of solar technology starts in 1939 when French phy&siisbnd Becquerel
discovered thghotovoltaic effecby observinga photocurrent when platinum electrodes, covered
with silver bromide or silver chloride, was illuminated in agueous sol{dn This effect would
be further explored and Willoughby Sm|il] would publish a paper in Nature in 1873 describing
the effects of lighon seleniumas would Adam$52] in 1876 Hermann W. Vogela professor of
photochemistry, spectroscopy amdhotography at the Konigliche Techniscli#ochschule
investigatedthe sensitisation of silver halide emulsiongh dyes, finding the photoresponse
significantly extended towards the redames Moser wouldter confirm his work in 1887 with
the development of the first dye sensitized solar cell using afdBje A few years earlier, the
first solid state photovoltaic cell was built by Charles Fritts by coating selenium with gold. It
would not be until 1946 thaRussell Ohl received the patent for theodern pn-junction
semiconductobasedsolarcell.

The first inorganic solacell was developeth 1954 at Bell Laboratorid®4]. However,
organic semiconductors are a less expensive alternativiaotganic semiconductors made
primarily from silicon This is becauserganic molecules can be processed by techniques not
available to crystéihe inorganic semiconductof585]. There are three major organic based solar
technd ogi es currently C 0 mp e {sengitiged solar cells doEyanit s ma

photovoltaics and perovskites. The research present in this chapter focusgeseansdized solar
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cells(section 4.2) and organic photovoltaics (sections4453 and hasesultedin the publication

of four papers:

4.2

A. J. Huckaba, F. Giordano, L. E. McNamara, K. Dreux, N. I. Hammer, G. S. Tschumper, S. M.
Zakeeruddin, M. Gratzel, M. K. NBaseck Bonowsdhsl |, ar
Organic Sensitizer CompodaforDyeSensi ti zed Sol ar Cell s, 0 Adve

201401629 (2015). DOI: 10.1002/aenm.201401629

4.3
L. Xu, V. R. Mand a, L. E . Mc Namar a, M. P. Jah.
Synthesis of PerylenediimieRridged Silsesquixane Nanoribbons and Their Electronic

Properties, 0 RCS01AN(2084h D@I:510.103D/CARAWB260DH

4.4
F. Begum, J. Fergusona, K. McKenna, L. E. McNamara, N. I. Hammer, and H. Rathnayake,
APr epar dAype Semicoaducting Polymer Nanoasdy Covalent Synthesis Followed by

Crystallization, 0 New -200201baDOIl: &0E1038/64NHIDISEAr v, 3

4.5
H. Rathnayake, N. Wright, A. Patel, J. Binion, L. E. McNamara, D. J. Scardino, and N. I. Hammer,

ASynt hesi s a riah ofC HPaly(3dexylthioplhenedunctionalized Siloxane
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Nanoparticl es, 63218 £018)sDOh 104039/G3NR33229B 2

4.2 INDOLIZINE BASED DONORS FOR DYE SENSITIED SOLAR CELLS

Dye-sensitized solar cells (DSCs) have undergone continuous improtesiae their
introduction in 1991[56]. Since thisintroduction dye-sensitized solacells have undergone a
systematic developmeint order tobecomecommercially viable alternatives to therrentlymore
popular silicon based solar cell®SCs have alreadpund a home in thsolar energy conversion
industry because of thkigh solarto-electric power conversion efficiencies (PCEkgy are
capable of attainingndtheir promise ofelative affordability when compared to other solar energy
alternativeg57, 58]. Despitesometremendous succegbgre are still a number &y aspectof
DSCswhich requireadditional improvementsefore they are commercially competitivecluding
conversion of aarIR (NIR) phdons andheprice of sensitizedyes[59]. DSCs are ften cited as
costeffective alternatives to methhsed sensitizenshich require expensive rare earth metals
and the development of organic sensitizersbieenthe key focusfor improvingthe sanding of
DSGCsin the solar energy markgs8]. These sensitizaestyeshaveshownremarkable tunability
and demonstratetthe abilityto utilize NIR photonof up to 1000 nnior solar to electric energy
conversion[60]. The continuous improvement of organic dye sensitizers has IB&@s with
PCEsgreater thai 2%, unfortunately PCEs of around 18% are required before DSCs will become
a cost competitive alternative enef@y].

The most common organic dye structiwe DSCs utilizesan electron rich donor and an
electron poor accépr linked by a° conjugated bridgehe so called doner-bridge-acceptor or

D-"-A configuration[62-64]. These systems rely on the intramolacutharge transfer between
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the dbnorand acceptor upon excitation to extend their absorption spectrum into theddiR
Researchnto the dye§structure has recently been focused primarily on the development of new
donor fragmerg and has provedstrumental in increasintpe PCEs of these dyes Focus on the
donor fragment is due to thegh-efficiency NIR absorbing B -A dyerequirenent ofbalarced
donor and acceptor strength in order avoid nonbeneficial energy level perturbations.
Unfortunately strongly electrosdeficient motifsresult in exciteestate oxidation potentials that
aretoo stalte for electron injection into th&iO2> conduction bandwhich results irnthese dyes
beingpoor solar to electric energy converteiis has resulted in the stagnation of research into
new acceptor fragmentsHowever there is a vast need fotr@nger organic electredonor
materialswhich can bematched with th&nown viableelectrondeficiert D Sb@dgeéacceptor
fragments[65, 66]. In this section and indolizine based donor motif is investigatsdaaviable
visible light absorbing system for DSCs

Nearly all organic sensitizers witttceptablé>CEs utilize one of threarylamine donors
triphenylamine (TPA), diphenylamine, or indoline. However, these donor systems are not ideal
since the electrondonation strength can bmitigated byseveral factors. First, the electron
donation must be adequately directed onto the acceptor. |Bigx,energy barrierss a result of
thebreakingof phenyl resonance stabilization tend preventcharge transfeand reorganization
to the dye excited stateFinally, nonoptimal alignment of orbitals containing the nitrogkeme
pairwi t h t kenjughtedesystens oftentheresultof sterically induced twist angleS hese
factors can be substantially redudayl designing planar, fully conjugated nitrogeantaining
donor building blocks for dyes, such as indolizbesed donorsWhen compared with TPA and

diphenylamine-based donors, dramatic improvements in nitreg@stituent twist angles are
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predicted ad computational studies show oilzine hasan ideal planar nitrogesubstituent bond

angle. Additionally, the nitrogen lone pair of indolizine may donate either into thresénember

ring andstill productively delive t he donat ed -bridgecGivendhese gesiiable t o t
propertiesa series of model dyes with indolizine donarscompaedto the properties of TPA

and indolinedonecb ased dyes wi t {bridged @and acceptad to ciearlyifiztee

the effects of changing donor functionalityrhe dyes for this study were synthesized by the
Delcamp group at the University of Mississippi and are labelled as-AHH2 and there
functionality as effective DSCs will be compared to several knownatdadabelled as C1, CQ1,

and LS1 (Figure.2.1).

Indolizine Donors OMe

R = Me (AH3)
R = CgHy3 (AH4)
Common Donors Common #-Bridge-
Me Acceptor

SS‘@/\I/CO‘?H

3 CN

TPA : . !ndolme . T-CAA

R=H,Cl

R = OMe, CQ1 LS1

Figure4.2.1 The structure of AHAHG6 (top), the three reference dyes (bottom left) and of a

common’ -bridge-acceptor moiety (bottom right).
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Electron injection from each of the dyes into doeeduction band ofiO> was found to be
geometricallyandthermodynamically favorable through electrochemicalj M, and emission
spectrum analysis. To examirfgetkinetics for electron injection, fluorescence lifetime studies
were undertaken for each of the dyes in solution and onfilils to evaluate electron injection

efficiencies The ejection efficiency can be calculated by:

T (42.1)
S P

Wheres s the injection efficiency andl andt are the fluorescent lifetimes on
TiO2 and in solution respectivelyLifetimes of the dyes in dichloromethane solutiods)(were
found to be onfte order of nanoseconds ranging from 1.6 to 0.9 ns (F@arg, Table 4.2)1
Excitedstate lifetimes of thedyeson Ti®i | ms ( UTi O2) are predicted
as a result oglectronseinginjected from theexcited state of thdye irto theconduction band of
the TiO,, effectively quenching the fluorescenc@®yei TiO> film fluorescence lifetimes were
measured under threlfferentenvironmental conditions: with dye and BiGnderair, with dye,
TiO, andtheknown deaggregation agertenodeoxycholic acid (CDCAunder air, and finally,
with dye, TiO2, and CDCA in a filled acetonitrile cell containing a typical device electrolyte
lithium iodidewith a concentration of 0.002MThe fluorescent lifetimes of dye plated on TjO
werefoundto be dramatically shorter for all dyaggardless obtherenvironmeral conditions
(FigureX, Table X). AH2 is not included becausehas a substantially lower molar absorptivity
than the remainingdolizine-based dyes, which is likely the resultaofveakenedhargetransfer

transition due to the addition of an electdw&ficient ester on the indolizine dondrhe indolizine
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donorsare more sterically congested at the dendwridge bond thaphenyl aminebased donors
and computational analysis indicatesger twist angles about this bond, whicbrrelate to

diminished molar absorptivitiesThis made it a poor candidate for DSCs.

O InDCM
On TiO, w/ CDCA
O  OnTiO, w/ CDCA and Lil
— Fit

Intensity (arb.)
Intensity (arb.)

Time (ns)

Figure4.2.2 Comparison of the fluorescent lifetimes of dyes AX36 in DCM (blue), on TiQ
with CDCA (green) and on TiOwith CDCA and in acetonitrile Lil solution (red). Single

exponential decay fits to the lifetime curves are shown in black.

Without any additiveghe efficiency of electron injectiomas found to vary between 45%

82% according to the following order: AH4 > AH3 > AH5 > AHBpon introduction of CDCA,
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a substantial increase the electron injection efficienayasobserved for AH5ad AH6 leading
to a range of injection efficiencies from 7082%. The increase in efficiency is likely due to the
reduction of intermolecular energy transfer between aggregated dyes sanftee of theliOo,
whichis known todecreases the rate of elect injection into the Ti@conduction band Upon
the addition of an electrolyte containing MeCN and OMdQ2I to give mockdevice conditions,
the electron injection efficienciyncreased even further to >84% for each of the dyes wthere
fluorescent lietime of the dyesvas found to beshorter than the pulse width of the las€o
understand the relative influence of the indolizine ddrased dyes AH3AH6 on the electron
injection efficiency the fluorescent lifemes in solution and on Tilwvere also reasuredor the
reference dyes CQ1, C1, and LS1 (Taxbe Solution fluorescence excitetiate lifetimes were
found to range from 2.24.88 ns for the reference series, which is only moder&iatyer than
the lifetimes found for the sample serfdd3i AH6 (1.59 0.93 ns).The lifetimes on TiQfor the
reference dyes @refound to be <0.15 ns for each of the dyathout the addition of angther
chemical resulting inelectron injectiorefficienciesranging from >93% to >92%. Indolizine dyes

AH3i AH5 showlifetimes on TiQ ranging from 0.300.26 ns without additives.
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Table4.2.1 Excitedstate lifetime measurements for dyes indolizine d\d8i AH6 as well as

reference dye€Q1, C1, andLS1.

Dye t @ t P e t ¢ Jeft® t d e

[ns] [ns] [%] [ns] [%] [ns] [%]
AH3 1.14 0.30 74 0.30 74 <0.15 >86
AH4 1.59 0.29 82 0.29 82 <0.15 >91
AH5 0.93 .34 63 0.26 72 <0.15 >84
AH6 1.18 0.65 45 0.35 70 <0.15 >87
CQ1 1.88 <0.15 >902 <0.15 >92 <0.15 >92
C1 2.24 <0.15 >93 <0.15 >93 <0.15 >93
LS1 2.18 <0.15 >93 <0.15 >93 <0.15 >93

a) Measurement made using dye dissolved inGI#ib) Measurement made using es@nsitized
TiO2 film in air with no additive; c) Measurement deausing dyesensitizedl'iO2 film with added
CDCA; d) Measurement made using esgnsitizedTiO> films with addedCDCA and 0.002 M

Lil in MeCN electrolyte.

NIR absorbing dyes for use in DSC devices reqaidelicatebalance between donor and
acceptor sength andunable, strong donors are needed for many eledefinient functionalities.
The analysis of a series of possible donors, whilgidge and acceptor subunits were held
constant to facilitate comparison to previously reported dyes from tdratlire reveals new
directions for DSC developmernthe dyes AHBAH6 were observed to absorb further into the

visible region than the reference dyes, which is due to a destabilization of the E(S+/S) and a
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synergistic stabilization of the E(S+/S*) eneilgyels. The electron injection efficiency of the
dyes to the Ti@ conduction bandvas investigated. The indolizine dyes were found to have
improved electron injection efficiency upon the addition of CDCA, which suggests aggregation is
problematic for thes model dyes. Through addition of CDCA and Li+ commonly found in the
dye electrolyte, the electron injection efficiencies were increased to i>384%o for each dye.

The ind e Vv ioketBeached near 700 nm for AH6, which incorporates significantly morep$io

in the visible spectrum than the reference dyes.iftieenal power conversion efficiencieBAH6

i s within aperiormanoe dyefl0%h1B.0% PCEs) such as Y123, YA422, C259,
SM315 and ADEKAL.

Given the remarkable electron donation strewgihdolizine donors when compared with
stateof-the-art donor functionalities, studies are underway to computationally determine the origin
of the substantial absorption breadth observed from simple indolizine-dased dyes, increase
the “-bridge conjigation lengthas well @& introduce strong acceptais access higlefficiency
dyes, reduce twist angles along the conjugated cheagsfer pathway, and to incorporate
additional film morphology controlling substituents on the doigd; 68]. Tuni ng UTi 02
surface coverage has proveagltly successful for Hagfeld69] and Gratzel and eworkers[62,

63] with regard to slowing electrgiiei TiO2 recombination pathways, controlling aggregation
states, and substantially improving device voltages. Studies are underway to similarly bolster the

voltages of indolizindased dyes.

4.3PERYLENEDIIMIDE-BRIDGED SILSESQUIOXAE NANORIBBONS
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The hiearchical assembly of nanoscale building blocks wiithable dimensions and
structural complexities is essential fwontrolling the distinctive geometry of 18ructuregrods,
wires, belts al tubes) Suchnanomaterials are utilized for a variety of nanostructure applications,
including highstrength nanocompositedjeld-emitting surfaces, sensors, nanotransistors,
biomaterial deliverytools, optical devices, electrode materials, energy stodegeces, and
catalystg[70-78]. Great efforts have been madedevelop techniques to produce unique- 1D
structures, such daserassisted catalytic growtr9], solutiori liquidi solution techniquefg3Q],
template directed synthegi81], and sefassemblyprocesses fim noncovalent interactiori82,
83.

Among different types of 1idanomaterials, organic nanostructunese gained interest
due to their distinct opticaglectrial, and mechanical propertig&), 71, 84]. The general method
of preparing organic nanomaterialghsough noncovalennteractions such as hydrogen bonding,
"1~ stacking, andolvgphobic and surface effedt®5-90]. To date, a variety agupramolecular
architectures has been fabricated by moleaé#rassembly of tdored, supramolecular building
blocks[91-97].

Significant research efforts have been reported for the selforganiaperylenediimides
(PDIs) into 1Dstrucures suclas nantbers, naowires, and nanoribbor88-102. The planar
-conjugatedaromatic framework of PDIs make them ideabieties for supramolecular self
assembly into discrete nanomaterifiough strong 1 ° interactions. To fabricate PDilsto 1D
nanostructurefl03 through seHassembly, cofacial i ~ stacking is berfecial. Zhang and co
workers have demonstratdtht cofacial 7 ~ stacking between molecular skeletoaquires the

asserbly of PDI into 1D structures.A variety of techniques such as phase transfer, solvent
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annealing, vapodiffusion, and seeded growth were introduced to genegiebelt, nanowires,
and nanbbers from PDI systems thabuld otherwise form bulky aggregat&s, 103 104].
Achieving nanesized structures with distinct geometries s&f-organization processes,
however, is a great challenge amak limited control over theorphology of thdinal structure.
For example, PDhanowires prepared using solveaggregationshow wide distribution of
dimensionalities and have limitedcess tonanipulate their chain grow{88]. Alternatively, the
covalent synthesis is an advantage overasdembly proasesfor making weltdefined three
dimensionalnanostructures witkkontrolledmorphologies upon controlling the concentration of
reactants which determine the chain lengths and geoméitiesollaborator atVesterrKentucky
University, Dr. Hemali Rathnake,demonstraté a novel method to prepare dianostructures
varied from nanoribbons to nanochains to nanokaa@ovalent synthesis. The work described
here isthe photophysical characterization of threquenanostructures with controllegometries
createdby manipulating the base concentration duringoiblgmerization process. As depicted in
Figure4.3.], perylenediimiddéunctionalizedoridged silsesquioxane nanoribbons, nanochams,
nanorods werall synthesized by Rathnayake and cowork@itse plymerized structure of
perylenediimide units interconnects one anottmeough SiOi Si bridging units to give PDI
bridged silsesquioxanenetwork (PDIBsilsesquioxanes). The methods develoded Dr.
Rathnayakebuild on her previously published work on prapng poly(3-hexylthiophene) and

perylenediimidefunctionalizedsilsesquioxane nanoparticlgg05 106].
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Figure 4.3.1 Schematic representation illustrating PiAnostructuregprepared from PDI

functionalized silane precursors

The focus of this work is to investigate how differembrphologies affect the resulting
optoelectronic properties dhese materials, including their photovoltaic performancedbuitk
heterojunctio solar cells. By comparing thén@ophysicalproperties of these materials in the
solution phase, ihin-film morphologies, and at the single nanostructure lahel,effect of
architectureon the resulting properties BDIB nanostructures revealed.

The U\visible absorption and photoluminescence (PL) studie®DIB-nanoribbons
were performednd compared-he photophysicgiroperties of PDIBhanostructures were studied
in chloroform solution. As depicted in kigg4.3.2 the solution phassbsorption spectra of PDIB

nanostructures obtained exhibit typical spectral features similae RDIB-silane monome with
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three pronounced peaks witlslaoulder around 425 nm, which corresponds totiee @ 1, O/ 2,

0i 3 electrone transitions respectively.
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Figure4.3.2 Left i normalized U\visible spectra; right normalized PLemission spectra of

PDIB-nanostruatres (excitation wavelength514 nm).

The transitiorfrom ground state to the higher levels of electronic staiel (02, and @
3) are enhanced compared to thHé Qransition.These spectral changes Gom the strong
molecular stackingbetween PDI maities similar to the reportpreviously publishedfor
aggregated PDI systenmi$02, 107]. However, thee is noevidence ofa pronounced absorption
band emerging at long&ravelengthwhich is representativef the effective’ i “ interactionin
co-facial corfiguraion of molecular stackinpl01, 10§. Thefluorescence spectra depict the same
peak structuress mirror images of the absorptions with the expecieek at 532 nm andwo
vibronic bands at 574 nm and 625 nm (Fmg4.3.2. There is someverlap of the longer

wavelength absorption basth the UV absorption spectra and the shorter wavelength emission
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bandin the fluorescenceemission spectra. This spectral behavior is typicabfygregated PDI
systems as observed previougll09111]. However, there is no evidence of sidrgant
fluorescence quenching ttatther corfirms the lack of 1 * electronic coupling.

Thin film fluorescence emission spectra of PDihoribbonsin bulk and as single
particles were obtained using #87 nmand 514 nm output from an Aion lase. As shown in
Figure4.3.3 thefluorescence emission of bulk PDIB nanoribdan the solictate is red sfiied
with a broader spectrum compare tositdution phase emissions. However, the emission spectra
of single emissive sites in the nanoribbons show-resblvedvibronic bands at 545 nm and 590

nm with a shoulder peak 640 nm.

Total Emission of All Particles Brlght Fleld Fluorescence

Emission

L e L L L s R Ry ARt Rna s e

520 540 560 580 600 620 640 660 680

Emission from Single Site

Emission

T T T T T T T T T

520 540 560 580 600 620 640 660 680
Wavelength (nm)

Single Emissive Site

Figure4.3.3 Left: thin-film fluorescence spectra of bulk and single partRIzB-nanoribbons.
Right-top: bright field and fluorescence emissioom the same nanoribbons, and rigpottom:

emission from singlemissive sites in nanoribboager dilution.
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The excited state lifetimes of the nanostructures in ettarbalso in thidilms werealso
measured. The lifetimes of the nanostructimesolution were 3.2 ns and in the tHiilms 2.7 ns
Figure 4.3.4 These values are very close ttte excited state lifetimes of oth&DI-based

molecules. The shorter lifetime in tfdms suggestssome degree of interaction between

nanostructures and tliain film.
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Figure4.3.4 Fluorescent lifetime curve of PDI nafibbons in thin films (leftand in ethanol

(right).

To understand the chiral organization at the single molecule level and characterize the
degree of chiropticalesponse of the nanoribbosingle molecule fluorescence detected circular
dichroism (FDCD) was used to study single &sive sites within the nanoribbons. FDCD is
commonly employed to investigate the chiroptical properties of molecular systems and typically

requires the use bulk solutions and therefore produces results basgdopul@ge ensemble
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averaging112. The dissymmetry parametéq) is used to characterize the degree of chiroptical

response for a given systeffihe dissymmetry parametsrdefined as:

Y (4.3.1)

where D is the dipole oscillator strehgind R is defined as:

Y '040Q SO <@ (4.3.2)

wherei andf are the initial and final states of the involved transiaod‘’ andda are the electric
and magnetic dipoles, respective]g12. The dissymmetry parameter can also be calculated

experimentally using:

"0b "O'Y (4.3.3)
00 "OY

where FL and FR are the fluorescence intensities corresponding the absorption of left and right
circularly polarized light, respectively. The dissyetry parameter can range anywhere between
+2.45[112, For most small organic molecules, however, bikeasurements are typically less

than 10°. Here, bulk FDCD data was collected in the range of excitatioelemgths from 410nm

T 515nm. Theotal fluorescence and FLFR for five different temperatures are plotted in Figure

4.3.5as functios of excitation wavelength. The bulk dissymmetry parameter, for absorption at
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488nm, was found to be 0.25 atid5. Snce the bulk system should not exhibit any preferential
absorption of either right or left circularly polarized light, the bulk dissymmetry parameter is
expected to be zero. Both an achiral precursor to the nanoribhdrechiral 10 nm dye filled
fluorospheres were examined for comparison. The precursor demonstrated a response similar to
the nanoribbons while the fluorospheres showed no preferential absorption. This suggests that the
large bulk dissymmetry parameter could be a result of linear pdlanzartifacts due to either
extrinsic factors, such as the local environment, or the specific rotation of the nanostrutheres
selfaggregation of the nanostructures would likely enhance these effects. The decrease in the
dissymmetry parameter as tpemature increases would be a result of decreased aggregation,
increased rotation, and the development of a more isotropic dielectric environment.

The chiroptical properties of systems at the single molecule level were first reported in
2006 by Hassegt al.[117 Since the chiroptical properties of many systems result in very small
dissymmetry parameters in bulk solution, the results of these original single molecule fluorescence
detected circular dichroism (FDGDmeasurements were surprising when they demonstrated

dissymmetry parameters orders of magnitude larger than their bulk counterparts.
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Figure4.3.5 Left: Fluorescence detected circular dichroism(FDCD) spectra of a bulk solution of
PDI nanostructuresat five different temperatures. The black curves correspond to total
fluorescence and the red curves correspond toHR; Right: Intensity time traces of five different
nanostructure emissive sites recorded over the course of 80 sequensiattwd egosures. Left
circularly polarized light (LCPL) was introduced to the sample plane first anquidméer wave

plate QWP) was rotated every 20 exposures. The corresponding CCD camera image is on the

right; highlighting which particlebelong tathe individual time traces.

Time traces of the intensities of single PDI nanostructures embedded in Zguolgr@r
thin films were gathered by monitoring the intensities of single particles sequentially over all the
exposures in a single run. The thin films werepared from very dilute solutions of nanoribbons
after sonication. Figuré.3.3shows the correlation between bright field images and fluorescence

emission from clusters of nanoribbons. After further dilution, single emissive site from
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nanoribbons werevident and are shown in Figu4e3.5 Measurements were made in the thin
films to immobilize the nanostructures as well as protect them from ambient water and oxygen,
which are known to indee blinking, and photobleachin®etween 20 and 50 individuaimissive
sites could be seen in any given image. The emissive sites in the nanostructures exhibited standard
single molecule properties such as blinking and photobleaching; however, while imbedded in
Zeone® the average photophysical lifetime of the chopiores was greatly increased and
photobleaching effects were not found to be relevant over the time frame of the experiment, ~4
minutes.

Representative time traces of five different fluorescent particles are shown in&£g&re
As a control, 10 nm ayfilled polystyrene fluorospheres were also examined. The fluorospheres
were chosen because they have strong emission and do not photobleach in the time frame of the
experiment. More importantly, the fluorospheres make an excellent control becauseethey
achiral and should therefore exhibit no response to changing between right and left CPL. Because
of this, time traces of the fluorospheres were used as a baseline for comparison against the PDI
nanostructures. These time traces were recovered iautte manner as the PDI nanostructures
except, due to the higher emission inteneityhe fluorospheres, the exposure time was reduced
to half a second. Due to possible artifacts introduced by the turning of the QWP, the first and last

data points of eactycle were not included in the calculation'@f
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Figure4.3.6 Histograms of chiroptical response from 10 nm dye filled polystyrene fluorspheres
(top) and emissive sites from PDI nanostructures (bottom). Gaussian fits to both the fluorospheres
and tothe nanostructures are provided and the resulting dissymmetry parafetieeach fit is

shown.
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Time traces from 100 different emissive sites (PDI moieties) were used to obtain a range
of dissymmetry parameter§¥or the nanostructures. A histogravas constructed and compared
to a histogram of dissymmetry parameters generated from 20 time traces of the 10 nm
fluorospheres, shown in Figule3.6 A sum of three Gaussian functd.i
32.28) in order to estimate the dissymmegtayameters and their variance. Five time traces that
resulted in dissymmetry parameters greater than 0.5 or les®thavere not included when fitting
the data, but are shown in the histogram. The three Gaussians represent three different
dissymmetryparameter distributions. Two of these distributions roughly mirror each other with
peaks around +0.20 an@ 23 and the same variance. These two distributions are similar and could
represent two different possible twisting or helical configurationg VBluea 0. 20 i's very
to the dissymmetry parameter found from the bulk solution which may suggest that intensity
difference between the two helical orientations is the result of a preferred direction for the structure
to twist. The third peak is centerenuch closer to zero and could suggest that a majority of the
chromophores exist within an achiral environment in the nanostructures.

In this section the photophysical properties of novel PDI nanostructures were studied in
order to correlate single malgle properties to their bulk counter parts and provide insight in to
the bulk seHaggregating properties of these systemalthough nanostructures showed poor
performance as acceptorshnlk heterojunction solar cells, thevel synthesisould be uskil to
makea wide variety of ligandfunctionalizednanostructures from appropriately functionalized
monoalkoxysilane precursorSincethis is a unigueexample for making nanostructuresth
controlled morphologies using covalent synthesis, thdésalings will contribute to the

development of novel functionehnomaterials for organic electronics.
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4.4SEMICONDUCTING POLYMER NANOARRAYS

Aromatic molecules derived from fusedenes are a common class of organic
semiconductors known to form ow@nensional 1D) nanostructures thwog h s tir ong
interactiong98, 101, 107, 113-122. The concept of selhssembly is the most widely used method
to make such nanostructures for designing electronic and optoelectronic devices. A variety of self
assembled nangsttures derived from aromatic ahecules including porphyrines,
hexathiapentacenes, triphenylenes, phthalocynanines, oligoaesgeperylenetetracarboxyl
diimide derivativeshas been prepared by molecular ss§embly processes using raovalent
interactions.

P-type and rtype organic semiconducting materials have gained tremendous scientific
interest due to their unique electronic properties and have been widely applied in organic field
effect transistors (OFETs), organic light emitting diodes (OLEDend organidased
photovoltaics (OPVs]99, 123127. However, organic based thfitm devices such as bulk
heterojunction solar cells are strongly dependent on the organization ofahd ptype materials
and their molecular intecions with the substrateslo improve the efficiency of these
optoelectronic devices, it is essential to have-geflned nanoaays with guidable selissembly
properties.

Significant research efforts have been contributed to-assiémbling ype
semiconductors when comaged to atype semiconductordl-type materials ar@ greater demand
for creating ordered networks with-tppe semiconductors for electronic device applicatjons
especially for OPVs. Among-type semiconductors, sedfganized perylenediimides (PDIs) are

widely studied because of their promising optoelectronic properties as well as their propensity to
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form 1D nanatructuresthou gh &t ri ot [d08 €02 128 n s

The selfassembled 18tructuresof PDIs such as nanowires, nanobelts, nanotubes, and
nanofibreswere introduced through a variety of techniques such as phase transfer, solvent
annealingyvapordiffusion, and seeded growth. However, these@glanization process have
limited control on achieving nanosized structures with distinct geometries. It has been shown that
covalent synthesis is an alternative path to make organized nanostructtiresomtrolled
morphologied106 12§. Nonetheless, reports to date on preparing ordered nanostructures from
semiconductingpolymers are very limited129-131]. Here, the solution and thin film
photophysical properties otrystalline nanoarrays of polymeric perylenediimioiéged
silsesquioxanes (polyDIB-SSQ) Figure 4.4.1, syrthesized by Dr. Hemali Rathnayake and

coworkers at WKU are studies usialgsorption and fluorescence spectrogcop

(010) - 3.67

Figure 4.4.1 Schematic representation ¢fie structure ancpossible ordering of polymer

nanoarraysccording to Xray diffraction patten.
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Characterization of polPDIB-nanoarrays by absorption and fluorescence emission
spectroscopy in chloroform solution (kg 4.4.2 shows characteristic spectral features similar
to molecular PDI. The absorption spectrum confirmed three pronounckslwita a shoulder at
425 nm, which corresponds to thé00-1, 0-2, and 63 electronic transitiongrom left to right
respectively. The fluorescence spectrum in 100% (v/v) chloroform solution depicts similar
spectral features in a mirror image of thlesorption with some overlapping between longer
wavelength absorption band and the shorter wavelength emission band. This overlapping is typical
for closely packed PDdystems as reported previously.

The absorption spectrum of peBDIB-SSQ nanoarrays inhtoroform (CHCI3) to
methanol (MeOH) D, 1:1 and 0:Bkolvent mixture show pronounced electronic transitions from
ground state to higher levels of electronic state$, (@2, and 03) with a rather weak shoulder
from the QO transition. Such spectral ciges imply strong molecular packing between the
polymer chains, similar to the spectral signatures reported foasstimbled molecular PDI
nanobeltd107. PolyPDIB-SSQ nanoarrays showed complete ag:i
solvent) due to the limited addility. The overall intensity athethree absorption peaksmavhat
reducedalong with the occurrence oslight blue shifing. However, there is no sign of a
pronounced absorption band emerging at longer wavelength (around 565 nm) that corresponds to
thef or mat iion i @t er a cfadal cosfiguraiom of cnwlecular stackingThe
fluorescence spectra takenli, 1:1 and 0:Thloroform to methanol solutions shewslight red
shifts ©5 nm) of emission maxima at 537 nm and 577 nm with no fluores@prenching, which
supportsthe lackofeba ci‘ali nNt eracti on i n +PRIBFFSQeaneatrayd 0 f o1

in solution phase. However, a slight decrease in emission was obser@&d dhloroform to
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methanol mixture due to limited solubility resay in aggregation of polymer chains.
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Figure4.4.2 UV-visible absorption (top) and PL emission (bottom, excitet®@tnm) spectra of

poly-PDI-SSQ nanoarrays in CHCI3 :MeOH ratios.
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The fluorescence emission spectra of golyIB-SSQ nanoarray thiiiim s spin coated.0,
1:1 and 0:Ichloroform to MeOH solutions are shown in Figdrd.3and exhibit similar spectral
features as their solution phase emission spectra. The shoulder peak at 630 nm was noticeable in
thin films prepared from:0 and 1:1 chlorairm to methanasolutions compad to that of th@:1

chloroform to methandhin film.
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Figure4.4.3 Thin film fluorescencdexcited at 485 nm) spectra of pdADIB-SSQnanoarrays

from1:0,1:1, and O: 1 CH& o MeOH solutions
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Although considable fluorescence quenching was not observed in all three cases, thin
film absorption spectraF{gure 4.4.4 showed dramatic changes in spectral maxima at shorter
wavelength with a pronounced absorption band also emerging at longer wavelEigimem).
The shorter wavelength absorption peaks that correspond sm@ 02 electronic transitions are
attribiditdaditted actions within the closely packe
band confirmed the presence offca ¢ i "a | i n’ibnerr salid state suggesting that thin films
show similar structural morphology as crystallized polymer nanoarrays. Teaco ii ‘a |
interactions observed in thin films is in agreement with théacml ordering suggested from the

powder diffraction dat.
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Figure4.4.4 Thin film absorptiorspectra of poPDIB-SSQnanoarrays from1:0,1: 1, and O:

1 CHCk to MeOH solutions
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Excited state lifetimes in solution and solid state are in agreement with their characteristic
optical signéures, Figure4.45. The nanoarrays it:0, 11 CHCk to MeOH solutions showed
longer excited state lifetimes than those in their corresponding thin films due to closely packed
nature of polymer chains in thin films. Interestingly, the excited state lifetimes o00:the
chloroform toMeOH solution was nearly identical to that of its corresponding thin film (3.8 ns vs.
3.4 ns, respectively) suggesting that there are some similarities of polymer chain packing in
Afaggregatedo form i n s o behavioaso coipddassveh the tack oft h i n
a pronounced shoulder at 630 nm in emission spectra of both solution and thin filmreskig
and yrespectively.

Fluorescence spectroscopic signatures an aggregated state in solution 11:
CHCI3:MeOH)show a slight red shiflapproximatelys nm) compared to the solvated polymer
with no fluorescence quenching. én¢stingly, no distinct spectroscoghift in absorption was
observed upon aggregation solution. In thin films, however, aggregation appears to play an
important role in the photophysics of nanoarraygeresearch findings described here ultimately
will benefit the design of novel polymeric nanostructures hawmnpgoved electronic properties

for solar cells and other applicatiooisconjugated polymer materials.
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Figure4.4.5 Excited state emission curves of p#lpI-SSQ nanoarrays in soluti@nd in thin

films created from 1:0, 1:1, and 0:1 CHCI3 :MeOH solutions
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4.5POLY(3-HEXYLTHIOPHENE)}FUNCTIONALIZED SILOXANE NANOPARTICLES

Polymeric and oligomer * -conjugated systems have gaitesinendous scietitc interest
due to their unique electronproperties and have been widely applied in orgéimld effect
transistors (OFETSs), organic light emitting diodes (OLEDSs), arghnicbasedphotovoltaics
(OPVs)[127]. However, organic basddin-film devices such as bulk heterojunction solar cells
are strongly dependent on the polymer morphology and tmailecular interactions withhe
substrates and other componeintshe blend4123126. Linear conjugated polymers (LCPs)
exhibitvery complex selassemblyehaviordue to their structurdlexibility, longer chain length,
and wide molecular weighdistribution. It is essential to develop LCPs having hotproved
optodectronic properties and orgaalde seassemblyproperties. To improve the progress of
organicbaseddevices, synthetienethods need to be developed to maladl defined three
dimensional structures with a controlled sizbape, and delicately organized sedsembly
properties.

Significant research efforts have been focused on incorpora@i®s$ onto a variety of
nanopaticle surfaces to enhanoet only their optical responses but also to improve guidsdite
assembly propertiegl37. Among such nanostructures, functidmad silicas, silsesquioxanes,
and ormosils have providedich platforms for the covalent attachment of polymers,
macromolecules, and dendrimers for a variety of applicationsdroelectronic§133 134]. For
example, these orgaitinorganic hybridstructures have been incorporated into organic light
emitting materials to improve thermal and color stabilities, brightnasd,quantum eféiencies
[135 136. Except for a couple of reporfd06 132, the application of donor and acceptor

functionalized siloxan@anostructures for OPVs has not beaplored. Hereinthe tailoring a
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semiconducting polymer, poly3exylthiophene)pnto a siloxane core structuaad the resulting
phobphysics areharacterized

UV-visible and photduminescence of P3HNPs and theirblends with PCBM in
chloroform soltion are presented igure4.5.1 The absorption spectra of P3HNPs in solution
exhibit one broad absorption band wahax at 445 nmwhich agrees with the spectral pattern of
their silane monomerP3HT-NP/PCBM blends show both PCBM absorbaf@ex at 328 nm)

and P3HTNPs absorbanceraxat 452 nm).The peak below 400 nmftects the transition from

the PCBMground sate to higher singtestates.
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Figure4.5.1 UV-visible (left) andluorescecnéright) spectra of P3HT nanopartic&® nm size)

and two selected blends of P3HIP/PCBM in chloroform solutian

Thefluorescencdehaviorunder the same conditions wawvestigated upon excitation at
457 nm. The fluorescence speafd3HT-NPs in solution exhibits aemission maximum at 580
nm with a shoulder peak arou680 nm. The emissiantensity decreased in theS?3HT/PCBM
blend compared to the2P3HT/PCBM bled. Thisindicated that there was a strdhgorescence
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guenching byPCBM. Thin film fluorescence emission spectra of P3NHs, PCBM, andfive
different blends of P3H-NP/PCBM wereobtained by photoexcitation using the 457 nm output
from anAr* ion laserand detection using an EMCCD camera. Representspieetra are shown
in Figure 4.5.2 The blend compositionssed were 5%, 10%, 25%, 50% and 75% (w/w) of PCBM
prepared from a 10 fold diluted solution of 0.2 mghR3HTNPsolution in chlorobenzene. The
emission spectra of allive blends mimic the solution phase emission of the RBIFE. The
emission from PCBM was not strong enough to detdotvever, the emission maxima of the

blends red slfied withincrease of PCBM concentration.
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Figure 4.5.2Comparson of thin film fluorescence emission spectra of P3¥HAs and®CBM

(left) and P3HTNP/PCBM blends (right)
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In summarythe photophysicalproperties of electronicallgictive siloxane nanoparticles
were studied and provided insight into the core ligandractions However, morestudies are
necessary to comprehensively establish tieemceof interaction between polymer chains and

the siloxanenetwork on the photvoltaigerformance.

4.6 CONCLUSIONS

In this chapter,the effects of environment on the injection efficiencies of a series of
indolizine based dyes for DSCs was investigated revealed the dependence of lifetime on the
de-aggregation agent CDCA agell as dependence on a knowolar cell componentil. In
addition, the #ects of intermolecular aggregation were investigated in PDI based nanostructure
systemsThese studiesevealed the dependence of aggregation on the shape of the nanostructure

as well as the effects fifrent solvent have on the salfjgregatingroperties
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CHAPTERS

MATERIALS WITH EMISSIVE PROPERTIES

5.1EMISSIVE MATERIALS

Even though the emissive properties of material have beenrkfaowsome time the
applicationof these properties had been quite limited until development and understanding of solid
state materialsThe first light emitting diode was reported byaviet scientist in 192[137]. The
developmat of this technology would be slow and in 1955 the first report of infrared emission by
a GaAs semiconductor was reported by Rubin Braungi&§. However, the development of
LEDs were gtl very costly and they had little practical use until 1968 when the Monsanto
Company began mass producing GaAsP visible light emitting diodes. Still, the promise of cheaper
and more efficient organi@nd organometallibased emissive material has dnwwemmeresearch
away from semiconductors. In particular, there is high demand for bothnfieaed and blue
emissive materials. Near infrared emissive material have a wide range of applications, but research
is focused on medical uses, while blue emésmaterials aim to replace less efficient
semiconductor based diodes.

The research presented in this chapter focuses on the characterization of a series of novel
near infrared emissive material (5.2), a blue emitting pincer complex (5.3) and a naadinfr
emissive probe for medical applications (5.4). This research has resulted in two published paper

and one currently in submission:
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5.2
L. E. McNamara, N. Liyanage, A. Peddapuram, J. S. Murphy, J. H. Delcamp, and N. I. Hammer,
i D o PAoceptorDonor Thienopyrazines via P@atalyzed GH Activation as NIR Fluorescent

Material s, 0 Jour n &D15DOI: 10.40QHansijoc.5bC1I®EEmMi st r vy,

5.3

G. E. Tyson, K. Tokmic, C. S. Oian, D. Rabinovich, H. U. Valle, T. K. Hollis, J. T. Kelly, K. A.
Cuellar, L.E. McNamara,N.. Hammer, C. E. Webster, A. G. Ol
Photophysical Properties, and Catalytic Activity of a SCS bisgdérocyclic thione) (SGSHT)

Pd Pincer Compl ex, 0 Dal448a(2019)rD®IN1H.408¥/A4DTO3B24H 4 4, 1

54

J. Bae, L. E. McNamara, M. A. Nael, F. Mahdi, R. J. Doerksen, G. L. Bidwell Ill, N. I. Hammer
and S. Jo, AJ4hggerad activaterdal & novelscaged fluorescent probe obtained from
met hyl ene bl ue, 0 Chemical -12790m ng2015). ¢ ®®Ii o n s,

10.1039/C5CC03824C

5.2NEAR INFRARED EMISSIVE MATERIALS

Nearinfrared (NIR) emissive organic molecules are armgimg class of materials which
have attracted much interest due to their applications in optical and electroni¢13®446q.
Applications of these materialsange from use in night vision technologies, secure

communications, fluorescence imaging, transparent photovoltaics, andbldang coating
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[146-159. In paricular, in vivo fluorescence imaging is a rapidly growing, medical diagnostic
technique which makes the development of sthlbfefluorescent tags of great interest.

The development of stable Ni&nitting molecules is complicated by the eneggyp law
which inherently disfavors emission fromssgms with low energy band gafi6(. The most
common strategy for the devel opmen-ionjoghtedor gani
systems containing electraonating (D) and accepting (A) groupk39, 141, 142 161-171].
Intramolecular charge transfer (ICT) between the constituenpgn@sults in NIR absorption and
emi ssi on. However, rsysterascwith tleese featores tendi tanaiggnegatel a r g
often resulting in aggregation induced quenching of emission. This aggregation significantly
impairs the process of designirdficient NIR emitters in the condensed state. Despite these
intrinsic challenges, narrow band gap organic compounds containing-acceptor (DA) type
chromophores are of great interest since their band gap energy, and other properties, can easily be
tuned through varying the donor and acceptor substituents. Here, we report a new series of (D
D) thienopyrazines and demonstrate their promise as NIR emitters in solution, while dispersed in
a polymer thin film, and at the single molecule level.

NIR D-A-D dye design relies on the incorporation of substantially electron deficient
building blocks to sever as a single acceptor. Thienopyrazines (TPzs) are attractive, unique
acceptor building blocks as four substitutable positions allow for the installatimo dbnors and
allow access to two additional tunable positiphi&2174]. The pyrazine ring is electron deficient
and the relatively low resonance stalation energy of thiophene allows for better ICT between
the donor groups and the accepting pyrazine than benzene based aromatics. Additionally, TPz

allows for increased planarity of donor substituents substituted at the thiophene when compared
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with benzendased acceptors due to the use of ademscally encumbered five membered ring
and the use of a ringontained nitrogen atom at the ortho position relative to the donor group. This
increased planarity leads to increased charge transfer band strermtbhess lower energy
wavelengths and increase absorption strerdghe, an investigation in order better understand

the ground and excitestate energy level influence of substituents on the pyrazine ring through
targeting a series of dyes with the TtRiophene substituents held constant.

To investigate the effects of the TPz bridgesed dyes on NIR emissive and energetic
properties, five DPA-D dyes based on the thioenopyrazine acceptor with the
bis(hexyloxy)triphenylamine (TPA) donor held constambtighout on the thiophene ring while
varying the substituents on the pyrazine ring to evaluate the effects on the emissive properties of
these materials (Figuf2.1). The pyrazine ring substituents were varied from alkyl groups, ester
groups, and a ses®f phenyl substituents baring electron donating groups (OMe), electron neutral
groups (H) and electron withdrawing groups ¢&@). These dyes were synthesized by our

collaborator Dr. Jared Delcamp and his group at the University of Mississippi.
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Figure5.21: TPzbased target NIR emissive materials of Rz TPzCOEt, TPzPh, TPzPh
OMe, TPzPhCO:Me by varying the 2,3ubstituents of the TPz ring from electron donating to

electron withdrawing substituents.

The optical properties of each bt TPz DA-D dyes were analyzed to evaluate the effect
of R-group substituents on absorption range, band gap size and the patetit@lproducts to
function as NIR emissive materials. The TRAED d yneranged broadly from 53665 nm as
an apparent single, broad intramolecular charge transfer (ICT) transition. The simple ethyl alkyl
chain shows the highest energy absorption {EBzand the direct ester substituted group shows

the lowest energy absorption (FRD:Et, Figure5.2.2 Table5.2.7) .  Fndvalues-ranged from
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650 nm for TPzt to 830 nm for TRLO-Et with broad absorptions extending substantially into
the NIR rangdor D-A-D dyes. A clear optical bandgap response can be seen as the absorption
curve onset shifts toward lower energy with increased electron withdrawing group strength for the

aryl substituted dyes as TH#hOMe < TPZ?h < TPzZPhCQEt.

70000
—TPz-CO2Et
60000 A —TPz-Ph-CO2Me
—TPz-Et
£ 50000 - —Tpzoh

——TPz-Ph-OMe

40000 +

30000 A

20000 A

10000 -

molar absorbtivity (M1cm1)

300 400 500 600 700 800 900

wavelength (nm)

Figure5.22: Absorption curves of TREt (black), TPzCO:Et (purple), TPZh (red), TPz

PhOMe (blue) and TRRhCQMe (greenjn dichloromethane.
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Table5.2.1 UV-Vis-NIR absorbancand emissiomlata.

Dye Bmax Aonset Semis Stokes
(TPz-R) (nmy (nmy (nm) shift (nm, eV)
Et 532 650 725 193, 0.62
CO2Et 665 830 --- ---
Ph 600 725 793 193, 0.50
PhOMe 590 720 752 162, 0.45
PhCO:2Me 626 770 820 194, 0.47

aMeasured in dichloromethane (DCMY. h e ab s o r poke) Wahtakenraisthe inter¢ept of

a tangent | ine on fapeakéndthe Xxin.er gy si de of the

The emissive properties of the dyes were evaluated in solutiorsblidkand in single
molecule films. The fluorescence spectra of compoun@iswere recorded in CHEI(Figure
5.2.3. For applications requiring significant separation of input energy versus output energy such
as live fluorescence imaging, a large stokes shift (>100 nm) is desirable to allow for significant
energetic separation of tlexcitation source and emitted energy detected to avoid background
signal detection. For this application specifically, ideally molecules should absorb andtbmit
the therapeutic window ranging from ~65000 nm depending on the targeted tissue reditn
dyes except TREt have appreciable absorptions within the desired regions, and stokes shift of
162-194 nm were observed throughout the series (Tal&). The largest shifts were observed
for TPzEt and TPZPhCQOMe with Stokes shifts near 200 nithe observed large Stokes shifts

are likely in part due to a geometric reorganization in the exsitge to allow for planarization
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of the TPz substituents (discussion below). -TUE%Et was foundo be noremissive which may
be attributed to a substaaity lower energy absorption leading to thermal energy loss as the

energygap law suggests.

a) TPz-Et Absorption and Emission Curves c) TPz-PhOMe Absorption and Emission Curves
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Figure 5.2.3 Fluorescence spectrum of FBf, TPzPh, TPzPhOMe and TRPhCQMe in

CHCls.

A solvatochromism study was performed on FRzin order to elucidatthe nature of the
intramolecular charge transfer state. The results reveal clear trend of an increased stokes shift as

solvent polarity increases, FiguEe2.4 The Absorption maximum is relatively unaffected by
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solvent polarity while the emission maximuranges from 74806 nm suggesting that the
geometry of the excited state is sensitive to solvent effects. The results can be seenmZigure

and are summarized in Talde2.2
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Figure5.2.4 Plot of solvent polarity175 vs. stokes shift. Results were fitted to a line of equation

y=ax+b, whee y is the Stokes shift in eV, a is 0.0143 + 0.0008 and®(388 + 0.0309.
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Figure5.2.5 Absorption (left) and emission (right) spectra of F#zin different solvents.

Table5.2.2 Results of Solvatochromism Study on TiPi.

Solvent Absorption Max. Emission Max. Stokes Shift
(nm) (nm) (nm, eV)
Toluene 600 748 148, 0.41
Ether 600 751 151, 0.42
THF 601 770 169, 0.45
EA 594 768 174, 0.47
Chloroform 601 777 176, 0.47
DCM 598 793 195, 0.51
Acetone 592 793 201, 0.53
DMF 598 806 208,0.54
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The fluorescence quantum yield (QY) is an important parameter in the evaluation of
emissive materials as a high QY is desirable for accurate detection dyes in low concentration and
for low power consumption devices. All dyes were tested in thokersts systems including
DMF, CHCk and a MeOHCHCIz mixture both under a nitrogen atmosphere an under ambient
conditions. DMF was selected to evaluate the effects of a polar aprotic solveng v@@dGElected
to evaluate the effects of a relatively I@elarity solvent, and MeOICHCI; was selected as a
polar protic solvent system as the dyes were not highly soluble in pure MeOH. Ideally, for
biologically related imaging the dyes should emit strongly in protic environments. The QYs of the
TPzPh and TP#£hOMe dyesare comparable to widely used NIR dyes with emission peaks in the
700-800 nm region such as cyanirfd3€, benzothiadiazolegl77] and benzothiophenell 7§

TPzEt, TPzPh, TP2PhOMe and TRPhCQOMe were found to give QYs ranging from 0.3% to
4.3% in various environments. All dyes were found to have higher quantumuwymeldsnitrogen

rather than under ambient conditions; however, the percent decrease in quantum yield varied
dramatically from a 4% decrease for TPzin CHCE to an 80% decrease for HPhOMe when

in DMF. TPzPh gave the highest QY of 4.3% in CHQhder anitrogen atmosphere. In general
CHCIlz and MeOHCHCIs mixtures were minimally affected by ambient atmospheric conditions,
while DMF solutions were much more strongly affected. Under the best conditions tested, the
trend in maximum QY proceeded from FTPRCO:Me (0.26%) < TPZ£t (2.3%) < TPZPhOMe

(2.9%) < TPzPh (4.3%). It is noteworthy that despite a ~75 nm lower energy absofR®Ph
demonstrated a nearly tviold increase in QY when compared with TRk This is likely in part

due to a reduced Stokshift as a lower reorganization energy is needed to access the tatted

resulting in a higher emission energy and better intermolecular spacing of the conjugated electrons
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through out of plane phenyl spacers versus ethyl groupsPhRitsademonstrad the higher QY
in a protic environment of 3.7%, which is nearly an order of magnitude (8 times) higher than for
the next highest performing dye in this environm&he full solvent and atmospheric dependence
of the QY is shown in Tabl&.2.3

Fluorescace lifetimes J of compounds B were also measured as the QY is related to
fluorescence lifetimes by the equatians ki/(kr + kar), where kis the radiative rate andks the
nonradiative rate antd =k, ALkk,) hich givesi = (U ) X While alargeld d rowecessitate
a higheri a9 sk independant, i ncrleiagh @Rg-Phidhowel ten co
significantly longer lifetime than the other dyes. Interestingly,-PRzvas observed have a twe
component decay curve with fast component at nslfor each solvent/atmosphere and
substantially longer excited state decay component lasting approximately an order of magnitude
longerthan the fast component. Only the pyrazamglated TPz acceptors gave significant two
component fluorescence lifetimeSor all dyes the initial] ranged between ~0&0 ns in all
solvents and atmospheres analyZéte solvent dependence of the fluorescent lifetimes is shown

in Table5.2.3for the full dye series.
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Table5.23: Emissive propertiesf TPz dyes in various solvents.

Dye Solvent QY(0) (%) d (ns) G (ns)
TPzEt DMF2 1.63 0.85 N/A
DMFP 2.05 0.92 N/A
CHCl5? 2.16 1.12 N/A
CHCI® 2.25 1.09 N/A
MeOH/CHC? 0.36 0.41 0.41
MeOH/CHCE® 0.45 0.52 0.52
TPzPh DMF2 2.13 0.44 14.58
DMF® 3.29 0.65 13.68
CHCl5? 3.51 1.22 11.42
CHCIP 4.29 1.23 13.04
MeOH/CHCh? 2.62 0.85 4.46
MeOH/CHCE® 3.74 1.02 7.11
TPzPhOMe DMF2 0.56 0.50 N/A
DMFP 2.87 0.57 N/A
CHCl5? 0.86 0.68 3.34
CHCI3P 1.40 0.75 4.06
MeOH/CHCh? 0.34 0.55 N/A
MeOH/CHCE® 0.41 0.55 N/A
TPzPhCQMe DMF? 0.15 0.54 N/A
DMFP 0.21 0.61 N/A
CHCl5? 0.21 0.51 N/A
CHCI3P 0.26 0.58 N/A
MeOH/CHCh? 0.08 0.60 N/A
MeOH/CHCE" 0.12 0.63 N/A

4Readings were taken in solvents under ambient conditibakenin N2> degassed solvents.

94



SinceTPz-Ph was found to have the highest QY with emission into the NIR region; solid
state measurements with thin film fluorescence measurements were takenfRdgureétandard
thin films of TPz-Ph display emission spectra comparable to solutiors@lsamples suggesting a
limited aggregative interaction between the dye molecules in the solid state. However, the thin
film emission spectrum of TPRh does not show the same degree of red shifting observed in
solution phase. This indicates that the males are more tightly packed in the films than in
solution, inhibiting reorganization. Zeonex® films allow for the direct observation of single
molecule emission in the solgtate through dissolving of the emissive material in a solution of
Zeonex and ciing films[117. These studies allow for the direct observation of the stability of a
single molecule to continuous irradiation and emission. idispersed single molecule spectra
in a solid Zeonex® film displa a s haAs theamore eoncentrated thin film and the solution
but does not tail as far into the longer wavelength region. A fluorescence time trace of a single
molecule ofTPz-Phis shown in Figur®.2.6 demonstrating that the emission of a simgtdecule
in the Zeonex® film is stable with continuous fluorescerde signal to noise ratio at the single
molecule level is considerably worse due to the very weak emission of single molecules compared

to bulk samples.
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Figure5.2.6 Fluorescencspetrumof TPzPhin DMF (upper left), as a neat thin film on a glass
slide (upper right), and dispersed in a Zeonex® thin film (middle), and the accumulated spectrum

of approximately 20 single molecules dispersed in a solid Zeonex® film (bottom).
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A seriesof four NIR fluorescent compounds, with emission ranging from-$&@I® nm,
were studiedThe NIR dyes were analyzed with BXs spectroscopy, and fluorometry in a variety
of solutions, as a thin film and in at the sedtdte single molecule level in Zex@films. These
materials were shown to have near independently tunable gstatedand excitedtate oxidation
potentials which gives rise to the opportunity to control and tune energy values in a straightforward
manner. Solution absorption and emisstomves show Stokes shifts near 200 nm the -FRA
TPA (D-A-D) dyes. The Stokes shift origin was examined through computational analysis and
found to correlate with a substantial bond angle change between the donor and acceptor rings.
Good quantum yields ne¢hat of commonly used biological imaging dyes such as cyanine dyes
are observed at >4% in the NIR region (775 nm peak emission) despite a considerable
enhancement in Stokes shift values (200 nm vs. ~5 nm). Large Stokes shifts are desirable for living
biological imaging applications to avoid background signals from the excitation source, and the
TPzbased dyes examined have demonstrated a large shift and good emission quantum yield. The
emission of these materials was shown to be stable in a solid filmgduradiation, which

suggests the molecules are part of a robust design with potential applications in a range of devices.

5.30PTICAL CHARACTERIZATION OF BLUE EMITTING PINCERCOMPLEXES

Pincer complexes are a specific class of organometallic compoantdsning a tridentate
ligand in which a central moiety and two lateral donor groups bind to a metal center in a meridional
fashion. Since their appearance in 197679, pincer complexes have been extensively
investigated due to their inherent stability and due to the ease with which their electronic structure

and reactivity may be tuned by varying the metal center or the flanking dpoops. This
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structural diversity has been exploited to generate a variety of pincer ligands and complexes,
typically designated by the identity of thigating atoms as PCPL79, 180, NCN [181-183,
POCOP 184, 185, PNP[186, 187, CNC[188 189, CCC[19(Q, and so on.

The first SCS pincer complex, a thioettesed palladium(ll) derivative, was reported by
Shaw in 198(Q191]. Sulfur-containing pincer ligands have been shown to exhibit a great deal of
architectural diversity and variations in their design includingdhtgonors such as thioethers
[192-199, thioamideqg200-206 or phosphine sulfidg207-209. Although the chemistry of SCS
pincer complexes is not as developed as that of the related PCP and NCN derivatives, they have
been found to exhibit interesting photophysical propef26g, 204206, 208 210 and catalytic
applications ranging from thieorylation of allylic alcohol§211] to a variety of crossoupling
reactions[212 213. Additionally, thione and bishione ligands have been successfully applied
in catalysig214, 215.

It is noteworthy that pincer complexes incorporatingpéderocyclic thione (NHT) donor
groups are virtually unknown even though the coordination chemistry of simple monodentate
NHTs has beerxtensively investigatefR16-218. In this regard, the only metal complexes
containing pincetype ligands containg NHTs are the copper(l), copper(ll), and zinc(ll)
compounds reportedby Miecznikowski and coworker$219-223 and the rhodium(l) and
iridium(l) derivdives syrthesized by Jia, Huang and J#24.

Herein, the photophysical properties (absorption, emisspitostability, and excited
state lifeime) ofthe first SCS pincer complex incorporating Nigioups(Figure5.3.1), bothin
solution and in the solid stat@&his complex was synthesized by our collaborator Dr. Kieth Hollis

and his group at Mississippi State University.
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Figure 5.3.1Structwe of SCS pincer complex incorporating NHjfoups

Photophysical properties @incer complexwere evaluated in solution and in the solid

state. The solution data included absorption, emission, and lifetime measurements. UV/Vis

absorption exhibited a brog@ak at 291 nnn solution (Figures.3.2.
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Figure 5.3.2 UV/vis absorption spectra in methanol (in red) compared to diffuse reflectance

measurements of solid state absorbance (in black).

Upon excitation at 355 nm, the emission spectrum containedra pleak at 473 nm
(figure5.3.3. The pincer complewas found to have a lifetime that exhibited biexponential decay,
suggesting competing electronic transitighgyure5.3.4. The lifetimes othe complexncluded
Uof 0.60 N 6/391660m8sl arsd ilhioMe OH 6aln dN 46f3.223% ns an

0.15 ns in CHCIS.
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Figure5.3.3 Solid state emission spectrum of SCS pincer complex, excited 355 nm.
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Figure 5.3.4 Fluorescent lifetime curves for SCS pincer complex in the solid stateiiftop)

methanol (middle) and in chloroform (bottom) with decay curve fits in red.

Photophysical data dhe pincer complexn the solid state included diffuse reflectance,
emission lifetime, and photostability. The diffuse reflectance spedfiigore 5.32) exhibited a
sharp absorption at 350 nm. Tioéd Omi58s iNox®.I0i5f &
of 20.74 + 6.21 ns. For applications in OLEDs the long term stability of the emitter has a direct
impact on the lifetime of the electronic devicenhich it performs. The photostability of SO
complex(Figure 5.3.5 was measured using a 355 nm excitation source, and it exhibited 96%

retention over 6 hours of constant excitation with emission peaks at 581 nm and 473 nm in ambient
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air. The retentionof intensity in the emission spectrum indicates that the complex is not
decomposed by ambient oxygen or water even with UV excitation. This level of retention is

comparable to the best repdi22g.
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Figure5.3.5 Photostability ofSCS pincer complex the solid stte

The photophysics of the complex were evaluated in solatonin the solid state, with the
complex demonstrating excellestlid state photostability in ambient air with 96% retentdn
emission intensity over 7 hours of constant excitation.

The results of this study reveal that the no®&Spincer complexncorporating NHT
groupsis a blue emissive complex which is very stable under ambient conditions. The high

retention and makes this compound an excellent compound for continued reseataluanto

103



emissive material.

5.4CHARACTERIZATION OFA FLUORESCENT PROBE

Nitroreductase (NTR), is #avin mononucleotide (FMN) cofactor dependent protein
expressed in Escherichia coli (E. colipd is known t@atalyzethe reduction of a nitro growgto
hydroxylamines. These arsubsequently converted to an amine in the presence of nicotinamide
adenine dinucleotide phosphate (NAD(P)H) as a cofd@®€]. The large electronic change
resulting from conversion of the electramhdrawing nitro group to the electralonating
hydroxylamim gr oup provi des a selective Oswitchd me
compoundand leads to theslease ofan active agent. Based on this switch mechanism, various
prodrug or activatable imaging probes have been designed with nitro groups as substrates to be
triggered upon reduction by NT[R27, 228. The dicoumarin carbonatesed latent fluorophore
was devised for the application in imaging to improve selectivity for NTR and aqueous solubility
[227]. Furthermore, NTR was employed in development of girested enzyme prodrug cancer
therapies (GDEPT), antibodlirected enzyme prodrug therapy (ADEPT) amdgdscreening as
exemplified with2,4-dinitrobenzamide (CB1954229. The basis of CB1954 activation has been
fully elucidated and the molecule hadvanced into clinical trial230.

Despite the previous extensive investigatimo the use of nitrobenzyl redox switches for
NTR activatable materials, these switches have not been applied for the pdesaioof
bifunctional compoundsThese compoundsan serve as a tofdr selective imaging and therapy
[227-23(0. In order b design NTR activatable agents with combined imaging and therapeutic

function, the selection of an appraie reporter is of great importance. Among various reporters,
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fluorophores with emission in the far red and re&nared (NIR), in the range of 600000 nm,

are widely utilized in relevant research settings to overcome the limitation of poor tissue
pendration owing to the interference from background dlitorescence from biomolecul§a31,

237. In addition, NIR fluorophores offer several additional advantagesooverentional imaging
agents including high resolution, ssitivity and norinvasivenesg233 234]. In particular,
methylene blue (MB) has been recognized as a sensible starting point for the development of a
better NIR fluorophore given MB's strong absorption of broadband red light {660nm,
maximum at 664 nm), a wavelength at which absorptiahaarbfluorescence are minimg235

236]. Moreover, MB has been applied for clinical therapeutic purposes including treating
methemoglobinemia, Barretésophagus, and cervical canf87, 238. MB is also known to be
photodynamically active so that it can inactivate viruses, destroy bacteria, and inhibit cancer cell
growth[239-247. Given its advantageous properties, MB may be an ideal compound to use in
design of an NTRswitchable probe with both imaging and therapeutic capability.

In this section the photophysical prasties of a novel NIR fluorescent probe,- p
nitrobenzyl 3,7bis(dimethylaminojlOH-phenothiazinelO-carboxylate ((NBMB) which can be
triggered by NTRare investigatedTo obtain a activatabldViB-based latent fluorescent probe, a
p-nitrobenzyl moiety wasanjugated to cage MB at the nitrogen of the phenothiazine ring through
a carbamate bond, thereby quenching electron transfer within the mqlEigue=5.4.7). This
ultimately leads to improvements in achievable tatgdtackground autdluorescence rabs. In
the presence of NTR, the resultant caged fluorescent probe is intended to be turned back on
undergoing reduction of the aryl nitro group. Subsequently, the benzyl moiety will beae:tmp

a rapid 1,eelimination (Figureb.4.1).
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Figure5.4.1 Mechanism of switching on the fluorescence prob&BMB, upon reduction of a

p-nitrobenzyl moiety after nitroreductaseediatedactivation.

The fluorescence spectrum of the control revealed no emission between 640 and 800 nm
when excited by either 580 nnghit using a fluorescence spectrometer or by 514.5 nm laser light,
unless NTR is added in the solution. Heterogeneities of redublMB were further observed
with thin film fluorescence emission spectra as shown iarefg 4.2 After reduction of fNBMB
by NTR, several different peaks were recovered in addition to the dominant 680 nm peak in the
spectrum (Figre5.4.2. These results might be due to the formation of aggregates and excimers
when the reduced-NBMB interacts with the surface of a glass coskp. A previous reported
study also showed that the fluorophore MB forms dimers in dilute aqueous solutions and

aggregates at i ncreasi n-qteractiomsaenony ViBantoleculg43d u e t
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245. Thus, peaks from dimer and aggregates would appear on the longer wavelength at 712 nm
and 728 nm due to the transition dipole moment from the ground state to the lowesl state,

called the Nbranch[246]. Considering the increase in fluorescence intensity in the presence of
NTR, we anticipate that uncaging\BMB is dependent on nitroreductasediated tweelectron

reduction of the nitdeenzyl moiety redox switch.

Denax=728

H A =514nm

excite

Emission
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Figure5.4.2 Heterogeneity of fNBMB in addition of NTR (1 Unit) with NAD(P)H1 mM). Thin

film fluorescence emission spectra were obtained at 54éxaitation.
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In order b verify whether there is a fluorescence responsgherredox enzymes, which
may be able teatalyze tweelectron reduction,pIBMB emission was investigated using DT
diaphorase.DT-diaphorase did not induce any noticedhlerescence signal enhancement from
p-NBMB compared tdhe negative control wthout the enzyme, over an incubatjeeriod up to
48 h. According to previous studies on triggerafierescent probes, nitrobenzimidazoles
containing aryl nitrogroups could be an efficient redox switch that can be turnebolydDT-
diaphorasg247. In addition, CB1954, the aforementiongbdrug carrying aryl nitrgroups,
was found to be activated lpth DT-diaphorase and NTR but NTR catalyzed the reduaifon
CB1954 60 times faster than Bilaphorase[24§. However,caged gNBMB with the p
nitrobenzyl modification on thghenothiazine ring was not activated by-Di&iphorase. Theesult
indicated that gNBMB can be selectively reduced in theesence of NTR and hencendae used
for NTR detection.

Changes in fluorescence intensity as a function of concentratiorfN&\B, following
incubation with one mit per mL of NTR were also examinedAn increase in fluorescence
intensity was observed when the concentrationdBMB was i ncreased from
(Figure 5.4.3. This result indicates that fluorescence enhancement is dependent on reduction of a
p-nitrobenzyl redox switch by NTR. However, based on qualitative interpretation, the fluorescence
intensity was not mportional to the concentration ofNBMB within the concentration range.

From this result, we inferred that the fluorescence enhancement would be more related to the
amount of NTR. Hencawo concentrations of NTR, 1 unit per mL andisiper mL, werg¢ested

to observe the redox enzyme capacity in releasing fluorophore MB f#EBIMB. At the lowest

p-NBMB concentrationl € M, t he fl uorescence emission int.e
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concentrations. This implies that-NBMB might show a detection limit at-NBMB

concentrations higher than 1 &g M.

These

+ esul t

NBMB reduction was predominantly dependent on the reduction capacity of NTR in the presence

of NAD(P)H, providing its potential use for monitoring NTR.
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Figure5.4.3 Fluorescence spectra ofNBMB (1 mM, 10 mM, 100 mM) with NTR1 Unit) in

the presence of NB(P)H (1 mM) and the negative control withdlTR. Spectrawere acquired in

10mMPBS, pH7.4with the excitation at 580nm
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In conclusion, the newlgeveloped NIR fluorescent proi@NBMB, equipped with a
nitrobenzyl redox switch that enables selectwatching on of fluorescence by NTBhows
promise for further researciWhereas fNBMB shows ndluorescence emission in PBS buffer at
pH 7.4, it exhibits remarkabMIR fluorescence intensity after undergoing selective reduction by
NTR. Furthermore, fiNBMB fluorescence was induced by incubatrath live E. coli bacteria,
indicating that endogenous NTR cactivate the nitrobenzyl moiety switch to generate the
fluorophoreThis collectively indicates thatNBMB would be a suitable imagirsgnsor to detect
baderia expressing NTR. In additiorsNNBBMB alsopossesses potential as an MB prodrug which

can be applied for thieeatment of various diseases.

5.5CONCLUSIONS

In this chapterthe emissive properties of a series of thpymazine based dyes as well as
a palladium pincer complex and fluorescent lpeowere investigated.It was discovered that
tunableemission of the thienopyrazine compourudsild be achieved thugh variationof the
solvent and a strong dependence on solvent polarity was f&oldenteffects were also found
to be significant during the investigation of thpencer complex drastically altering the
photophysics from the solid stat&he morphology of the NTR profeemission also suggests

solvent dependent emission.
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CHAPTERG
EFFECTS OF NONCOVALENT INTERACTIONS ON SOLID

TRIMETHYL AMINE -N OXIDE

6.1BIOLOGICAL RELEVANCE AND PREVIOUS WORK

The regulation of organic osmotic solvent (osmolytes) concentration plays a key role in
preventing external environmental stress from damaging living orgaf2€9<250. Novel work
done by Somero et al in the late 1970s through early 1980s suggests osmolyte concentrations are
a result of convergent evolution to survive environmesttass while retaining the functionality
of biological macromoleculg®49, 251]. Popular osmolytes, such as urea, are generally known
to cause destabilization in proteins and in RN&%Z. However, Trimethylamin®&l-oxide
(TMAO) is a small and prolific osmolyte known to be important in tabikzation of biologically
relevant macromolecules under changes in both pressure and temy@&8.284).

The mechanism behind the osmolytic stabilization/destabilization of large biomolecules is
still controversial in the literatuf@55257. Itiscommohy suggested that TMAC
moment plays a critical role in its ability to stabilize biologically relevant aqueous sy{22Bfs
266]. Research hadsa demonstrated that the unique ability of th®©Nbond to serve as both a
nucleophile and an oxidafg677as wel |l as TMAOG6s I mpact[26Bn sol v
269 ar e key factors in properly wunderstanding
by Venkatesu et al. studied the irtetions between TMAO and the amphiphilic polymer poly(N
i sopropylamide) (PNIPAM) in agueous solution

hydrogen bonds and collapse of the hydrophobic character of macromolecules.
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There has been extensive reseanththe impact of aqueous TMAO on the local hydrogen
bonding networks of water and other similar solv¢@®0, 271]. Previous studies conducted by
our labinvestigated theffects ofTMAO on the hydrogen bonding networksviater, methanol,
ethanol, and ethylene glycétesults of these studies indicate that, in solution, the oxygen dictates
the local hydrgen bonding network and forces neighboring waters to adhere to a particular
structure. The hydrophobic side of the TMAO does not interact with polar protic solvent but

instead a oO6void spaced is formed.

6.2CRYSTAL STRUCTURE

The substitution of hydrogenyhbdeuterium has been a common and powerful tool for
spectroscopists to investigate the vibrational and spin dependent properties of systems since the
discovery of heavy hydrogen in 198272 . Changes in the photophysical properties of molecules
as a result of hydrogen/deuterium (H/D) exchange are fairly predictable and it is commonly
assumed that the crystal structure of compounds are unaffected lxshahge. However, this
assumption is not always correct and H/D substitution is capable of altering the molecular
arrangement in the solid state. In recent
Ai sotopic pol ymor p h[R782T7§ and a recent fublieation from dVpro ane d
Kupka provides a brief overview of this phenomef@rg.

This phenomenon is observed primarily in small, hydrogen bonding syg&dh277-
283; however, systems which lack strong hydrogen bonding networks have also been reported
[275 284, 285 but seem to be less common. Changes in molecular structure as a result of isotopic

H/D substitution are attributed to anharmonicity in the potentials, tunneling affects and changes in
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the zerepoint vibrational energy[279, 280, 283 286-289. Since changes in the vibrational
structure are easily detectable upon H/D substitution Raman spectroscopy is an ideal tool to probe
these affects and provide insight into the local noncovalent bondingnketim this chpaterwe

attempt to elucidate the effects of H/D substitution by investigating changes in intermolecular
interactions of a small benchmark system with strong-mahiogen bonding dipoldipole
interactions: crystalline trimethylaminedkide (TMAOQ) and its perdeuterated analogue (TMAO

do).

Crystalline TMAO is a desirable system not just because of its prospect as a benchmark
molecule but also because of its biological significandewever, there is very little literature
exploring the hemical properties of TMAO in the crystalline phase and how these may impact its
solvation. This seems to be | argely a result
importance as a benchmark system for strong digiplele interactions. In thisvork we
investigate the differences in the crystal structures of TMAO and TM#A&>s well as elucidate
the effects of temperature and pressure on the vibrational structure of both systems using Raman
spectroscopy in a diamond anvil cell, under liquidagiém and with electronic structure theory.

Powder xray diffraction experiments were performed using a Bruker Kappa -Hpex
diffractometer. Collection of the-Kay data, unit cell refinement and initial data reduction were
performed using the Olex? softrea SADABS2012/1 (Bruker,2012) was used for absorption
correction. The structure was solved by direct methods using the SHELXS program and refined

with SHELXL [290. The crystal structures are peat in Figure 6.2.1.
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Figure 6.2.1. The crystal structures of TMAO (top) aMIAO-dy (bottom) hydrogen atoms have

been omitted for clarity.
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The lasic experimental details of the structuresadgepresented in Tablé.2.1

Table 6.2.1. Cystallogpdic data for TMAO and MAO-d9

Structure TMAQ@ 91 T MA @9
Crystal System monoclinic monoclinic
Space Group C 2/m P 2/c

alA 10.154 4.9682(4)
b/A 8.793 8.5080(6)
c/A 5.006 10.0699(8)
U/ deg 90 90

b/ deg 91.03 91.321(6)
2/ deg 90 90

VIA3 446.884 425.536
Z, Z0 4,0 4,0

The esults of the Xray crystallographic analysis real the TMAO andAO-dy do not
possess isomorphic crystal structure. This is relatively unique and is likely the result of the
changing zero point vibrational energy. The crystal structures are very switliathe only
difference in the space groups being an additional twist plane M -dy crystal.
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6.3COMPUTATIONAL INVESTIGATION OF CRYSTALLINE TMAO

Density functional theor{46, 47] (DFT) computations were performed using the Gaussian
09 software packad@92). The B3LYP density functiong#8, 293 was employed using a Pople
style splitvalencedouble basi s set with pol a3litgdp)t Adense and d
numerical integration grid composed of 99 radial shells and 590 angular points per shell was used
for all of DFT calculations The electronic energy was converged to at leaStBOandinitial
geometries were obtained from crystallographic ddtaree different optimization calculations
were run for both TMAO and TMA@, one gas phase and two crystalline.

Calculations of gystalline TMAO were done by first taking an array of TMAO unit cells
and choosing a central TMAO molecule. Next, all TMAO molecules except for the central TMAO
and its nearest neighbors were removed. This process left a central TMAO molecule surrounded
by 10 neighboring moleculg&igure 6.3.1) The resulting structure was optimized through two
di fferent approaches. The o6rigid crystal dé met
central TMAO mol ecul @ i ge deicWwhiclsatl @ohhficrogesh atbnfse 6 n o
except those contained by the central TMAO molecule were froze. A similar approach has yielded
results consistent with second order Mghdesset perturbation theory in previous work
investigating small vibrational shifis pyrimidine induced by complexation with wafé®4, 295
and in the investigation of crystalline pyidine [296]. Calculated vibrational modes were
compared to previously determined literature values as well as the values determined in this work.

C-H straching modes were scaled by a factor of 0.965.
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Figure 6.3.1. Image of TMAO crystal starting point for calculations.

Comparison of the energy of calculated modes for TMAO between 50 and 658hows
good agreement with experiment with all three ni@¢€igure 6.32a). In the two crystal models
translational and rotational motion is not subtracted out and instead manifests as low energy
phonon modes, < 200 chThese modes can be seen in the two crystal models but do not line up
well with experimentedata. Gas phase calculations predict a single peak for bothNk€ 8end
and NO rock. Although the energies predicted line up well with the experimental spectrum, they
do not show the observed splitting. Both crystal models predict splitting degeneracy of the

N-O rocking modes but only the noigid crystal model predicted splitting in theNGC bend,
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suggesting the splitting is a result of intermolecular interactions with neighboring TMAO
molecules.

In the GN and NO stretching region Iieeen 700 and300 cm?, all models show strong
agreement with the experimentalNEC stretch(Figure 62.1b and c) However, the gas phase
calculation predicts a visible difference between th® Ktretch and @I-C asymmetric stretch.
Neither crystal mdel predicts a significant difference between the peaks and agree much better
with the experimental results, although a shoulder can be seen in thgidamystal model. The
splitting in the GH wagging/twisting region of the experimental spectrum01D&00 cm', is also
more accurately predicted by the crystal models.

The high energy & stretching modes, >2990 cimof all three models agree very well
with experimental data, with the noigid crystal model being the most accuréegure 62.1d).
However, the €H symmetric stretches seem to be particularly challenging to predict. The gas
phase and rigid crystal models predicts a single peak for #Hesgmmetric stretch while the
experimental spectrum show several peaks between 2750 and 299@ltrugh the norrigid
crystal model predicts a considerable degree of splitting in this region, the general pattern does not

appear to line up well with the experimental spectrum.
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Figure 6.32. Comparison of experimentally determine TMAO spectrum hrektcomputational

models labelled as GP for gas phase, RC for rigid crystal and NRC feigmbirystal.

Calculations were also performed for the perdeuterated TMAO crystal strucilire.
models predicted the lower energy, 6B200 cm!, Raman modesof TMAO-ds with good
agreement to experimer{Figure 6.33a). Surprisingly, the gas phase calculation agrees
exceptionally well compared to the TMAO calculations. However, thediretcling modes, are
better predictedising the nosrigid crystal modelFigure 6.33b), with the gas phase and rigid
crystal model again predicting very little or no splitting in thél Gymmetric stretch. The nen
rigid crystal model predicts the general distribution of peaks for the symmetdcsttetch

splitting. This modl also agrees very well with the higher energid Gtretching peaks. The
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greater agreement in the TMAMY calculations over the TMAO calculations suggests

intermolecular interactions play a smaller role in crystalline TMd®@han in TMAO.

(@) (b)
Exp.
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Raman Shift (cm’ )

Figure 6.33. Comparison of experimentally determinBMAO-ds spectrum and three
computational models labelled as GP for gas phase, RC for rigid crystal and NRC-fagishon

crystal.

6.4HIGH PRESSURE RAMANSPECTROSCOPYF CRYSTALLINE TMAO

High pressure Raman spec were obtained through the use of a diamond anvil cell
(DAC). Solid TMAO was packed into a 0.24mm diameter hole in a stainless steel gasket along
with a single ruby sphereNujol® was used as a pressure transmitting medium to ensure even
compressionhroughout the sampleThe pressure was calculated by tracking the shifts in the
Rubyds phot ol unik9id 29§.c arirauen,presRutes achiever were on the order

of 6 GPa. A Nikon Eclipse TE2004J inverted microscope paired with a Princeton Instruments
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ProEM 1024 CCD canna were used for signal collectioA Princeton Instruments Acton SP2500
monochrometer equipped with a 2400 grooves/mm grating was used to achieve spectral resolution
of 0.01 cm!. The 514.5 nm line of a Coherent Innova Am laser was employed as tRaman
excitation source along with two 520 long pass filters to prevent laser bleed through to the CCD
camera.

Ambient Raman spectrum, taken with the sample inside the DAC, matches previously
reported spectra welR70, 271]. In order to more clearly represent the data, Raman modes were
separated into distinct regions. The TMAO spectra have been sepatatedir distinct regions
roughly correlated to different vibrational regions: th&lGtretching region between 750 and 800
cmi?, the NO stretching region between 930 and 980'@mnd the GH stretching regions between
2930 and 3070 crh Spectra folTMAO-ds were also separated:-MUN-O stretching region
between 675 and 950 ¢inC-D wagging/twisting region between 1025 and 1225 @md the €
D stretching regions between 2060 and 2343.cithe Raman vibrational spectra were measured
as a function ofhe total pressure in GPa.

Upon compression of TMAO continuous changes were not detected in any of the observed
regions. This can be seen most clearly by plotting the peak shifts against total pFegsoee,

6.4.1 All observed modes show blue shiffThe first proposed phase change occurs between 1.18
and 2.20 GPa, where the Raman shift was nearly constant over an increase in pressure of 1.02 Gpa.
The emergence of a shoulder peak can also be seen in the 9460nstretch. The emergence

of new peaks could be the result of either a change in the space group of the crystal or due to
increased intermolecular interactions which leads to more easily observed correlation splitting.

The emergence of this peak is likely caused by the latter sincetibalocalculations predict two
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nearly degenerate peaks at 945'chut splitting in those peaks can be seen in therigiohcrystal
model. The second proposed phase shift occurs between 3.94 and 4.33 GPa. This change is seen
primarily in the GH stretcting region.

Upon compression ofFMAO-dg continuous changes were detectedllrof the observed
regions.Again,the peak shiftare plottechgainst total pressuréigure 6.4.2 All observed modes
show blue shiftbut they appear to increase relativehehrly with the pressureThese results
further support the earlier conclusions regarding the computational results. It appears that the
TMAO-dg crystal is not perturbed to the same degree as the TMAO crystal suggesting considerably

less interaction bet@en localTMAO-dy molecules.
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Figure6.4.1. Graph of Raman shift as a function of pressure for TMAO with two proposed phase

shitts illustrated as dotted black lines.
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6.5 RAMAN UNDER LIQUID NITROGEN (RUNS)

Raman spectra were also taken under liquid nitrogen using a¥YetdmRamanor HGS
Raman spectrometer with two 1800 grooves/mm gratings and a thermoelectrically €®F&d) (
photomultiplier tube as the detectdk.scan speed of 2 cis was employedThe 514.4 nm line
of a KrAr* ion laser was utilized as the Raman excitation source. A stainless steel sample holder
surrounded by Styrofoam for insulation held the sample in place while covered in liquid nitrogen
Due to the long time period of a single scan, RUNs spectra were taken in segments in order to
prevent the evaporation of liquid nitrogen from affecting the spectra.

RUNSs spectra of TMAO reveals blue shifting of all normal modes, most notably in the
lower energy modegFigure 6.5.1)ranging from 2061600 cm!. Some extra splitting can also be
seen at the peak arouh@65 cm'. It is interesting to see significant blue shifting in th€®©Nind
C-N-C symmetric stretches; however, RUNs spectaMAO-dy do not show this shifting. Other
modes in thefTMAO-ds are also considerably less blue shifted, again supporting the conclusion
that forcing these molecules together is no increasing their intermolecular interactions as
significantly as in TMAO. It should beoted, however, that some of the Raman modes in the

TMAO-do spectra do noticeably change shape.
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Figure 6.5.1. Comparison of RUNs spectra for TMAO (top) BMAO-dy (bottom) in red to rom

temperature spectra in black for modes between 150 and 1600 cm

Looking at the higher frequencyi@ and GD stretching modes (Figure 6.5.2) we see the
oppositeresultof the lower energy modedn this case it appears that theHCstretching modes
of TMAO are relatively unperturbed by the decrease in tempenatite the GD modes can be
seen to have significantly blue shifted. The increased interaction i@-hestretches may be
explained by the difference in space group between TMAQ B#AD-dy. The primary difference

in the space groups is a twist angle vishresult in slightly different placement in the TMAO
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molecule in the Horizontal plane (perpendicular to the alignment of 4@edijpole) but does not

affect the vertical placement.
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Figure 6.5.2. Comparison of RUNs spectra for TMAO (top) BM&AO-ds (bottom) in red to room

temperature spectra in black for modes between 1950 and 3100 cm

6.6 CONCLUSIONS
The effects of increasing noncovalent interactioa pressure and temperature changes

have been investigated using Raman spectroscopy and eledhumtire theory. The result
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suggest that the lack of an isomorphism between TMAOTAMO-dy crystal structures affects

the degree to which the individual molecules in each system interact with one aBaither.
computational and experimental Raman reseveal that the perdeuteratéYIAO-dy crystal
structure is significantly less vulnerable to external stress from pressure and temperature when
compared to TMAO.The work presented in the chapter is currently in preparation for submission

to Crystal Grovth & Design
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CHAPTER 7

DEVELOPMENT OF HYBRD SURFACEGAS PHASE EXPERIMENT

Thedesignof a new surfacgas phase hybriexperiment has beaontinuoudor several
years. The goal of this experiment is to study thin films of newsswa material under controlled
atmospheres or other controlled environments. The experiment consists of a steel chamber with a
small opening on which a glass coverslip containing a sample will fit over. The chamber is then
put under vacuum so that thensple is essentially in isolation. A pulse valve is then used to either
pulse in a new atmosphere or use an inert gas to pulse in clusters of a desired solvent to micro
hydrate the sample over tim&.schematic representation of the experimental set spag/n in

Figure 7.1.

Vacuum
chamber

Pulse Valve

To gas
canister

Slide
Sample

Laser J

Mini
diffusion
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Figure 7.1. Experimental setup of hybrid surfges phase experiment.
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This setup has been tested on a blue emissive pincer complex synthesized by Dr. Keith
Hollis and his group at Mississippi State University. This complex sengcarbon monoxide
ligand which isbelievedto detachin air. Free oxygen in the air will then bind to the complex
resulting in the loss of optical activity. The photostability of this complex was measured in air and
then under nitrogen, in vacuumdafinally under a CO atmosphere using this setup (Figure 7.2).
The results of this experiment support the proposed mechanism fadpbadation of the
complex in the presence of oxygen. The photoretention in air is only 30% while in vacuum and
under nirogen this is increased substantially te46P6. By introducing the sample to a CO rich
atmosphere the retention can be increased even further to 60%.

The development of this experiment is essential to future studies on the effects of
noncovalent intei@ion on emissive systems as it allows for more control over the local
environment than the study of bulk solutionsFuture experiments plan to look at the
solvatochromic effects of different solvents dHHR emissive materials synthesized by the

Delcamp goup at the University of Mississippi.
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Figure 7.2. Photostability of CO pincer complex in different atmospheres.
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