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ABSTRACT

PROBING STRUCTURE FUNCTION RELATIONSHIPS IN NOVEL
SILICON CONTAINING MACROMOLECULES WITH
NONLINEAR OPTICAL AND ULTRA-FAST SPECTROSCOPY

by

Jin Zhang

Chair: Theodore G. Goodson 111

Organic photovoltaics (OPVs) as a relatively novel technology have drawn
significant attentions to many scientists during the past few years because of their
potential low mass production costs, simple fabrication processes, mechanical flexibility,
and light weight. Countless efforts have been devoted to overcoming technological and
material barriers for high power conversion efficiencies. Understanding the photophysical
properties and energy transfer processes of the potential candidates as well as the
mechanisms of charge generation, recombination and transportation are crucial to
improving overall OPV device efficiencies and guiding new research of designing novel
OPV materials. In this dissertation, nonlinear optical and time resolved methods such as
two-photon absorption, time-resolved transient absorption, and fluorescence emission are
used to study the nature of charge transfer character, energy transfer processes and charge
transfer mechanisms in OPV materials. Two groups of organic macromolecules were

investigated:

1) Three sets of chromophore substituted silsesquioxane derivatives were

investigated to determine structure function relationships on a molecule basis.
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Exceptional red shift in emission and large two-photon cross-section found in
[NH,vinylIStilbeneSiO s]s suggest that charge transfer character could be dramatically
enhanced by introducing strong electron donating group to the substituted chromophores.
Both steady state photophysical and two-photon absorption study of polyfunctional
phenylsilsesquioxanes ([0-RPhSiOy s]s, [2,5-R2PhSiO; 5]s and [R3PhSiO; 5]g) indicate that
adding additional chromophores in a nanostructure could strengthen the electronic
coupling among substituted chromophores and enhance charge transfer character of the
entire molecule. Time resolved absorption and emission spectroscopy reveal the excited
state dynamics of corner and half ([p-Me,;NStilSi(OSiMe)s], [p-Me,NStilSi(OSiMe)]s),
as well as cube ([p-Me;NStilgSiO; 5]g). Ultrafast depolarization of the fluorescence in the
half and cube systems was observed indicating strong electronic coupling between the
chromophores and excitation energy delocalization taking place between the
chromophores within the molecules. Time-resolved transient absorption studies on a
femtosecond time scale were used to monitor the earliest events in the excited-state
relaxation process. Blue shifts in the excited state absorption correlate with solvent
stabilized intramolecular charge transfer processes. The transient dynamics revealed
ultrafast delocalization of charge in the half and cube systems. An increase in charge
transfer character of the excited state is found in half and cube with an increase in the

number of chromophores, and this explains the increase of two-photon cross-sections.

2) A series of novel oligothiophene-perylene bisimide hybrid (DOTPBI)
dendrimers (GO, G1, and G2) were investigated. Results revealed the ability of these
molecules to undergo intramolecular fluorescence resonance energy transfer (FRET)
from the dendritic oligothiophenes (DOT) to the perylene bismide (PBI) moiety. The
delocalization length and the photoinduced electron transfer (PET) rates were
investigated as a function of dendrimer generation. An ultra-fast (~200 fs) energy transfer
process from the DOT dendron to the PBI core was observed. In the case of the G2
dendrimer, with relatively larger oligothiophene dendrons attached to the bay area of the
perylene bisimide, the PBI core is highly twisted and thus loses its electron trapping

ability. As a result, among the three generations studied, G1, which has the best two-
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photon cross section and the most efficient energy transfer, is the best light harvesting

material among three samples.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Motivation and Background

The energy challenges we face are severe.! The worldwide industry and daily
necessities currently rely heavily on non-renewable energy supplies such as coal, oil, and
natural gas, which will eventually diminish and cannot be renewed. Continuously
consuming these materials will cause environmental consequences and break down the
ecosystem of our planet. In contrast, the many types of renewable energy resources such
as wind and solar energy are constantly replenished and will never run out. As shown in
Figure 1.1, in 2011, renewable sources such as solar, geothermal, waste, wind, biofuels,
wood and hydroelectric power hold only 9 % share of the United States national energy
supply. This number is probably much lower throughout the world. Therefore, seeking
alternative and renewable energy supply is one of the crucial elements to maintaining

long-term sustainable development for our human society.

U.S. Department of Energy has a comprehensive plan to promote renewable
energy production, reduce the dependence on foreign oil and solve the global warming
crisis.”® To achieve this, solar energy is used as one of the key renewable energy sources
without greenhouse gas emissions. The amount of solar radiation reaching the surface of
the earth is about 164 PW with an average energy density of about 1270 W/m®.* In one
year, the total energy of solar radiation is about twice amount of the energy that will ever

be obtained from all of the other Earth's non-renewable resources, such as coal, oil and



natural gas.* In addition, solar energy can be harvested around the planet, mostly
depending on latitude and average local cloud cover. Therefore, solar, as one of the
cleanest types and the most abundant energy sources, has obtained quite amount interests
and became the key approach to the next generation energy supply. The consumption of
solar energy will be increased dramatically in the next few decades, as indicated in Figure
1.2.

Solar/PV 2%
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Wind 13%

Nuclear Electric /)
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Natural Gas
26% Renewable
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Wood 22%

Petroleum
36%

Hydroelectric
Power?
35%

Figure 1.1 Energy consumption, 201 1°

Although solar energy is an ideal alternative energy, it only provided 2% of the
US’s renewable energy in 2011, as shown in Figure 1.2. Currently, commercial
photovoltaic cells are inorganic with efficiencies between 12-25 %.° However, there are
some drawbacks of current photovoltaic techniques. First of all, fabrication processes are

very complex and involve a number of steps that make commercial solar panels very



expensive. Secondly, inorganic solar cells are made by rigid materials which are unable
to be manufactured into large scale mass production because of the limitation of current
industrial fabrication technology. Thirdly, the amount of energy produced is still

uncompetitive to traditional non-renewable sources.
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Figure 1.2 Energy consumption prediction to 20255

Organic photovoltaics (OPV) as relatively novel technology, in contrast, have
efficiencies of ~8 %, but can be potentially produced at a much lower cost.”® OPV
materials also provide other advantages, such as good solubility,”*° light weight,** and
mechanical flexibility."* Most importantly, OPV provide the possibility of cheap
production, such as simple roll-to-roll printing processes,** drives the development of
organic photovoltaic devices further in a dynamic way. An example of flexible organic
solar cell'® is illustrated in Figure 1.3. In a word, the biggest challenge is how to improve
the power conversion efficiency of organic photovoltaics to exceed the 10% mark for

large scale commercialization.'®



Figure 1.3 Flexible organic solar cell 16

1.2 Photovoltaic Techniques

Photovoltaic cells are specialized semiconductor diodes that convert visible light
into direct current electricity. Common materials used for photovoltaics are inorganic,
with 12-25 % efficiency,® while most of organic photovoltaics have efficiency about
8 %." 1" In order to understand the basic idea of enhancing the efficiency of organic
photovoltaics, a brief introduction to the physics of the solar cell efficiency and
background of current organic photovoltaic materials are presented in the following

section.

1.2.1. Basic Physical Principles

Generally, the power conversion efficiency (PCE) is used to evaluate the
performance of a solar cell as an industrial standard. It is defined as the ratio of the
maximum electrical power produced by a solar cell per unit area in watts, divided by the
incident radiant energy in watts per unit area under "Standard Test Conditions” (STC).
STC represents a series condition that: (1). Light intensity of 1000 Watts/m?. (2). Air
Mass 1.5 solar reference spectrum, corresponding to a solar zenith angle of 48.19 °, as

shown in Figure 1.4. (3). Solar cell temperature during measurement of 25 °C.
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Figure 1.4 American Society for Testing and Materials (ASTM) Terrestrial Reference
Spectra for Photovoltaic Performance Evaluation’s

The power conversion efficiency, which is used to evaluate the performance of a
photovoltaic device, can be represented by the amount of optical power of light (Piight)

converted into the electrical power of a solar cell (Psolar celr):

Equation 1.1 PCE = Psotar cett __ IscUocFF
Pirigne Plight

In the above equation, Isc is the short circuit current in ampere, which is defined as the
current produced by solar cells under illumination without application of any external
resistance. In other words, it is the maximum electrical current that can be generated by a
solar cell device. In organic semiconductors, lIsc is determined by both the photoinduced
charge carrier density and the charge carrier mobility. Uoc is the open circuit voltage in
volt, which is the maximum possible voltage between two electrodes of solar cells under
illumination when no current is flowing through terminals. It depends on the saturation

current of the solar cell, photo-generated current and recombination process of the charge
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carriers. Particularly, in organic photovoltaics, it is determined by the energy difference
between the highest occupied molecular orbital (HOMO) of the donor (p-type
semiconductor) and the lowest unoccupied molecular orbital (LUMO) of the acceptor (n-
type semiconductor). A linear relationship has been found between the HOMO level of
the conjugated polymer and the open circuit voltage.’® FF is the fill factor, which is
defined by the ratio of actual maximum output power generated by a solar cell to its
theoretical output power under the condition when both open circuit voltage and short

circuit current conditions are achieved:

Equation 1.2 FF = Ymmplmmp

Uocloc

Where, Vinmp and Immp are the voltage and current, respectively, at maximum power point
(MMP). At this point, the power output is the largest and used to compare with the
incident light intensity in order to evaluate the efficiency of a solar cell. An increase of
FF could directly lead to an improvement of overall PCE. There are two important
factors needs to be aware of in order to obtain a high FF. First, the shunt resistance (Rgy)
needs to be very large in order to prevent leakage current. Second, the series resistance
(Rs) needs to be very low in order to get a sharp rise in the forward current. The
corresponding equivalent circuit is shown in Figure 1.5. FF can be significant different
based on the materials. Currently, for polymer based semiconductors, FF over 70% can
be achieved.”

According to Equation 1.1, the PCE can be improved by improving Isc which can

be presented by the equation below:

Equation 1.3 Ige = on, QF qA

Where, ¢ is photon flux per second per square meter, A is area of device, nege IS external
quantum efficiency, and q is electron charge in coulomb. External quantum efficiency
(EQE) is the number of charge carriers collected by a solar cell divided by the number of
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incident photons. It includes energy losses caused by reflection and transmission. EQE is

related with other efficiencies, as shown in the following:

Equation 1.4 Neoe = Mo"igk

Where, 1o is the optical efficiency and nqe is the internal quantum efficiency (IOE). IOE

only involves the percentage of absorbed photons and factors out the energy losses due to

reflection and transmission.

Uﬁ A
-

Figure 1.5 Equivalent circuit for a solar celll”

Figure 1.6 illustrates the typical the current-voltage characteristics of a solar cell
in the dark and under illumination conditions. In the dark condition, no current flows
until forward bias for voltages at the contact is much greater than the open circuit voltage.
Under illumination condition, the current flows following the direction opposite to the
injected currents. In Figure 1.6, the open circuit voltage (Voc) and the short-circuit
current (Isc) are marked as the intersections with x and y axis, respectively. Under closed
circuit condition, the photo generated current is maximum, whereas under flat band or
open circuit condition, it becomes zero. The largest power output is obtained at the

maximum power point (MPP) where the product of voltage and current is maximized.



Generally, the 1-V characteristics of a photovoltaic device after the Shockley

equation can be expressed as following:

Equation 1.5 I=1,- {exp (ﬁ (U - IRS)) — 1} + U;IRS

—Ipy
SH

Where, I, is the reverse saturated dark current, e is the elementary charge in coulombs, n
is the ideality factor of the device, U is the applied voltage, R is the series resistance,
Rgy is the shunt resistance, Ipy is the photocurrent generated, and k is the Boltzmann

constant.

Dark
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T Maximum

Illuminated | Power Point
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1

Figure 1.6 Current density-voltage (J-V) characteristics for a generic photvoltaic
devices?!

In organic photovoltaics, there are five consecutive steps to accomplish in order to
convert light into electric current electricity: (1) absorption of a photon to generate an
electron-hole pair (exciton); (2) exciton diffusion; (3) exciton dissociation; (4) charge
carrier generation and separation at the donor/acceptor interface and charge transportation
through the organic layers; (5) charge collection at electrodes to generate a direct current.



Each of these five steps has some associated efficiency. Thus, EQE can be re-expressed

as:

Equation 1.6 N EQE = Mabs X Naiff X Ndiss X Mer X Nec

Where, 14,5 is the efficiency of absorption, n4;¢¢ is the efficiency of exciton diffusion,
Naiss 1S the exciton dissociation vyield, n,, is the efficiency of charge carrier transport
throughout the device and n. is the efficiency of charge collection at the electrodes. The

basic operating process of p-n heterojunction photovoltaics are illustrated in Figure 1.7.

Organic solar cells consist of donor and acceptor moieties to construct donor-
acceptor heterojunction structures. Two different heterojunction designs are shown in
Figure 1.8. When a photon with sufficient energy is absorbed in donor, the electron hops
into the LUMO level, leaving a hole in the HOMO level, and thus a bound state of
electron/hole pair (exciton) is generated, as shown in Figure 1.7. The electron-hole pairs
must then be further separated into free charge carriers and transported to the electrodes
to generate direct current. During this step, exciton recombination (usually ~us) could
happen unless it is quickly dissociated and followed by a long-lived charge separation
state (usually ~ns).?? In order to dissociate the exciton, the acceptor materials have to
overcome the exciton binding energy of the donor. The binding energy of OPV materials
is usually between 0.5-1.0 eV.? For donor-acceptor type heterojunction materials, a
decrease in exciton binding energy could result to a more efficient photocurrent
generation.”* The following condition describes the requirement for the charge transfer

process taking place at an interface:

Equation 1.7 E4-E} > U,

Where, E2 and E2 are electron affinity of acceptor and donor, respectively, and Up, is the

binding energy of exciton in donor.
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Figure 1.7 Energy band diagram illustrating the five consecutive steps and HOMO
/LUMO levels in a hybrid solar celP5
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In order to increase the overall efficiency PCE, there are many approaches have
been focused on. First of all, increasing 7, is the most effective way to increase 7 gop
and thus improve lsc.?°?" The absorption spectrum of the material is affected by both the
band gap and absorption extinction coefficient. Organic semiconductor thin films may
have high absorption extinction coefficients exceeding 10° cm™. The thickness of the
active layer is also essential to the absorption intensity. Material such as P3HT polymer
with high charge-carrier mobility and long lifetime allows the capability of increasing the
layer thickness (up to 500 nm) and substantially increasing the solar absorption yield.?®
Another important factor is the efficiency of exciton diffusion, which depends on the both
exciton diffusion length, and the distance between excitation and the nearest interface.
The maximum exciton diffusion length is around 10nm in disordered and semi-crystalline
polymers and small molecules.?®?® Exciton dissociation happens near the junction
(usually less than 20nm) between donor and acceptor, and therefore, the distribution and
morphology of the interface throughout the active layer are also critical to the overall
efficiency of the solar cell. Charge transportation occurs via hopping process between
energy states, which is greatly depending on the charge mobility of the semiconducting
material. There is a competition between charge recombination and transportation. The
charge carriers drift length (d) is determined by the product of charge carrier mobility (),
carrier lifetime (t) and applied electrical field (E). The lifetime of exciton (usually ~ps) is
typically very short. It has been found that introducing intermediate layers between the
photoactive layer and electrodes could enhance the injection of charge carriers

energetically. n.. is influenced by the electronic composition of the device.

1.2.2. Organic Photovoltaic Materials

Organic materials with delocalized 7 electron systems can absorb sunlight, create
photogenerated charge carriers, and transport these charge carriers to electrodes to
generate direct current electricity. Tremendous efforts have been made to develop organic

17, 21, 25-27, 29-39
The

solar cells within the last few decades. first generation of organic

photovoltaic solar cells was based on single active layers made of organic material,
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sandwiched between two electrodes.”® “° Unfortunately, their power conversion
efficiencies reported were generally poor (far below 1%), because the charge
recombination occurs readily when exciton diffusion length is much shorter than the
sample thickness. Introducing a second organic semiconductor layer to form bilayer
heterojunction solar cell was a huge breakthrough to improve the overall power
conversion efficiency of OPV cells. There are two specific types of semiconducting
materials commonly used in heterojunction solar cells. For instance, phthalocyanine, as a
p-type, hole conducting material, behaves like an electron donor.** *®*’ In contrast,
perylene and its derivatives show an n-type, electron conducting behavior and serve as
electron acceptor.*®> The first organic heterojunction solar cell reported by Tang in 1986
is a huge milestone in this field, which provides about 1% power conversion efficiency
with a phtalocyanine derivative as p-type semiconductor and a perylene derivative as n-
type semiconductor.>* However, this heterojunction concept has requirements on both the
low exciton diffusion length and the thickness for a sufficient absorption in order to

achieve a better efficiency.

Later on, bulk heterojunction solar cell was introduced to overcome these
limitations, by blending two different donor and acceptor materials in solution and then
utilizing spin coating or evaporation methods to obtain solid state mixture.>>*® In 1995,
Yu et al.>” made the first polymer/polymer bulk heterojunction photovoltaic device based
on a mixture of phenylene-vinylene derivative and fullerene. In contrast to the bilayer
heterojunction, this novel concept features both distributed junction and increased
interface area between the donor and acceptor. The advantage is that it is very efficient to
dissociate exciton and generate charge carriers over the whole extent of the thin film.
However, separation of these charge carrier pairs is very difficult because of the strong
Coulomb bound between them, and recombination process between the trapped charge
carriers and the mobile ones. Despite of the drawbacks, solar cell under this concept
provides much higher power conversion efficiency than the bilayer system. Currently,
state of the art OPV cell reported by a German company, Heliatek, offers power

conversion efficiency ~12 %.
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The choice of materials used in solar cells is crucial to the overall efficiency, and
thus the success of OPV cell device. Research on organic photovoltaics cells has been
focused on solution processable low band gap semiconducting polymers, small molecules
and hybrid materials. *"*°%% Examples of current popular OPV materials are shown in
Figure 1.9. Materials with low ionization potentials and low electron affinities usually
behave as hole-transporting materials, while materials with high ionization potentials and
high electron affinities behave as electron-transporting materials. The valence band edge
is identified by the ionization energy required to remove a HOMO electron and to obtain
a LUMO electron. The band gap of most organic photovoltaic materials is usually around
2eV.% The optimum band gap for harvesting the solar spectrum is approximately 1.4eV
according to the detailed balance limit.** Decreasing the band gap could actually enhance
absorption yield by increasing the total amount of photons absorbed from the solar
spectrum. However, lowering of the band gap will cause a decrease in open circuit
voltage and eventually lower the overall power conversion efficiency. Other than that, the
probability of charge dissociation can be increased when the potential difference between
the LUMO of donor and the LUMO of acceptor is increased. The large difference
between the LUMO levels can provide large offset energy, high built-in potential (Vg))
and thus results large open-circuit voltage.®? Theoretically, Vg, is given by the following

equation®®:

Equation 1.8 Vg = %(IEHOMo(donor)I — |ELymo(Acceptor)|)

In which, e is the elementary charge in Coulomb. In addition, V. is empirically

suggested that ~0.3V less than the built-in potential.*®

Quite amount of low band gap polymers were studied in the literature.”® 7

There are several factors that influence the band gap of conjugated polymer materials: (1)
charge transfer from one part of the molecule to another/intra-chain charge transfer, (2)
bond-length alternation, (3) aromaticity, (4) substituents effects, (5) intermolecular

interaction, (6) m-conjugation length.
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Thiophene, as one of the most promising OPV material, has gained strong

interested in current research.”*"® The structure of polythiophene is shown in Figure 1.11.

It can be incorporated as polymer backbone in a copolymer or as part of a fused ring

systems. Different orientations of thiophene monomers are illustrated in Figure 1.10. The

band gap of polythiophene is 2 eV."
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Figure 1.9 Organic semiconductor materials in organic solar cells*”

Poly(3-hexylthiophene), P3HT, is one of the most studied conjugated polymers

based on polythiophene, as an electron donor. The structure is shown in Figure 1.8. The

band gap of P3HT is around 1.9 eV, with absorbance below a wavelength of 650nm.

28,78

There are many methods to optimize its band gap. First of all, the absorption maximum



of P3HT is related with the percentage of head-to-tail coupling, and thus, the synthetic
approach methods, such as the solvent used for spin coating, the annealing temperature
and addictive added to the active layer are essential to the photo physical properties of
the thin film.”® In addition, it has been noted that the molecular weight also has strong
influence on the absorption spectrum of P3HT.# An increase in molecular weight results
in a red shift and broadening of absorption maximum, and provides better photovoltaic
performance.** The regioregularity is another important factor which affects the
characteristics of the P3HT such as conductivity and charge carrier mobility and transport.
Several studies have been reported on the regioregularity and its effect on packing of the
polymer 882 8488 |t has been found that the P3HT could stack in lamella structure and
improve charge transport. % %°! The dimension of lamella thickness is affected by the
length of the substituted side chains.®® However, the main disadvantage of this polymer is

that its absorption spectrum doesn’t match well with the solar cell spectra.

/ A\

S
n

Polythiophene

T HH HT

Figure 1.10 Structure of polythiophene and substituted derivates of polythiophene in
HH, HT and TT couplings”®
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Another state-of-the-art organic photovoltaics is based on the fullerene derivative
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM).% ™ 2 929 The stryctures of
fullerene and PCBM are presented in Figure 1.9. Numerous studies have been aimed at
designing optimal donor polymers for PCBM.?**" The HOMO and LUMO energy levels
of P3HT MDMO-PPV and an ideal donor with respect to the band structure of PCBM is
presented in Figure 1.11. Two possible mechanisms have been raised of the fundamental
photo-conversion process. The first one follows the general accepted mechanism for
photo energy conversion in excitonic solar cells. Exciton is created in donor material after
excitation. The electron in the LUMO level of donor exciton transfers to the LUMO level
of the acceptor directly. Another possible mechanism involves a Forster resonance energy
transfer (FRET) from the donor to the acceptor after excitation, thus generating an

exciton in the acceptor. This process has recently been observed for fullerenes in both

y

0

solution®® and solid state.*®

5 n R n
P3HT MDMO-PPV
3.2eV 32eV
LUMO
9eV
23 39ev
4.2 eV
P3HT MOMO-PPV Ideal
Daonor
Polymer
PCEM
HOMO 52eV
54eV 5.4 eV
6.0 eV

Figure 1.11 Band structure diagram illustrating the HOMO and LUMO energies of
P3HT, MDMO-PPYV and an ideal donor with respect to the band structure of PCBM?6
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Many other OPV materials such as perylene bisimides (PDI)* 100101

phthalocyanine,*®*® 1 5-naphthalene diisocyanate (NDI)'® and poly(triarylamine)

(PTAA)'® have been widely studied. The structures are presented in Figure 1.9.

The fabrication techniques are very simple and cost-effective, such as vacuum

107 108-109

deposite, spray deposition,*'>*** doctor blading,***™* screen

8, 112

spin-coating,
printing and inkjet printing."****®* Most polymer-based photovoltaic elements are
solution processed at low temperatures. Vacuum evaporation and solution processing
techniques are the most commonly used thin film preparation methods in the production
of organic solar cells. In addition, vacuum evaporation/sublimation is a very clean choice
for the deposition of thin films based on small molecules.**” The printing/coating
techniques are usually used to deposit conjugated semiconducting polymers.**’ Large
scale printing/coating techniques uncover the possibility for large scale cost-effective

manufacturing with low energy consumption.

Understanding the mechanisms of charge generation, recombination and
transportation is crucial to making significant improvement in the overall OPV device
efficiency. Transient absorption spectroscopy has been widely used to study the nature of
excited states in solar cells.* *#*2L |t is a pump-probe technique which can be used to
characterize all steps of device operation, such as absorption, exciton diffusion and
dissociation, charge transport and charge collection. Ultrafast spectroscopic technique
can monitor the photoinduced charge transfer process in real time (less than 50 fs).'2%%%3
It also provides the evidence and significance of the charge transfer state. Ohkita et al.*®
utilized transient absorption spectroscopy to examine the correlation between polaron
yield for a series of polythiophenes blended with fullerene (5 wt %) and the activation
energy of charge separation. The results imply that charge carrier dissociation efficiency
is dependent on the free energy of the starting exciton. High activation energy provides
the initially formed CT state with sufficient excess thermal energy to overcome the
binding energy and thus leads to efficient charge dissociation into fully charge separated
state. The energy diagram of the carrier formation in polythiophene/fullerene blend films

is shown in Figure 1.12. Similar trends also found in other alternative blends.*?**?® In this
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dissertation, time-resolved transient absorption technique is used to study charge transfer

process of the silsesquioxane and oligothiophene-perylene bisimides.
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Figure 1.12 Charge photogeneration diagram in polythiophene:PCBM blend films18

1.3 Two-Photon Absorption

1.3.1. The Main Concepts of Two-Photon Absorption

Two-photon absorption is a nonlinear optical process, in which two photons are
absorbed simultaneously. The energy of the excited atom or molecule is equal to the sum

of the energy of the two photons:

Equation 1.9 hvy+ hvy, = E

Where, h is the Plank constant, v; and v, are the frequencies of the absorbed photon in
wavenumber and E is the energy difference between the upper and lower energy level. In
two photon process, molecule absorbs photons simultaneously, mediated by a so called
“virtual state”, according to quantum mechanics. A schematic representation of TPA

process is provided in Figure 1.13.
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Figure 1.13 Schematic representation of simultaneous TPA process

The TPA theory was first developed by Goppert-Mayer in 1931.%* In 1961,

128 reported the first experimental evidence for TPA process. The

Kaiser and Garrett
advent of high peak power laser made the first experimental evidence of this non-linear
phenomenon when performed two-photon excitation in a CaF,:Eu®*crystal. A quadratic
dependent relationship between the observed fluorescence intensity and the incident
beam intensity was observed in this experiment. It was the historical moment of

demonstrating the existence of two-photon excited fluorescence process. Later on, Prasad

I 129-130 I 131-132

et a and Marder et a opened the research area of designing novel TPA

materials with enhanced two photon cross-sections.

The probability of multiphoton absorption process follows the power law. In the

case of just one light source for excitation, the probability can be expressed as:

Equation 1.10 P = %anI"

Where, P is the probability of multiphoton excitation, n is the number of photon, o, is

the n-photon absorption cross-section, and | is the intensity of the incident light.
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Therefore, in the case of two photon cross absorption, the absorption rate is qudratically

depending on the input light intensity, as shown in Figure 1.14.

TPA offers low scattering when compared to one photon process. According to

Rayleigh’s law, the scattering can be expressed as:

Equation 1.11 scattering « 114

The excitation wavelength of two-photon process is about twice of that of the one-photon

process, and thus the Rayleigh scattering is reduced by a factor of 16.

One-photon absorption

Output Intensity

Two-photon absorption

Input Intensity

Figure 1.14 Output intensity with respect to input excitation intensity in one-photon
and two-photon process

There are many applications on the basis of unique features of two-photon
absorption phenomenon. First of all, TPA is the quadratic dependence on the excitation
light intensity and it provides instantaneous response time even on femtosecond time
scale. Therefore it can be used for optical power limiting application which is very useful

for protecting human eyes and sensors exposed to hazardous sources of light.*¥%% An
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ideal power limiter allows low intensity input light to transmit, whereas high intensity

light, such as laser beams, is blocked.

In addition, by focusing laser light in a two-photon absorbing medium, the two-
photon excitation is localized in a three dimensional (3D) focal volume ~ A3, as shown in
Figure 1.15. This unique property provides a method for the direct laser writing on 3D
structures. It allows patterning materials with true 3D spatial resolution. This is

particularly important for applications such as high-density 3D optical data storage,le’e'138

139143 and etc. For example, SEM

3D photopolymerizaion,’****° 3D microfabrication
images of woodpile-type photonic crystal (PC) structures by 3D multiphoton lithography
(MPL) method are shown Figure 1.15. In this example, woodpile-type face-centered
tetragonal PC structures were fabricated by multiphoton photoinduced polymerization

method using the 4,4'-bis(di-n-butylamino)biphenyl (DABP)-triacrylate resin system.

Optics: Zhenll Huang
i: Ciearon Yanez
., 2008

760nm,200fs

Figure 1.15 Demostration of one-photon excitation process (left) and two-photon
process (right)’#
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(A) (B)

Figure 1.16 SEM images of woodpile-type photonic crystal (PC) structures fabricated
with 520 nm excitation at (A) 0.60 uW and at (B) 0.45 uW using the 4,4 "-bis(di-n-
butylamino)biphenyl(DABP)-triacrylate resin.’#5

Two-photon photo polymerization is also based on this TPA feature that it is

.16 utilized two-

possible to selectively excite molecules in a tiny volume. Kawata et a
photon photo polymerization to fabricate three dimensional microdevices. These
microdevices are featured with sizes even close to the diffraction limit. They reported the
scanning electron micrographs of “micro-bull” sculptures, fabricated by two-photon
polymerization process with an accuracy of about 150nm, as shown in Figure 1.17. The
size of these 3D sculptures is about 10umx7um, which is about the size of a red blood
cell. Their small volume feature allows us to send them, or any actually microdevice of
this size, to any location inside the human body through blood micro-vessels to make

clinical treatments.
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Figure 1.17 Different view-angle SEM images of a micro-bull sculpture that was two-
photon photopolymerized with sub-diffraction-limit accuracy#% 146

Most importantly, in a TPA process, the excitation wavelength is usually in the
longer wavelength and can be easily separated from the wavelength of the resulting
fluorescence. In addition, the longer wavelength excitation, especially the near-IR light
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provides less damage, less absorption and scattering, and deeper penetration depth into
tissues than visible light. These advantages make two-photon fluorescence microscopy™*’
198 of great importance to the current biomedical imaging techniques. Example of in vivo
two-photon imaging in mouse neocortex is shown in Figure 1.17. There are three
different types of brain access, as illustrated on the left side of the figure. Almost the
entire depth of the neocortex was imaged, as shown on the right side. The experiment

utilized Ti:sapphire oscillator with 40x, NA 0.8 water-immersion lens (Zeiss).

" Dura

e

Neocortex

Thinned skull L2/3

Water immersion

Chronic window
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Coverglass

g

Figure 1.18 In vivo two-photon imaging in the intact neocortex. (a) Different types of
brain access. (b) Example of deep two-photon imaging in mouse neocortex’#”

Other examples of applications utilizing TPA phenomenon include two-photon

149-150

photodynamic therapy, 13154

in vivo multiphoton tomography,***? drug delivery

sensors®, and two photon polymerization.*** 18

Several techniques have been used to determine two-photon excitation cross

sections of various materials for more than two decades, such as two-photon excited
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d,*® nonlinear transmission method,*’ Z-scan method,****®® and non-

d.161

fluorescence metho

degenerate pump probe metho

1.3.2. Theoretical Consideration

When an organic molecule is excited by an electrical or optical field, the resulting

induced dipole moment (u,, ;) can be expressed by:

FEquation 1.12 Uina = —er

Where, e is the elementary charge and r is the field-induced displacement. Under
bulk material condition, the induced dipole moment can be re-expressed as polarization

(Pina), Which is given by:

Equation 1.13 Pi,a = —Ner

Where, N is the electron density in the material. When the strength of applied electrical
or optical field is relatively low, the induced polarization P;,4(E) is proportional to the
applied field (E):

Equation 1.14 Pia(E) = xVE

Where, x(1 is so called linear susceptibility. It relates to the dielectric constant ( € ) as:

Equation 1.15 e=1+4my™®

However, under two-photon excitation, the external optical field is generated by a
high power laser with relatively high output power. Therefore, the linear relationship
between the induced polarization and the applied field isn’t applicable under this
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condition. Higher order susceptibility terms must take into account. According to the
anharmonic oscillator model, the polarizability of a material can be expressed as a power

series in the strength of applied field, as the following:'®?

Equation 1.16 Ping(E) = xVE + yPE? + y®E3 + yWE* 4 ...

Where, @, x® and x“ are the second, third and fourth order susceptibilities
respectively. According to the Maxwell’s equations and electromagnetic wave equations,

the wave equation in a nonlinear optical media is derived as:**®

Equation 1.17
n*d*E 4mo*P

2 il
cZ at? c Ot?

Where, V2 is the Laplace operator and ¢ is the speed of light in this medium which is

related with permeability and permittivity.

In an isotropic nonlinear optical medium, the two-photon cross section § is
theoretically described by the second-order hyperpolarizability (y) via the following

equation:*®*

Equation 1.18
_ An’he?

ez Lmdy)

Where, n is the refractive index of the medium, c is the speed of light, h is Planck’s
constant divided by 2w, L is the local field factor, and Im is the imaginary part of the
complex quantity <y>, the orientational average of y. Assuming that there are only two
excited electronic states and the y tensor is mainly along the chain axis, Butcher and
Cotter'®® reported the sum-over-states expression for y . Its simplified expression is

beIOW.165—168
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FEquation 1.19
M2 .M2,
. 2 .
(Ege —hw —ilye) (Eger — 2hew — il yer)

4
Im(y) = Elm

Where, g represents the ground state (1Aq), e represents the one-photon allowed excited
state (1By), €' represents the two-photon allowed excited state (2Ag or nAg), M is the
transition dipole moment of the two involved states, E is the energy difference between
the two involved electronic states, and /" is the corresponding damping factor (half width

at half maximum). Assuming that the energy difference (E,.) between 1Aq and 2Aq
states is close to the twice of the excitation photon energy (2hw), and the damping factor

(Ige) is significantly smaller than the one-photon detuning energy (AE = E;, —hw =

Eje — %Egef), an approximation of the above equation is obtained:'®

Equation 1.20

According to Equation 1.18 and Equation 1.20, the following expression for the

transition dipole moment Mg is obtained:

Equation 1.21

Jury

nc(Eze — hw) (57 5o/ Omax )2
ee’ 4mtwl?M g, h

Where, 6,4, 1S the peak absorptivity of two-photon absorption. After rearrangement of

Equation 1.21, the following expression can be obtained:

Equation 1.22
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M? M2

ee ge

(Ege - h“’)zrye’

6max x

Furthermore, for a two-state model:*®°

Equation 1.23
M3, Ap?
geHge
82—state x E2
ge
2 Tge
And for a three-state model:*®°
Equation 1.24
2 2
M? M2,

Where, Aug, is the dipole moment difference between the g and e states. Therefore, the

key parameters affecting & are the ground and excited state transition dipole moments,

change in dipole moment term (M¢e) and the energy differences (Eee) between the states

involved, as shown in Figure 1.19. In order to obtain large two-photon cross section, it is

important to maximize the transition dipole moments (Mee). In addition, the peak

wavelengths of one-photon (/15,113”) and two-photon absorption (/15,2[31,6) are determined by

the energy of the electronic transitions e—g and e'—g. In contrast to one-photon

absorption, two-photon absorption requires excitation involving an electron changing its

molecular orbital angular momentum of +2, 0, or —2.
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Figure 1.19 Schemetic diagram of transition dipole moment difference in one-photon
absorption and two-photon absorption process

1.4 Silsesquioxanes

Silsesquioxanes represent a group of materials with the empirical formula
(RSI0y5), where R can be selected from a range of functional groups such as hydrogen or
any alkyl, alkylene, aryl, arylene, or their derivatives. These compounds are usually
considered as hybrids since their formulas are between inorganic silica and organic
silicone polymers. Shown in Figure 1.20 are a variety of polymeric structures based on

the RSiOy 5 backbone, including random, full cage and partial cage structures.
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Figure 1.20 Structures of silsesquioxanes’”?

The structure of a polyhedral oligomeric silsesquioxane (SQ) molecule is shown
in Figure 1.21. The central core Tg is functionalized with 8 organic substituents (R) at
each Si atom. The cubic SQ core, with sizes of 0.53 nm in diameter, can be considered as
the smallest possible particles of silica.”* Single crystal structure of [p-1CsH4SiO1s]s is
presented in Figure 1.22. Cubic SQs have a 3-dimentional symmetrical cubic structure.
Because of this structural feature, it is expected to provide distinctly characteristics

different from planar molecules. Furthermore, the silsesquioxane core offers an increased
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glass transition temperature, better mechanical properties, and enhanced thermal stability.
Because its property and conformation may vary depending on its substituents, SQ is

widely used as a building block to design functional nanomaterials. Based on these

characteristics, a large number of high-performance materials have been developed.® 1%

178 Sjlsesquioxane based materials have drawn great interests in a variety of applications,

179-180

such as dental materials, catalysts, ¥ dielectric materials,***#® light emitting

189-193 194-195

materials, coating materials and organic transistors.'*
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Figure 1.21 Structure example of cubic Ts SQ
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Figure 1.22 Single-crystal structure of recrystallized [p-ICsH4Si01.5]81%7

The oligomeric organosilsesquioxanes, (CH3SiO15),, were first isolated by
Scott'®® in 1946 via thermal rearrangement of methylpolysiloxanes. Generally, the

hydrolytic condensation reaction of RSiXs is used to produce silsesquioxanes:*®°
n RSiX; +1.5n H,0 — (RSiO,5), + 3n HX

Where, R is a chemically stable substituent, such as CHs, and X is a highly reactive
substituent, such as Br. These reactions can be influenced by different experimental
conditions such as concentration, solvent, characters of R and X groups, catalyst, water
addition, and solubility of the condensation products. However, this synthetic approach is

a complex, time-consuming, multistep process.

In 1958, Olsson'™ first synthesized octaphenylsilsesquioxane (OPS) with a 9%
yield from a hydrolysis reaction. This preferential formation of cubic structure is likely

due to the stability introduced by the Si,O4 ring. Since then, tremendous efforts have been

32



made to optimize the synthetic approach to OPS based materials.?®*" However, how to
improve the production vyield was one of the biggest challenges in the
hydrolysis/condensation synthetic methods. The synthesis reactions in these methods
always result a mixture of products, including non-polyhedral silsesquioxane, and other
oligomers, such as the T1o and T, derivatives. In order to avoid byproducts and improve
the product yields, many attempts have been made, such as modifying the solvent,
changing hydrolysis process, and adding other compounds to the reaction. Laine’s
group®®® has developed the synthesis methods of OPS to achieve greater than 90% yield.
The synthesis pathways are illustrated in Figure 1.23. They used commercially available
PhSiCls as starting material, followed by reaction with ethanol to form either
phenyltriethoxysilane, PhSi(OEt)s, or its hydrolyzed oligomers depending on the reaction
conditions. After the optimization of synthesis methods, separation of the desired cubic

SQs from the byproduct is crucial to obtain good yields.
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Figure 1.23 Experimental procedure for synthesis OP52%6
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There are also a lot efforts of developing nanobuilding blocks base on
octavinylsilsesquioxane (OVS, [vinylSiO; s]s).*" 2°**!% Because this type of SQ gives the
possibility of synthesizing cubic SQs with different functional group with perfect 3-D
structures. Later, octa(p-bromostyrenyl)silsesquioxanes is further functionalized via Heck
reactions using first generation crubbs as catalyst with versatile functionalized styrenes to
generate  octa-(R'vinylstilbene)silsesquioxanes, as shown in Figure 1.24.%
Octaphenylsilsesquioxane derivatives also provide opportunities to be further

functionalized with stronger n-conjugation systems.?*

R R
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Figure 1.24 Synthesis of octavinylsilsesquioxane and octa(styrenyl)silsesquioxanes
derivatives?!

The UV-Vis absorption spectrum of SQ T8 is presented in Figure 1.25, with
absorption maximum at 224 nm. It should be noted that the SQ cage doesn’t have
significant effect on the absorption properties of substituted chromophores. However, the
photoluminescence spectrum may exhibit a significant shift with respect to that of the
single chromophore.”*#™ |t has also been reported that luminescence stabilities could be
significantly enhanced when SQs incorporated into n-conjugated polymers due to the

steric effect of the rigid SQ units.?*2!’
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Figure 1.25 The absorption of the Ts cage without chromophores. The absorption
band is due to excitation of an electron from the non-bonding n orbital to the
antibonding o* orbital'3?

Numerous examples of the application of cubic SQs have been published in the
fields of optics and electronics. Most importantly, silsesquioxanes derivatives as
photoluminescent materials in organic light emitting diodes (OLEDs) are well studied.*®
193,218 |n 2003, Xiao et al.”® reported the higher brightness (1320 cd m™? at 3.5V) and
external quantum efficiency (mext = 2.2 % photons per electron) of covalently anchored
POSS at the chain-terminal of poly (phenylene vinylene), compared to poly(2-methyoxy-
5-(2-ethhexyloxy)-1,4-phenevinylene) which offers 230 cd m? at 3.5V and 1.5%
efficiency. As shown in Figure 1.26, this material was the first introduction of
silsesquioxane materials to the OLEDs application. It also demonstrated that when photo-
and electro- active m conjugated chromophores are incorporated into SQ frameworks,
their photoluminescence quantum efficiencies and thermal stabilities can be significantly
improved.?*® To this effect, the electronic spectra of Ts SQ derivative have been widely
studied, including photoluminescent and fluorescent studies.?** ?2%%* Most reported
materials with OLEDs applications have core-shell structures with fluorescence

chromophores as the shell attached to SQ cage center core. For example, a series of
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polyaromatic substituted SQs, were prepared from octavinyl SQs through Heck coupling

reactions.’ 2'® Both of them are photoluminescent and have charge transport abilities.

Figure 1.26 Structure of POSS anchored poly(2-methyoxy-5-(2-ethhexyloxy)-1,4-
phenevinylene)

There are extensive computational studies on electronic structure, electronic
spectra, optical properties and reactivity of Tg octahedral SQs over the past two
decades.?*?*" Computational modeling has been used to predict the electronic structure
of the simplest cubic silsesquioxane (HgTs).?" %% As shown in Figure 1.27, the results
indicate that the LUMO is located in the center of the silsesquioxane core, whereas the
HOMO involves the silicon, oxygen and hydrogen atoms on the SQ cage. The predicted
band gap between the HOMO and LUMO is as high as 6~7 eV, ?" % which suggest the
SQ core can be considered as an insulator. However, when chromophores are attached to
the SQ cage, its band gap could be dramatically lowered. Shown in Figure 1.28 are the
HOMO and LUMO states of octastilbene-functionalized systems. In contrast to HgTg,
both the HOMO and LUMO this system are localized on the stilbene chromophores with
a smaller band gap about 4.79 eV.?® In addition, Phillips et al.?® found out that the
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excitations are mainly localized on the chromophores, except for vinylsilsesquioxane
based on time-dependent density functional theory.””® Zheng et al.**’ suggest that the
emissive state of these octahedral silsesquioxanes is ligand-to-ligand, rather than ligand-

to-silsesquioxane.?’

LUMO HOMO

Figure 1.27 Isosurfaces (dark, positive; light, negative values) for HOMO and LUMO
states of cubic silsesquioxanes (HSi01.5)s?%°

HOMO

Figure 1.28 HOMO and LUMO states of octastilbene-functionalized OS, residing on the
stilbene tethers??8
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1.5 Organization of Thesis

The remaining body of this dissertation is organized as following:

Chapter 2: Relevant experimental techniques utilized in this dissertation will be
presented, including steady-state spectroscopy, quantum yield measurement and two-
photon excited fluorescence excitation measurement, time-resolved fluorescence up-
conversion spectroscopy, ultrafast transient absorption and two-photon measurement for

solid thin film.

Chapter 3: In order to study the structure and charge transfer character
relationship, steady state and two photon absorption properties of two sets of
silsesquioxanes systems will be addressed. The investigated systems are: (1) cubic
octavinylstilbenesilsesquioxanes derivatives, (2) polyfunctional phenylsilsesquioxanes:
[0-RPhSIOy5]s (8mer), [2,5-R,PhSiO; 5]s (16mer), and [R3PhSiO; 5]s (23mer) compounds.
Change in dipole moment term is one of the key parameters affecting two-photon cross-
section. Therefore, investigating two-photon cross-section is of great importance to
understand of intramolecular charge transfer properties with respect to different organic
tethers as well as different of SQ core.

Chapter 4: Steady state and excited state properties of SQs with partial and full
cages is completely discussed. The materials investigated are Me,;NStilbeneSi(OSiMe3);
(corner), Me,NStilbeneSi(O)(0SiMe3)]s (half), and [Me,NStilbeneSi-(OSiMe3)O;;s]s
(cube). Energy transfer process and excited state dynamics is address under the study of
time-resolved fluorescence up-conversion spectroscopy and ultrafast transient absorption.
The manuscript is prepared for the submission to Journal of Physical Chemistry. The
ultrafast fluorescence dynamics and excited state charge transfer properties are
investigated through ultrafast nonlinear optical spectroscopy methods.

Chapter 5: Other photovoltaic materials: energy migration processes in dendritic
oligothiophene-perylene bisimides (G0, G1 and G2) are thoroughly presented. This work
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is published in the Journal of Physical Chemistry B. Optical measurements carried out
include nonlinear optical and time-resolved spectroscopy, including two-photon
absorption, fluorescence upconversion, and excited state transient absorption. The ability
of these molecules to undergo intramolecular fluorescence resonance energy transfer
(FRET) from the dendritic oligothiophenes (DOT) to the perylene bismide (PBI) moiety
is discussed. In this study, it has been found out that the size of the bay area substitutes on
the perylene bisimide plays a very essential role in affecting the electron accepting ability
of the PBI core. When the size of the substitute is relatively large, the PBI core is highly
twisted and its ability to self-assemble into n—n stacked aggregates and trap electrons is
destroyed. This result is very useful for guiding new research on designing novel

perylene base OPV materials.

Chapter 6: Two photon absorption investigation of ZnTeO photovoltaic thin films
with intermediate band is discussed. Backgrounds including the basic concepts of
intermediate band solar cells, introduction to ZnTe and ZnTeO photovoltaic thin film,
and optical properties of ZnTeO is provided. A two-photon nonlinear transmission
experiment is designed to confirm sub-band absorption and the proposed energy

conversion mechanism for intermediated band ZnTeO.

Chapter 7: An overall summary of the research is presented for the purpose of

synopsis. Future research is also suggested.

Appendix I-1V: Operation and troubleshooting details of Mai Tai and OPAL laser

systems are presented in details.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

2.1 Overview

The various optical techniques are utilized in order to reveal the characteristics of
investigated systems in this dissertation. In this chapter, a general introduction of each
experimental technique and instrument operation details are provided. These steady state
measurements and nonlinear optical techniques are generally utilized in the research of
chapter 3, 4 and 5. The ultrafast absorption and emission measurements are applied in the
research of chapter 4 and 5. The two-photon nonlinear transmission measurement is

utilized in the research of chapter 6.

2.2 Optical Absorption and Emission Measurement

Absorption spectroscopy refers to spectroscopic techniques that measure the
absorption of radiation energy, such as photons. The intensity of the absorption is
measured as a function of frequency or wavelength. Ultra Violet and Visible (UV/Vis)

absorption follows the principle of the Beer-Lambert law."

Equation 2.1

|
A=—logl—=e><c><l
0
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Where, lp and | are the intensity (or power per unit area) of the incident light and the
transmitted light, respectively, ¢ is the molar extinction coefficient (M™*cm™), ¢ is the
concentration of the absorber (mol/L), | is the path length (cm). The experiment is usually
performed in the solution phase in a quartz cuvette. The absorbance at a selected
wavelength is the so called optical density of a material, which is a logarithmic ratio of
the radiation incident into a material, to the radiation transmitted through a material.
Usually, in our experiment, this equation is used to determine the molar extinction
coefficient of a sample with a known concentration, or the concentration of a solution
with known extinction coefficient. The wavelength of light absorbed provides the

information of different types electronic transitions, as shown in Figure 2.1.

Fluorescence is a luminescence process, in which a substance absorbs
electromagnetic radiation, and then emits light after vibrational relaxation process.
Fluorescence emission is a radiative relaxation process in which the excited molecules
emit photons from higher electronic states after excitation. In our experiment, number of
photons emitted at different wavelength is measured. It also can be used to measure the
quantum yield as presented in section 2.3.

Both absorption and fluorescence emission process are often visualized with a

Jablonski energy diagram, as shown in Figure 2.2,
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Figure 2.1 Types of electronic transitions
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Figure 2.2 lllustration of absorption and fluorescence process using jablonski energy
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The absorption spectra of the molecules were measured using an Agilent
(Model#8341) spectrophotometer. The light sources used for UV/Vis incident light
generation in this spectrophotometer are two set of lamps. They are deuterium and
tungsten with spectra ranging from 200-1100 nm. The samples were dissolved in solution
with solvent, such as THF, and hold in a quartz cuvette manufactured by Starna. The
optical path length of the quartz cuvette is 0.5 cm. A reference spectrum was taken with
the same cuvette containing the same solvent used in the sample measurements. This will
eliminate the possibility of contaminations of the absorption data from the environment.
The collected blank spectrum was then automatically subtracted from the product
spectrums. The solution is stored in a dark and low temp environment to protect against
possible photo and thermal degradation. In order to measure molar extinction coefficients,
the original stock solutions were diluted to 10°® M. The absorption spectrum was checked
before and after any other nonlinear optical experiments to monitor the possible

degradation processes.
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The steady state emission spectra were measured using a SPEX Fluoromax-2
fluorimeter. The main excitation light source of this fluorimeter is xenon lamp. A
diffraction grating is used for single wavelength selection. A photomultiplier tube is used
to collect the number of fluorescence counts with excellent sensitivity from 300 nm to
about 750 nm. The sample in dilute solution (~10° M) is hold in the same quartz cuvettes
used for absorption measurements. The fluorescence counts are collected at 90° to the
incident beam. Besides the fluorescence emission spectrum, the SPEX Fluoromax-2 is
designed for excitation spectrum measurement as well. An excitation spectrum is
measuring the emission light at a constant wavelength via a monochromator, while

wavelength of excitation light is scanned over a range.

2.3 Fluorescence Quantum Yield Measurement

The fluorescence quantum yield ( @ ) is determined by the ratio of the number of

photons emitted to the number of photons absorbed:

FEquation 2.2
# of photon emitted

T of photon absorbed

Fluorescence quantum yield is an effective indication of the fluorescence
emission strength. In our lab, the quantum yields of the molecules were measured using a
known procedure.? This measurement utilizes a standard dye with known quantum yield.
The dyes used in this dissertation are Coumarin 307, Bis-MSB, Rhodamine B and
Rhodamine 6G. The standard dye is prepared with the optical density that is similar to the
sample at the same excitation wavelength. The following equation was used to determine

the quantum yield:

Equation 2.3
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f]sample (1_’) dv (]abs)std nsamplez
f]std (v)dv (]abs)sample nftd

¢sample = QPsta

Where, ¢ is the quantum yield at a selected wavelength, [ J(v)dv is the integrated area
under the fluorescence emission spectrum with units of wavenumber, J,,s IS the
absorbance at the selected excitation wavelength, and n is the refractive index of the
solvent used for each sample/standard preparation. “Sample” and “std” represent sample
and standard, respectively. There might be some errors due to the sensitivity of detection
apparatus and environmental conditions. Usually, the selective wavelength of this

measurement is close to the wavelength of emission maximum.

2.4 Two-Photon Excited Fluorescence Method

The background of Two-photon absorption was presented in Chapter 1. There are

two different two-photon excited fluorescence (TPEF) setup used in our lab:

(1) The TPEF setup I utilizes a Kapteyn Murnane (KM) Laboratories diode-
pumped modelocked Ti:sapphire laser which is tunable from 770 to 830 nm, with peak
output powers of ~250-320 mW and ~40 nm pulse widths. The optical diagram is
illustrated in Figure 2.3.

66



M
Y
M ULTIMETER PMT
MONOCHROMATOR
PHOTODIODE
B B
IRis N.D. BE”'M SampLE CELL
FiLrer WHEEL SPUTTER

Figure 2.3 Optical diagram of two-photon setup I with KM laser with wavelength
range from 770-830nm

(2) The TPEF setup utilized a Spectra-Physics Mai-Tai Diode-pumped Mode-
Locked Ti:Sapphire lase which is tunable from 700 to 980 nm with average output power
upto 2 W, repetition rate 80 MHz, noise less than 0.15 %, stability less than +1 % and
polarization ratio large than 500:1 horizontal. The optical diagram of this setup is
presented in Figure 2.4. A femtosecond synchronously pumped parametric oscillator
(OPAL) laser can be selectively involved into the beam path and pumped by the Mai-Tai.
This OPAL laser provides wide continuous spectral coverage: synchronized signal and
idler outputs deliver wavelengths from 1.1 to 2.25 um with mode-locked output pulses
less than 130 femtoseconds, repetition rate 80 MHz and high output power (more than
200 mW at 1.3 um and 1.5 pum). The optical cavity layout is presented in Figure 2.5.
Although it is a menu driven electronics and the operation procedure is simple, open
cavity alignment is an important fulfillment in this dissertation. The details of operation
and alignment of Opal system are presented in Applendix 11l & IV. Different range of
excitation wavelength can be obtained by choosing different beam paths and selecting
different involved apparatus: (a)Mai-Tai (700 — 980 nm), (b)Mai-Tai and OPAL (1200 —
2250 nm), (c) Mai-Tai, OPAL and the first beam frequency doubler (BBO1) (600 — 1125
nm) , and (d) Mai-Tai, OPAL and both the first and the second BBO crystal (300 — 550
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nm). The total wavelength range for the second TPA setup is 300 — 2200 nm. Two-
photon measurement apparatus are displayed in Figure 2.6.
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Figure 2.4 Optical diagram of two-photon setup II with selective pathways involving
Mai-Tai and OPAL laser. Wavelength range from 250 to 2250nm can be achieved by
selecting different optical pathways.
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Figure 2.5 The Opal cavity layout
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(d)

Figure 2.6 Photo illustration of (a) Kapteyn Murnane laser, (b) sample holder and
PMT, (¢) Mai-Tai laser and (d) OPAL laser

In order to measure the two-photon absorption cross sections, we followed the
two-photon excited fluorescence (TPEF) method.® A standard with known TPA cross-
section at measurement wavelength was used as the reference. The standard is prepared
with a known concentration that provides the similar optical density to the sample at the
measurement wavelength. In all setups and pathways, an iris is used to ensure a circular
incident beam. A neutral density filter is used to control the input beam intensity. A beam
splitter is used to reflect partial beam to the photodiode which is used to monitor the
intensity of the input beam. A focal optical lens is placed prior to the sample in order to
focus the laser beam onto a quartz cuvette. The path length of the quartz cuvette cell is
0.5 cm. The fluorescence from the cuvette cell is collected in a direction that is
perpendicular to the incident beam. It should be noted that the excitation beam is focused
close to the edge of the sample cell towards the direction of collection rather than center.
In this way, the path length of the fluorescence travelling in the sample cell before
collection is reduced. Therefore the self-absorption of the fluorescence can be minimized.

A 1" focal length plano-convex lens was used to direct the collected fluorescence into a
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monochromator. The output from the monochromator was coupled to a photomultiplier
tube (PMT). The fluorescence signal was converted into photon counts by a photon

counting unit. The collected fluorescence counts and input intensity follows:

Equation 2.4

F(t) = —n6c d(P(1))?

f

Where, F(t) is the number of fluorescence photons collected per second,n is the
fluorescence quantum yield of the measured sample, ¢ is the TPA cross section in GM, ¢
is the concentration of the sample in molarity, n is the refractive index of the solvent, g,
is the shape factor (usually 0.664 for Gaussian pulses), A is the wavelength of the
excitation beam, f is the frequency of the laser pulse, t is the pulse duration of the laser
source, ¢ is the efficiency of collecting system, and <P(t)> is the input intensity of

excitation beam.

After taking log on both side of the equation above, a logarithmic plot can be

drawn base on the following equationError! Bookmark not defined.:

Equation 2.5
log(F(t)) = 2log(P(t)) + log( nécn if ¢)

This linear plot gave a slope of two, ensuring a quadratic dependence between the
fluorescence photons and input intensity. By comparing with intercept at y=0 of the
standard under the same experimental condition, the following equation can be derived to

calculate the two-photon cross-section:

Equation 2.6

b -b
107sampte Stdnstdastdcstdnstd

ssample =
nsample Csamplensample
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Where, std and sample represent for standard and investigated sample, respectively, b is
the intercept at y=0, n is the quantum yield, c is concentration in molarity and n is the
reflective index. The calculated two-photon cross-section is in Goppert-Mayer (GM) with
1 GM =10 cm* s photon™.

2.5 Fluorescence Up-Conversion

Fluorescence up-conversion is based on the principle that fluorescence from the
sample and probe laser pulse is up-converted by a nonlinear optical crystal, such as p-
barium borate (BBO) crystal. The time resolution mechanism of the up-conversion
technique is illustrated in Figure 2.7. This measurement is based on a cross-
correlation process between the fluorescence and the excitation pulse. A second or third
harmonic probe laser pulse is used to excite the sample at time t=0. At time t = t, both the
fluorescence from the sample and the excitation probe pulse arrive at a nonlinear crystal
simultaneously. A special magic angle between the fluorescence and probe beam is
required to generate sum frequency. The sum frequency (ws) is the sum of frequency of
the collected incoherent fluorescence (wr) and the probe beam (wp). Therefore, the time
resolution of up-conversion experiment is the pulse width of the excitation beam. The
fluorescence can be monitored at each delay time of the probe beam. The time delay is
controlled by an optical delay line. The fluorescence intensity is correlated with the

intensity of the sum frequency.
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Figure 2.7 Schematic diagram of fluorescence upconversion mechanism?*

The up-conversion system used in our lab has been previously described.”® The
optical diagram of the fluorescence up-conversion setup is illustrated in Figure 2.8.
Figure 2.9 shows the fluorescence setup under operation. The primary light source is
from a mode-locked Ti-sapphire laser (Tsunami, Spectra Physics), which produces pulses
of approximately 100 fs duration in the wavelength range of 770-830 nm. This laser is
pumped by Millennia with output power ~5 W. A frequency-doubled light is generated
after a BBO crystal (NC1) with wavelength 335-415 nm. Besides the second harmonic
generation, the system also provides third harmonic (around 266 nm) excitation light
source from fundamental beam directly. In order to produce the third harmonic light, the
second harmonic was mixed with the fundamental one using an additional BBO crystal
which is able to generate the sum frequency beam with the wavelength around 266 nm
and the intensity up to 15 mW. Under this third harmonic generation mode, the second
harmonic unit is simply removed. The third harmonic Instrument Response Function
(IRF) of this experiment system was determined and reported and the pulse width is
350fs.” And the second harmonic IRF was obtained from the Raman signal of water and
it was found to be around 110fs.? The average power for excitation is typically less than 3
mW, in order to ensure the excitation pulse energy well below 0.1 nJ. Under this
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excitation energy, the fluorescence dynamics and the excitation power are independent of

the each other.
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Figure 2.8 Optical diagram for time resolve fluorescence up-conversion
measurements

In both second and third harmonic excitation, a beam splitter is used to separate
the excitation pulse with the fundamental beam. A filter (F2) is installed prior to the
sample cell in order to ensure the monochromaticity of excitation beam. A Berek
compensator (B) is placed prior to the sample to control the polarization of the excitation
beam. The sample cuvette (S) is made with quartz, Imm thick and held in a rotating
holder to prevent photo-degradation. An acromat (A) is placed after the sample cell to
select the horizontally polarized fluorescence component emitted from the sample. On the
other hand, the fundamental beam (red line in Figure 2.8) travels through a variable
optical delay line which is controlled by FOG-100 system. This process serves as an

optical gate and provides an observation time window from 200 fs to 1ns. The step size in
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this system is 6.25 fs. Both transmitted fluorescence and the fundamental beam reach the
second BBO crystal (NC2). The up-converted signal is detected by a photo-multiplier

tube (PT), Hamamatsu R1527P, coupled with a monochromator.

Figure 2.9 Femtosecond fluorescence upconversion set-up under operation

In this experiment, both parallel emissions from parallel excitation (I;) and from
perpendicular excitation (I.L) can be measured. Given that there are one parallel direction
and two perpendicular directions to the propagated wave, the total (rotation-free)

intensity as a function of time is given by:

Equation 2.7 I(t) = I,(t) + 21(t)

Anisotropy is defined by the fluorescence intensity difference in parallel and
perpendicular directions. The following relationship describes the anisotropy as a

function of time:

FEquation 2.8
IO~ 10

v = I T 210
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Coumarin 30 is a standard dye commonly used in fluorescence up-conversion and
anisotropy measurements. In our system, the g-factor is 0.95, which is a correction factor
for the difference in sensitivity of the detection system for the vertically and horizontally
polarized light. A deconvolution process is performed using Surface Xplorer software

with a minimum resolution about 30fs. Longer lifetimes are fitted by Origin 8 software.

The lifetime components of anisotropy decay provide substantial information on
energy migration process. For example, a fast decay component (~fs) suggests a coherent
type of energy migration, whereas existence of a long time component (~ns) indicates
Forster type of energy hopping mechanism.® In addition, it also provides information
about rotational orientation of a molecular. For molecule with a planar geometry, the

value of residual anisotropy is expected to be 0.1.°

2.6 Ultrafast Transient Absorption Spectroscopy

Transient Absorption’® (TA) is a pump probe technique for investigating the
excited state dynamics of investigated materials such as electron and/or proton transfer
processes. It also provides the information of the intersystem crossing process to the non-

emissive dark states. A schematic illustrating the principle of TA is shown in Figure 2.10.

The ultrafast tunable lasers systems provide femtosecond resolution and allow us
to monitor the earliest events occur within a light-harvesting system. The Figure 2.11
illustrates the pump-probe process of TA. The wavelength of the probe beam is lower
than the absorption maximum of the investigated molecules. After excitation, a fraction
of the molecules (0.1 % ~ 10 %) is excited to higher electronically excited state at time
t=0. A white light continuum (WLC) with low intensity arrives the sample at the delay
time t= 1. Only the WLC passes through the iris and reaches the detector.
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Figure 2.10 Basic principle of transient absorption spectroscopy

sample cell

white light probe

Figure 2.11 Schematic illustration of the transient absorption pump-probe process'!

Figure 2.12 illustrate the schematic diagram of transient absorption setup in our
lab. The light source is a Regenerative Amplifier (Spitfire Pro, Spectra Physics) with 1
mJ/pulse at 800 nm, pulse duration ~100 fs, repetition rate 1 kHz and average power 1 W.
This Regenerative Amplifier is pumped by a Nd: YLF pulse laser (Empower, Spectra
Physics) at 532 nm. The seed pulse is generated by a Ti: Sapphire system (Tsunami,
Spectra Physics) with output power 370 mW at 800 nm, repetition rate ~80 MHz, pulse
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duration ~20 fs and energy 1 nJ/pulse. This Tsunami system is pumped by a Nd:YOV;
continuous wave laser (Millennia, Spectra-Physics) with output power 3.75W at 532 nm.
The seed pulses inside the regenerative amplifier is amplified in three stages: pulse
stretching, regenerative amplification and pulse compression.

The output beam of this amplifier is spited to generate pump (80%) and probe
beam (20%) pulses using a beam splitter. The pump beam goes into an Optical
Parametric Amplifier (OPA-800C, Spectra Physics). It is a nonlinear conversion process
to generate wavelength between 300-1000 nm with pulse duration ~ 100fs. The output

from the OPA-800C constitutes the pump beam.

On the other hand, the probe pulse after the splitter is delayed by an optical delay
line and then focused onto a sapphire plate to generate a WLC. Both probe beam and
white light pump are focused on a sample cuvette with 2mm path length. A rotating
magnetic stirrer is used in the cuvette cell to avoid photo degradation. The white light
after the sample, which contains the information of change in absorbance, was detected
by a charge-coupled device (CCD) detector (Ocean optics). Data was collected by
specialized software from Ultrafast Systems Inc. The data acquired is further analyzed by
Surface Xplore software. Excited state absorption change is obtained by the absorption
spectrum of the sample in the excited state subtracting the absorption spectrum in the
ground state. The TA spectrum contains three dimensions of data: changes in absorbance,
wavelength and time.
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Figure 2.12 Optical diagram of transient absorption experimental setup in our lab

2.7 Two Photon Nonlinear Transmission

Two-photon transmission is a method to quantitatively measure two-photon cross-
section by measuring the relationship between input and output intensity after absorption.
This method is used to measure the two-photon cross section of ZnTeO thin film in
Chapter 6. A schematic diagram of nonlinear transmission setup in our lab is shown in
Figure 2.13. The laser source is a femtosecond synchronously pumped parametric
oscillator (OPAL) laser pumped by the Mai-Tai laser. This OPAL laser provides wide
continuous spectral coverage: synchronized signal and idler outputs deliver wavelengths
from 1.1 to 2.25 um with mode-locked output pulses less than 130 femtoseconds,
repetition rate 80 MHz and high output power (more than 200 mW at 1.3 pm and 1.5 pm).
The wavelength used in this measurement is 1380 nm. The pump wavelength from
MaiTai is 775nm. An iris is used before the neutral density filter to ensure a circular
beam. The neutral density filter is used to control the input intensity. In order to monitor

the input intensity, a beam splitter used to split partial of the beam into a photo diode. A
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focal lens is placed before the sample to focus the incident beam onto the sample film.
The transmitted signal is monitored by a spectrometer. The spectrometer is Spectra
Physics NIRQuest512-2.2 with Hamamatsu G9204-512W InGaAs linear array as detector,
detection range 900-2200 nm, optical resolution ~4.6 nm w/25 pum slit and noise to signal
ratio >10000:1. Before measuring the sample, a relationship between the photo diode
signal and spectrometer counts without the existence of sample is obtained by varying the
input intensity. Then under the same experimental condition, the film sample is carefully
placed into the sample holder perpendicular to the input beam.

(4 =775nm) (1.25pm <A <1.345um)

Spectrometer

I ; Mirror
FL. Splitter Iris

N.D.

Fiber
Sample

Figure 2.13 Schematic diagram of two-photon transmission measurement setup

Theoretically, if the nonlinear transmission change is only due to the two-photon
absorption process, the transmitted intensity I' can be expressed as:

Equation 2.9
: Iy

r=—2__
1+ 1,LB
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Here, I, is the incident beam intensity, L is the thickness of the given sample, £ is two-
photon absorption coefficient of the given material in m/W. This equation can be

rearranged as following:

Equation 2.10
14+ 1L = lo =
+ 1 ﬁ = T =

Where, T is the percentage of transmission. According to the equation above, a linear plot
of % with respect to I, should give us a linear relationship, and the resulting slope b= L§

is used to further calculate two-photon absorption coefficient:

Equation 2.11 B =b/L

If the nonlinear absorption coefficient 8 is experimentally measured, we can

determine the two-photon cross section o, using the following expression:

FEquation 2.12
ﬁ = 0'2N0 = 0'2NAC X 10_3

Here, N, is the molecular density of the TPA compound, N, is the Avogadro constant,

6.022 x 1023mol~1 and c is the concentration of the TPA compound in units of mol/L.
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CHAPTER 3
BASIC CHARACTERIZATIONS AND TWO-PHOTON
ABSORPTION OF Tg SILSESQUIOXANES

The work in this chapter was published in two separate publications:

“Molecules with Perfect Cubic Symmetry as Nanobuilding Blocks for 3-D
Assemblies. Elaboration of Octavinylsilsesquioxane. Unusual Luminescence Shifts May
Indicate Extended Conjugation Involving the Silsesquioxane Core” Santy Sulaiman, Ajit
Bhaskar, Jin Zhang, Guda Ramakrishna, Theodore Goodson Ill and Richard M. Laine
Chemistry of Materials 2008, 20, pp 5563-5573.

“Synthesis, Characterization and Photophysical Properties of Polyfunctional
Phenylsilsesquioxanes: [0-RPhSIO;;]s, [2,5-R2PhSiO;s]s, and [R3PhSiO; 5] Compounds
with the Highest Number of Functional Units/Unit Volume” Santy Sulaiman, Jin Zhang,
Theodore Goodson I11 and Richard M. Laine Journal of Materials Chemistry 2011, 21, pp
11177-11187.

This work is with contributions from Dr. Santy Sulaiman and Professor Richard
M. Laine (Macromolecular Science and Engineering Center, University of Michigan).
The work presented in this chapter was also published in Dr. Santy Sulaiman’s
dissertation:  “Synthesis and Characterization of Polyfunctional Polyhedral
Silsesquioxane Cages”.
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3.1 Overview

Polyhedral silsesquioxanes (SQs) and hybrid materials based on SQs offer
advantages including enhanced thermal stability, good solubility, improved mechanical
properties and low flammability. Shown in Figure 3.1 are the structure examples of the
silsesquioxanes with different generation, symmetry and substitution. Molecular
components assembled in a well-defined three dimensional geometry potentially lead to
novel electronic, optical and nonlinear optical properties. Among nonlinear optical
properties, two-photon absorption (TPA, a third order optical nonlinearity) has received
tremendous research attention in recent years because of their applications in different
areas of science.! Several molecular architectures such as branched,”® dendritic,”®
macrocyclic topologies”™ have shown enhanced TPA cross-sections over their linear
counterparts. It has also been shown that when the chromophores are decorated on silver
and gold nanoparticle, there is a strong electronic coupling between the chromophores
and thereby enhancing the nonlinear optical properties.”*™ However when the
chromophores are adsorbed on a nanoparticle it is difficult to judge the orientation and
geometry of chromophore on the nanoparticle. If the chromophores are covalently
attached to a known three dimensional geometry, it is easy to understand the influence of
the molecular orientation as well as charge transfer character on the two-photon
absorption properties. Additional interests include the possibility of introducing 8, 16 or
even up to 24 functional groups to the core molecular structures providing potential
access to novel star, dendrimer and hyperbranched compounds. Understanding electronic
coupling between the m-conjugated chromophores is also crucial to design 3-D SQ
materials and make them suitable for electronic and photonic applications. To these
effects, three sets of silsesquioxane derivatives have been studied, including
octavinylstilbenesilsesquioxane ([RStyrenylSiO; s]s, R=NH;, MeO, or H), polyfunctional
phenylsilsesquioxanes  ([0-RPhSiOis]s,  [2,5-R2PhSiO;5]s  and  [R3PhSiOq5]s,
R=NBocStilbene,  AceStilbene, MeStilbene), and partial and full cage
dimethylaminostilbene  silsesquioxane derivatives ([p-Me;NStilSi(OSiMe)s], [p-
Me,NStilSi(OSiMe)]4, and [p-MezNStilgSiO1 5]s).
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This chapter mainly focuses on the steady state measurement and two-photon
absorption measurement of octavinylstilbenesilsesquioxane and polyfunctional
phenylsilsesquioxanes derivatives are presented. In order to better understand the
materials, synthesis, basic characterizations and theoretical studies regarding investigated

systems are also provided.
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Figure 3.1 Structure examples of silsesquioxanes with different core, symmetry,
chromophores and generation

3.2 Octavinylstilbenesilsesquioxane Derivatives (GEN2 Tyg)

In this section, a set of R-vinylStilbeneSiO;5]s compounds with perfect 3-D or
cubic symmetry were investigated. The Structures are shown in Figure 3.2. The synthesis
procedure is present in Figure 3.3. Study on the UV-Vis, emission and two-photon

absorption properties of the R-vinylStilbeneSiO;5]s compounds especially where R =
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NH, reveals exceptional red shifts (120 nm), and excellent two photon absorption

properties suggest excellent charge transfer character in the system.

Figure 3.2 Molecular structure of R-vinylstilbeneOS.
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Figure 3.3 Synthesis of R-vinylstilbeneOS.
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3.2.1. Basic Characterization

MALDI-TOF and Gel-permeation chromatographic analyses data for first and
second generation stars are given in Table 3.1. These materials exhibit narrow molecular
weight distributions, indicating that they retain their silica cube structures. The values of
M, and M,, as measured by GPC are smaller than the molecular weight measured by
MALDI-TOF, but expected from GPC characterization of rigid, spherical molecules

using flexible, linear standards, based on previous results.'®

Table 3.1 Characterization data for R-vinylstilbeneOS.

m/z (Ag" adduct) GPC Ceramic yield (%) Tas%

Compound —y, "5 calc M, M., PDI  Calculated Actual  (°C)
SOVS 2162.7 2166.7 1511 1597 1.06 23.4 23.8 400
MSOVS 2279.9 2279.0 1775 1876 1.06 22.1 21.1 390
OSoVS 2404.6 2406.9 1880 2096 1.12 20.9 22.6 315
NSOVS 2287.6 2286.9 1374 1549 1.13 22.1 20.1 345

UV-Vis absorption and photoluminescence (PL) of R-vinylstilbeneOS in THF are
shown below (Figure 3.4). Both the absorption and emission spectra show red-shifts from
the corresponding small molecule analogues (styrene and p-vinylstilbene) untethered to
the silsesquioxane core. R-styrenylOS compounds show smaller red-shifts than R-
vinylstiloeneOS compounds (10-40 nm shifts vs 30-80 nm shifts). This is expected
because the conjugation lengths for the R-vinylstilbeneOS compounds are twice those of
the R-styrenylOS compounds. Within both series of compounds, the red-shifts from the
small molecules become larger as the functional groups at the silsesquioxane’s vertex
become more electron-donating. The photoluminescence from NSOVS is quenched on

reaction with 3,5-difunctional benzoyl chlorides.

The silsesquioxane core, with a silicon atom attached to three oxygen atoms, has
been suggested to act as an electron-withdrawing substituent equivalent to a CF3 group.’’
Therefore, one would normally expect to observe a blue-shift for both UV-Vis and PL

spectra. One possible reason for this shift is considered below.
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The Figure 3.5 absorption and emission spectra of POVS and SOVS allow us to
compare the photophysical properties of the first and second generation materials. The
two sets of materials demonstrate similar Stokes shifts of ~50 nm. Both absorption and
emission spectra for the second generation materials are red-shifted ~70 nm from those
for the first generation materials. The spectra show normal 0-0 transitions typical for
conjugated aromatic compounds suggesting that the silica core has little influence other

than the slight red shifts compared with the organic compounds alone.

= = p-Vinylstilbene Abs.
——p-Vinylstilbene Em.
= = R'=H Abs.
=—R*=H Em.

= = R'=Me Abs.
==R'=Me Em.

R' = MeO Abs.

R'= MeO Em.

Normalized absorption or #
emission

250 300 350 400 450 500 550 600
Wavelength (nm)

Normalized absorption or <
emission

250 350 450 550 650 750
Wavelength (nm)

Figure 3.4 UV-Vis and PL spectra of R’ VinylStilbeneOS (a: R’= -H,-Me, and -MeO; b:
R’=-NH?) in THF
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Figure 3.5 UV-Vis and PL spectra of HStyrenylOS and HVinylStilbenOS

The PL quantum yields for R-styrenylOS are very low, as observed from the need
to characterize their PL behavior using samples from UV-Vis absorption measurements
without dilution. The PL quantum yields for R-vinylstilbeneOS were measured at 320 nm
at high dilution to avoid the formation of aggregates in solution. The PL quantum yields
were calculated using anthracene and 9,10-diphenylanthracene as standards.®**° Their
values are shown in Table 3.2. The observed ®p_ for SOVS is 36%, which is comparable
to that measured for the corresponding small molecule, p-vinylstilbene. The measured
®p. for NSOVS is six times lower as a result of charge transfer (CT) effects in the
solution, which partially funnel the energy away from luminescence but greatly improve
the two-photon cross-section (see Table 3.2 and Figure 3.9) which led to the two photon

studies as follows.

3.2.2. Steady-State Measurements

As noted above the absorption and emission spectra of the investigated systems
dissolved in THF are shown in Figure 3.6 and Figure 3.7. The corresponding optical
properties are summarized in Table 3.2. It can be noted from the figure that the

absorption spectrum of the more polar derivative (NSOVS) has shown structureless and
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red-shifted absorption when compared to the less polar ones (SOVS and OSOVS)

suggesting the involvement of a charge transfer transition.

0.06
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0.00 : : , ; ‘
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Figure 3.6 Steady state absorption spectra of SOVS, OSOVS and NSOVS
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Figure 3.7 Steady state fluorescence emission spectra of SOVS, OSOVS and NSOVS

It can also be observed from Figure 3.9 and Table 3.2 that the Stoke’s shift
increases with increases in the strength of donor (from SOVS to NSOVS) suggesting an
increased charge transfer character. The reduction of the quantum yield from SOVS to

NSOVS is also in accordance with the increased charge transfer character of the
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chromophores. It will be interesting to observe how the arrangement of chromophores
and the charge transfer character influence the two-photon absorption properties as will

be explored at a later date.

Table 3.2 Spectral data of R-styrenylOS and R-vinylstilbeneOS.

Stokes
Compound w o dEM GM
poun UV Amax (NM)  PL Amax (NnM)  ®py (%) Av 280 nm group (GM)
(cm™)
POVS 260 311 n.a.
MPOVS 265 315 n.a.
OPOVS 275 326 n.a.
Styrene 251 304 n.a.
SOVS 335 385 36 3966 25 3.1
MSOVS 338 394 22
0OSoVs 345 418 16 4947 110 13.8
NSOVS 358 482 6
p-Vinylstilbene 329 374 24 6458 810 101

Table 3.3 Spectral data of R-styrenylOS and R-vinylstilbeneOS as a function of solvent
and two photon cross-sections of selected compounds

Absorption  Emission
Max (nm) Max (nm) Solvent

\ O 307 350 CH4CN 21

0,
Compound Qi % Ref

O / 311 354 CH4CN 21
o O / Q 318 375 CH4CN 2t
347 379 Hexane, 2

349 407 Et,O, =

~y O N\ O 352 418 BuCl, i
- 348 433 EtOH 2
351 440 CH4CN =

\ 324 370 hexane
DA SN 329 374 CHCl, 24

90




325 369 CH3CN

329 375 hexane

[ \ O \ siol_sl 335 385 CHCl, 36
8 331 388 CH4CN
335 384 hexane

{Si%} 338 394 CH,Cl, 22
8 334 398 CHsCN
339 378 hexane

{\o Sio“l 345 418 CH,Cl, 12
8 343 CH;CN

358 482 CH,Cl, 6
‘“ZN O \ O \ SiOwL 361 CH4CN

3.2.3. Two-Photon Cross-Section Measurements

Molecular components assembled in a well-defined three dimensional geometry
can potentially lead to novel electronic, optical and nonlinear optical properties. Among
nonlinear optical properties, two-photon absorption (TPA, a third order optical
nonlinearity) has received tremendous research attention in recent years because of their
applications in different areas of science." Several molecular architectures such as
branched®® %, dendritic’®, macrocyclic topologies’®** have shown enhanced TPA cross-
sections over their linear counterparts. It has also been shown that when the
chromophores are decorated on silver nanoparticles, there is a strong electronic coupling
between the chromophores and thereby enhancing the nonlinear optical properties.'?
However when the chromophores are adsorbed on a nanoparticle it is difficult to judge
the orientation and geometry of chromophore on the nanoparticle. If the chromophores
are covalently attached to a known three dimensional geometry, it is easy to understand
the influence of the molecular orientation as well as charge transfer character on the two-
photon absorption properties. To this effect, we have investigated the two-photon
absorption properties of the donor-acceptor derivatives of selected vinyl stilbenes shown

in Figure 3.2 using methods described in the experimental section.

The relationship between input intensity and fluorescence is plotted in Figure 3.8.
TPA cross-sections as a function of wavelength are plotted in Figure 3.9 for all the

investigated chromophores. It is clear from the TPA cross-sections that the cross-section
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increases with the increases in donor-strength on the chromophore. It can also be noted
that the cross-section per molecule has also increased (Table 3.2) and it is increased by 35
times when the donor is changed from SOVS to NSOVS. This 35 fold increase of TPA
cross-section can be explained by increased change in dipole-moment term (major factor

responsible in sum-over states formalism).*®

=  NSOVS y=2x+4.0501 R°=0.9992
1+ OSOVS y=2x+3.8451 R°=0.9966

B

2
& SOVS y=2x+3.4494 R"=0.9992

Log( Fluo. )

20 45 10 05
Log( Input power)

Figure 3.8 Two photon absorption cross-section measurement calculation of NSOV,
OSOVS and SOVS
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Figure 3.9 Two-photon absorption cross-section spectra for SOVS, OSOVS and NSOVS
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3.3 Polyfunctional Phenylsilsesquioxanes: [0-RPhSIiOs]s, [2,5-
RzPhSi01.5]g and [RgPhSlOl5]8

The steady state and two photon absorption results of polyfunctional
phenylsilsesquioxanes: 0-RStyrgOPS, RStyr;60PS, and RStyr,,OPS where R = 4-methyl
(Me), Boc-protected 4-amino (NBoc), or 4-acetoxy (Ace) are presented in this section.
The molecular structures are shown in Figure 3.10. These derivatives show unique UV-
Vis absorption and photoluminescent behavior that point to interesting interactions
between the organic tethers. RStyr;s0OPS exhibit absorption and emission spectra as well
as @dp_ similar to 1,4-distyrylbenzene, pointing to disruption in conjugation with the
silsesquioxane cage because of steric interactions. RStyr,,OPS offer absorption maxima
that are blue-shifted and emission maxima that are red-shifted relative to RStyr;s0PS.
NBocStyr,,OPS and AceStyr,,OPS show moderate ®p_ and high two photon cross-
section values, leading us to conclude that they offer better charge transfer character than

the 16mers.

o-RStil,0S: L RStil,,OS: L

(8mer) @f\ %%'(:_JEC@ (16mer) L u’?fi-";}slc_

[+]
e OIS
o-NBocStil 08, NBocStil, [0S, NBocStil,,05
o
I@—OJJ\M:

o-AceStil,05, Acestil,,0S, AceStil,;0S

0-MeStil,0S, MeStil,;0S, MeStil,;08

RStil,,0S:
(23mer)

Figure 3.10 Molecular structures of investigated systems: o-NBocStilsOS,
NBocStil160S, NBocStil230S, 0-AceStils0S, o-AceStilis0S and o-AceStil2:0S
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3.3.1. Basic Characterization

Table 3.4, Table 3.5 and Table 3.6 detail the different molecular species present in
RStyr,OPS and their percentages based on MALDI-ToF data. Even though each set of
compounds (0-RStyrsOPS, RStyris0PS, and RStyr,4,OPS) was synthesized using starting
material from the same batch, their MALDI-ToF data show different compositions of
molecular species. For example, MALDI-ToF data for 0-MeStyrsOPS and 0-AceStyrsOS
show different percentages for the 7-mer and the 8-mer, and o-NH,StyrsOS show the
presence of the 9-mer, which is not present in the other two compounds. We attribute
these results to differences in ionization potentials of the compounds rather than

substitutional variations.

Table 3.4 Molecular species present in MeStyrxOPS

0-MeStyrgOPS MeStyris0PS MeStyr,,OPS
Species present % Species present % Species present %
0-MeStyr,OPS 5 MeStyr;,OPS 24 MeStyr,,OPS 18.5
0-MeStyrgOPS 95 MeStyr;sOPS 30.5 MeStyr,,BrPh;OPS 5.1
MeStyr;s0PS 62.2 MeStyr,sOPS 47.0
MeStyr,;OPS 4.9 MeStyr,3BrOPS 5.8
Average: 7.95 Average: 15.7 MeStyrenylo.OPS 23.6

Complete conversion of the —Br groups is observed in the MALDI-ToF spectra
for almost all the compounds, with the exception of MeStyr,,OPS, which shows small
amounts of unreacted —Br groups. This is not completely unexpected, considering the
steric hindrance associated with having three —Br groups on a phenyl ring attached to the

SQ core, especially for o-Br groups.

The MALDI-ToF data of NBocStyr,OPS show a series of low intensity peaks
close to the mass of the deprotected species. We were able to collect MALDI-ToF data
for two of the deprotected compounds: 0-NH,StyrsOS and NH,Styr;s0PS. No MALDI-
ToF data were obtained for NH,Styr,4,OPS and AceStyr,,OPS, most probably due to their
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complex structures, which makes them unstable under the UV laser of MALDI-ToF such

that they fragment. GPC and ceramic yield data for these two compounds suggest that

nearly all of the —Br groups were converted to the organic derivatives.

Table 3.5 Molecular species present in NH>StyrsOPS

o-NHZStyrgoPS NsttyrleoPS
Species present % Species present %
0-NH,StyrsOPS 89.6  NH,Styr;60PS 100
0-NH,StyrgOPS 10.4
Average: 8.1 Average: 16.0

Table 3.6 Molecular species present in AceStyrxOPS

3.3.2.

0-AceStyrsOPS AceStyr;s0PS
Species present %  Species present %
0-AceStyr;OPS 23.6  AceStyr;s0PS 10.6
0-AceStyrgOPS 76.4  AceStyr;gOPS 74.4
AceStyr;;0PS 15.1
Average: 8.1 Average: 16.05

Steady-State Measurements

The UV-Vis absorption and photoluminescence spectra for RStyr,OPS are shown

in Figure 3.11, Figure 3.12 and Figure 3.13. The photophysical data is summarized in

Table 3.8. Within each series of compounds with the same R group, we observed the

same trends as discussed below. While consistent in their trends, there are still some

important surprises.
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Figure 3.11 Absorption and emission spectra for MeStyrxOPS
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Figure 3.12 Absorption and emission spectra for NBocStyrxOPS
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Figure 3.13 Absorption and emission spectra for AceStyr:0S

First, the absorption and emission spectra for RStyr;sOPS are red-shifted from
those for 0-RStyrgOPS as expected because of the longer conjugation length. However,
the absorption spectra for RStyr,,OPS are blue-shifted from those for RStyrigOPS,
whereas the emission spectra are red-shifted. Furthermore, for RStyrgOPS ®p, are typical
of those seenpreviously at ca. 0.04 whereas for the RStyr;,sOPS ®p_ are an order of
magnitude higher at 0.40-0.60. Unexpectedly the ®p for RStyr,4,OPS are 0.10-0.30 lower
than RStyr;6OPS. This is surprising because it might be anticipated that RStyr,,OPS
would exhibit more extensive conjugation resulting in red-shifts in both the absorption
and emission spectra relative to those of RStyr;gOPS. This should lead to more

stabilization in the excited state leading to higher ®p_ values.

Table 3.7 Photophysical data for RStyr«OPS (THE, CH>Cl> peak positions are identical

Absorption Emission /7 Stoke’s shift
R grou X 9 ]
grotp [fnax (NM) [ fnax (nm) Pe % L Jem 1)
p-MeStilbene™ 298, 311 355 9
1,4-Distyrylbenzene® 353 385, 408 62
 benzenee 20,355°
1,3,5-Tristyrenyl- 297 412 (toluene)
benzene?’ 384 (n-hexane)
p-MeStyrgOPS*® 320 400, 422 4
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0-8 303 405 4 8312°

Me 16 349 407,431,457 57 5451°
24 329 444 39 7873°

0-8 317 386, 422, 445° 5 7849°

NBoc 16 364 429, 453 43 5398°
24 346 440,°461 8 7210°

0-8 300 402, 422 4 9637°

Acetoxy 16 347 407, 429, 451 45 5508°
24 317 435, 453" 19 8557°

a

p-MeStyrgOPS synthesized from p-lIgOPS. °Shoulder. “There are several emission
bands;the emission maximum (underlined) is used to calculate the Stoke’s shift.

In order to explain these results we must first compare the observed behavior with
their organic analogs.”?’ The comparative data are also provided in Table 3.7. Thus, the
absorption spectrum of 0-MeStyrgOPS has the same Amax as p-methylstilbene. This is =
20 nm blue-shifted from the absorption Amax 0Of p-MeStyrsOPS synthesized from p-
IsOPS.?% In contrast, the emission Amax for p-methylstilbene is 355 nm compared to 400
nm and 420 nm for p-MetyrsOPS and 405 nm for 0-MeStyrsOPS.

A comparison of 1,4-distryenylbenzene with MeStyr;gOPS shows similar
absorption Amax 0f 353 nm and 349 nm suggesting similar ground states. The emitting
Amax are 408 nm vs 431 nm, which may be accounted for in part by the methyl substituent.
In addition, the ®p_ values are quite similar at 62 % and 57 % (ethanol vs THF).

Finally, comparing 1,2,4-tristyrenylbenzene, 1,3,5-tristyrenylbenzene and
MeStyr,,OPS, we see that the all meta 1,3,5-tristyrenylbenzene has an absorption Amax at
~ 300 nm whereas the 1,2,4-isomer has an absorption Amax at = 320 nm. The emission
Amax for the 1,2,4-isomer is not reported but that for the 1,3,5-isomer is 412 nm in
toluene. The data suggest that the absorption and emission max for MeStyr,,OPS are
quite red-shifted from the 1,3,5-tristyrenylbenzene analog but may be similar to or red-
shifted from the 1,2,4-isomer as well. Thus, the blue shift for MeStyr,4OPS seems
explainable in terms of the organic analogs. However, the ®p, values remain difficult to

explain.
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Multiple theoretical calculations suggest that the cage is highly electrophilic,
which is supported by the fact that it auto-catalyzes bromination as discussed in the
accompanying paper.® Further support for this comes from our recent studies offering
considerable evidence for charge transfer transitions in the excited state leading, for
example, to quite high two photon absorption cross sections as discussed below.? 3! As
also noted in the accompanying paper, the cage interacts with aromatic ring substituents

as if it were an electron withdrawing substituent equivalent to a CF5 or NO, group.*’

Consequently, one might expect to see such an electron withdrawing effect on the
stilbene substituents prepared here (RStyrsOPS) whether they are ortho- or para-
substituents. The implication is that the cages should cause considerable blue shifts in
both the absorption and emission maxima. This is contrary to what is seen. Therefore this
argument cannot be used to explain the blue shift in the absorption data for the ortho-
stilbene (0-MeStyrgOPS). The only other possible explanation that seems valid is that the
styrenyl group in the ortho position is forced to spend some of its time above the cage
face. The crystal structure of the starting [0-BrPhSiO; 5] indicates that the bromo group
sits over the face of the very electrophilic cage.®® Indeed, this interaction might actually
be stabilized if the cage is considered to be highly electrophilic. In fact, Bowers et al
calculate that the highly electrophilic behavior extends beyond the cage,?® supporting the
suggestion that the cage face polarizes Br, promoting ortho-substitution and the
possibility that the styrenyl group prefers to sit above the electrophilic cage face.* This

latter interaction could explain the blue shift relative to the para analog (p-MeStyrsOPS).

However, the emission spectrum of 0-MeStyrsOPS is clearly red-shifted from that
of p-methylstilbene and similar to that of p-MeStyrsOPS. The quantum yield of o-
MeStyrgOPS is also similar to p-MeStyrgOPS. In our previous work, we attributed the
red-shifts in the absorption and emission spectra of p-MeStyrsOPS compared to
molecular stilbene to 3-D conjugation as involving the LUMO of the SQ cage.?® It
appears that the excited states of both o- and p-MeStyrsOPS are quite similar allowing for

the argument that both excited states access the same LUMO inside the SQ cage.
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The absorption and emission spectra of NBocStyr,OPS are only slightly red-
shifted from those of MeStyr,OPS and AceStyr,OPS. This is expected given that the
amino groups are masked by the Boc protecting groups, which are electron withdrawing.
We would expect much larger red-shifts from free amino groups due to their strong donor
characteristics, as seen previously.”® ** Normally, para-alkoxysubstituents exhibit good-
to-excellent electron donating properties; however, the AceStyr,OS absorption and
emission spectra are similar to MeStyr,OS suggesting roughly equivalent electron-
donating abilities. Thus the electron-withdrawing characteristics of the acyl group seems
to balance the normal electron donating properties of a para oxygen substituent, but the

TPA data suggest this is not quite a correct assessment (see below).

The absorption and emission spectra of RStyr;cOPS are both red-shifted from
those of 0-RStyrsOPS as expected considering the longer conjugation lengths. The
absorption maxima and quantum yields for RStyr;sOPS are comparable to those for the
small molecule analog, 1,4-distyrylbenzene, while the emission spectra are red-shifted
from 1,4-distyrylbenzene (20-45 nm depending on the R-group). The emission spectra of
RStyr10OPS exhibit structured bands typical for conjugated aromatic compounds. These
compounds also have low two-photon cross-sections (GM values, see below). All of
these observations, as briefly noted above, suggest that the HOMO and LUMO of
RStyr160S are similar to those of 1,4-distyrylbenzene without any contributions from the
SQ cage.? The simplest explanation for this behavior is that the presence of the second
styrenyl group on each corner of the cage causes overcrowding around the cage, forcing
the distyrenylphenyl groups away from the cage face. It also may interrupt the 3-D
interaction with the cage in the excited state. Thus we observe photophysical behavior
expected for an electronically isolated organic fragment. This contrasts with the

RStyr,4,OPS compounds.

The blue-shifts in the RStyr,,OPS absorption spectra compared to those of
RStyri160PS likely arise from the meta-styrenyl groups present on each central phenyl
ring (see Figure 3.14). As discussed in the accompanying paper on the polybromination

of OPS,* Br substitution starts at the ortho-position (position 1 in Figure 3.14). The
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second Br- adds (almost exclusively) para- to the first Br- (position 5 in Figure 3.32). We
believe that at this point, the steric hindrance will prevent addition of a third Br to the
other ortho-position (position 6, Figure 3.14). Therefore, addition of a third Br would be
expected to occur at either of the two other positions on the phenyl rings (positions 3 and
4 in Figure 3.14), as supported by the X-ray single crystal data from the accompanying
paper, which shows partial occupancy at both positions. This means that there will

always be two styrenyl groups meta to each other in RStyr,,OPS.

Figure 3.14 Two possible configurations of RStilbenez,0S corner

Previous work on 1,2,4-tristyrylbenzene® suggests that its absorption spectrum
can be considered as a summation of the 1,3-distyrylbenzene and 1,4-
distyrylbenzenespectra, with a maximum (320 nm) in between the maxima of the two
distyrylbenzenes (300 nm and 355 nm) and a shoulder corresponding to the absorption
maximum of 1,4-distyrylbenzene (355 nm). The authors attribute this phenomenon to
interactions between the two conjugated distyrylbenzene “fragments” of the molecule.
However, no rationalization as to what these interactions might be is available in the

literature.

Related work suggests that meta-substituted phenylenevinylene units in meta-
distyrylbenzene and oligo(phenylenevinylene) can be considered “conjugative insulators”

that disrupt the interaction between phenylenevinylene units.*?%* The 1,3,5-
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tristyrylbenzene absorption Amax, Where all phenylenevinylene units are meta-, is 297 nm

(toluene or n-hexane) and the emission Amax at 412 nm in toluene.?

In comparison, we begin by considering the widths of the absorption bands for
RStyr,4,OPS. For each series of R-groups, the absorption spectrum of RStyr,4,OPS has an
onset similar to that for 0-RStyrsOPS that tails into the absorption spectrum for
RStyr;s0PS. Each has a Amax in between the maxima of 0-RStyrsOPS and RStyr;60PS.
This implies that the absorption spectra for each RStyr,,OPS actually consist of
contributions from all “fragments” of the tristyrenylphenyl groups. Basically we observe
a sum of the interaction between the ortho-stilbenes with the face of the SQ cage (Figure
3.33a) with the longer conjugation of the distyrylbenzene units (Figure 3.33b) coupled
with the disruption in overall conjugation caused by the meta-positioned styrenyl (a.k.a.
phenylenevinylene) units (Figure 3.33c). The presence of the third styrenyl group on each
corner of the cage causes even more crowding around the cage and some of the organic
groups are forced to approach the face of the cage, thus giving rise to an interaction (blue

shift) between the cage face and the organic groups observed in the absorption spectra.
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Figure 3.15 Interactions of “fragments” of tristyrenylphenyl groups on each corner of
RStyr2405

The emission spectra for RStyr,,OPS are red-shifted from their respective
RStyr;60PS and show no band structure. Their quantum yields are slightly lower, but the

two-photon cross-section values are much higher for the NBoc and Acetoxy groups, see
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below. The data suggest that there are actually two pathways for the transition from the
excited to the ground state: charge transfer (CT) and normal radiative emission from a *

state.

The CT effects explain the lack of structure in their emission spectra and the two
high TPA values (see below). Normally CT funnels energy away from luminescence and
gives rise to low quantum yields. However, in the case of RStilbene,,OS, the ®p values
are not as low as expected if CT is the only mechanism for excited-to-ground state
transition. The normal n* radiative emission provides another option, and explains the
®p values of RSyr,4OS.For both mechanisms to be active, both processes must have
roughly equivalent decay rates and energies otherwise one would dominate over the
other. Indeed, this suggests that one might promote the CT transition by using a more
polar solvent to stabilize the CT transition state and perhaps improve the TPA values at

the expense of the ®p_ values. Such studies are planned in the future.

One final comment about these results should be made. Because of the very high
density of functional groups, it is possible that some form of 3-D through space
interactionsare also involved in their absorption and emission behavior. At this point, this
is still a matter of intense discussion and research regarding the possibility that as higher
densities of functional groups affect absorption and emission behavior in cyclic

polystyrenes albeit mostly causing blue shifts.*

3.3.3. Two-Photon Cross-Section Measurements

The interaction of the functional groups at the corners of the cage can be very
strong and it has been shown previously that this interaction can lead to new optical
properties.?® The possibility of enhancement of the cage macromolecule’s two-photon
absorption cross-section may result in possible applications in not only optical limiting
and sensor protection but the enhanced transition moment of these systems may also lead

to enhanced solar energy harvesting devices. In this section we discuss the linear and
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nonlinear optical properties of this new class of SQs and probe their two-photon

absorption properties both in magnitude and spectral width.

Two-photon excited-state fluorescence (TPEF) measurements with a femtosecond
laser were used to measure TPA cross-sections as a function of wavelength. Figure 3.16
illustrate the quadratic dependence between the input power and fluorescence counts. It is
clear from Figure 3.17 that the NBocStyr,OPS compounds offer superior TPA cross-
sections when compared with the AceStyr,OPS compounds for RStyr;sOPS and
RStyr,4OPS. This can be explained by the greater strength of the donor group and by
changes in the dipole-moment.>® It was also noted that TPA cross sections increase with
an increase in the number of chromophores attached to the phenyl group. As seen in
Table 3.8, the cross-sections “per chromophore” in RStyr,,OPS are also enhanced by the
additional chromophores in comparison with RStyr;s0PS and 0-RStyrgOPS systems.
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Fijgure 3.16 TPA cross-section measurements of o-NBocStilsOS, NBocStilis0S,
NBocStilz30S, 0-AceStils0S, o0-AceStil1s0S and o-AceStil230S
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Fijgure 3.17 TPA cross section measurements of o-NBocStils0S, NBocStilis0S,
NBocStil230S, 0-AceStils0S, o-AceStil1s0S and o0-AceStil2;0S

For NBocStyr,,OPS and NBocStyri;s0PS, the cross-section increases by a factor
of 4.4, while the cross-section increase per chromophore is by a factor of 3. This seems to
correlate well with the increase of the cross-section per chromophore, which seems to
correlate well with the steady-state measurements of Table 3.7. In the case of RStyr;60PS,
although the absorption measurements showed a red shift, the fluorescence emissions and
quantum vyields suggest that the system possesses less charge transfer character. The
literature suggests that molecular systems with symmetric charge transfer from the ends
of a conjugation to the middle gives enhanced TPAs, such as found here for RStyr;s0PS
and RStyr,4OPS. Similar trends are observed in AceStyr,OPS systems as well. Note that
0-NBocStyrsOPS and o-AceStyrsOPS with cross-sections below 1 GM, do not appear to
be promising two photon materials, but it may be that on deprotection they will offer
TPAs equivalent to the para systems we have studied before.®® Finally, time-resolved
measurements are underway in order to understand the actual mechanism of the charge

transfer character of these systems.
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Table 3.8 TPA properties of of o-NBocStilsOS, NBocStilis0S, NBocStil230S, o-
AceStils0S, 0-AceStil1s0S and o-AceStil230S

Sample 6 (GM)  &/molecule (GM)
NBocStil,30S 209 9
NBocStil;60S 48 3

0-NBocStilgOS <1 0
AceStil30S 28 1.3
AceStil;60S 10 0.6
0-AceStilgOS <1 0

3.4 Summary

The current work suggests that cubic silsesquioxanes offer unique opportunities to
build new types of 3-D molecular structures around a nanometer size octafunctional core
with cubic symmetry. From SOVS to NSOVS, we observed red shifts in both absorption
and emission spectra with respect to the single chromophore, indicating electronic
coupling taking place among the chromophores. In addition, when compared with
OSOVS and SOVS, a decrease in quantum vyield, an increase in stokes shift and an
increase in charge transfer character of NSOVS suggests it exhibits the best charge
transfer character among the three systems. By introducing strong electron donating
group into the chromophore, one could dramatically enhance the charge transfer character

and eventually lead to a high power conversion efficiency of organic solar cell.

Other than that, a series of stilbene-SQs (RStyriOPS, x = 8, 16, 24; R = 4-
methylstyrenyl, 4-acetoxystyrenyl, Boc-protected 4-aminostyrenyl) have also been
characterized and investigated. These molecules have the highest densities of functional

groups/unit volume of any molecules even when compared to silsesquioxane dendrimers.
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However, separation of different molecular species is extremely difficult but necessary. A
mixture of different molecular species could cause broad and multiple peaks in both
absorption and emission spectra. Higher chromophore densities (23mer) per cage
provides special characters including blue shift (upto 30 nm) with respect to 16 mer,
disruption of conjugation due to meta-substitution and steric hindrance effect, a decrease
in quantum vyield in comparison with 16mer (NBocStil230S, 0.08 vs
NBocStil160S,0.43), enhanced TPA cross-section (NBocStil230S: 209GM, 4.4 X
NBocStil160S) and enhanced TPA cross-section per chromophore (NBocStil230S:
9GM, 3 X NBocStil160S). These results suggest 23mer offer enhanced charge transfer
character compared to 16mer. Therefore, high chromophore density per nanostructure

could enhance the charge transfer character of the material.
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CHAPTER 4
ULTRAFAST FLUORESCENCE DYNAMICS AND
EXICITED STATE CHARGE TTRANSFER PROCESS OF
FUNCTIONALIZED SILSESQUIOXANES INVESTIGATED
BY TIME-RESOLVED ABSORPTION AND EMISSION
SPECTROSCOPY

The work in this chapter includes two separate publications:

“Synthesis and Photophysical Properties of Stilbeneoctasilsesquioxanes. Emission
Behavior Coupled with Theoretical Modeling Studies Suggest a 3-D Excited State
Involving the Silica Core” Laine, R. M. ; Sulaiman, S.; Brick, C.; Roll, M.; Tamaki, R.;
Asuncion, M. Z.; Neurock, M.; Filhol, J. S.; Lee, C.Y.; Zhang, J.; Goodson, T.; Ronchi,
M.; Pizzotti, M.; Rand, S. C.; Li, Y. Journal of the American Chemical Society 2010,
132(11), pp 3708-3722

“Ultrafast Fluorescence Dynamics and Excited State charge Transfer Process of
Functionalized Silsesquioxanes Investigated by Time-Resolved Absorption and Emission
Spectroscopy” Jin Zhang, Santy Sulaiman, Richard M. Laine, Theodore Goodson Il

Manuscript prepared for a submission to Journal of Physical Chemistry

Some of the work presented in this chapter was also published in our collaborator,
Dr. Santy Sulaiman’s dissertation: “Synthesis and Characterization of Polyfunctional
Polyhedral Silsesquioxane Cages” (Macromolecular Science and Engineering Center,

University of Michigan).
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Abstract

A set of model compounds were investigated including the corner, half and cube
cages: [p-Me,;NStilSi(OSiMe)s], [p-Me,N-StilSi(OSiMe)], and [p-MeStilgSiO; s]s. The
full and partial cages all show Uv-Vis absorption spectra (THF) identical to trans-stilbene,
except for [0-MeStilgSiO1 5]s which exhibits absorption spectra expected for cis-stilbene.
However, the partial cages show emissions that are red-shifted by approximately 20 nm
as found for stilbene-siloxane macrocycles, suggesting some interaction of the silicon
center(s) with the stilbene ©* orbital in both the corner and half cages. These materials
were also investigated by ultrafast fluorescence up-conversion and femtosecond transient
spectroscopy in order to study the mechanism of excitation energy transport and excited
state dynamics. The fluorescence decay lifetimes are 146, 73, and 75 ps, for corner, half
and cube respectively. Fluorescent, twisted intramolecular charge transfer (TICT) states
are found in all three systems. Ultrafast depolarization of the fluorescence in the half and
cube systems was observed indicating excitation energy delocalization between the
chromophores by strong electronic coupling. Transient absorption dynamics reveal the
presence of ultrafast delocalization of charge in the half and cube systems. Blue shifts in
the excited state absorption (ESA) of all three systems correlate with solvation process
and reveal a solvent stabilized TICT state. The amount of ESA blue shift indicates an
increase in charge-transfer character of the excited state in the case of half and cube. This
explains their enhanced two-photon cross-sections.

4.1 Introduction

From the time of the original thermal rearrangement by Scott in 1946, polydedral
silsesquioxanes (SQs) have shown significant promise for a number of applications, as
nanocomposite materials used in dentistry,>* catalyst,** coating,® electret filter’, nano-
imprinting lithography® and biomedical device’. Cubic SQs, (RSiO1s)s, having 3-
dimensional structure with a diameter of 0.53 nm, provides eight or even more possible
sites for functionalization with organic chromophores.*® Their electronic and photonic

properties can be tuned by tailoring the structures of the chromophores. For this reason,
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SQ materials incorporating a silica cage as the core and with versatile conjugated
chromophores as the shell have drawn extensive attention as candidates for photovoltaic
materials.™™** Besides that, SQ hybrids offer special features that make them attractive as
organic electronic materials. First, SQ hybrids are exceptional candidates for developing
well-defined, molecular nanobuilding blocks with perfect cubic symmetry. In addition,
they exhibit excellent solubility in various organic solvents (such as THF, toluene,
dioxane, CH,Cl, and CHCI3), and therefore they can be easily purified by standard
methods.** Moreover, the single crystal silica core provides the heat capacity making
these materials exceptional robust.® Most importantly, with eight or even more
chromophores in a single molecule, potential electronic coupling among the
chromophores could possibility enhanced the charge transfer character of entire system,
and therefore may increase the overall solar capture efficiency.

In the past few years, several sets of cubic SQ derivatives with different degrees
of functionalization have been synthesized by Laine et al.'**® The UV-vis absorption,
photoluminescence and two-photon absorption properties of these compounds were
investigated. The emission spectrum of [NH,VinylStilbeneSiO;5]s shows exceptional
red-shifts up to 120 nm.* Its excellent two-photon absorption cross-section (up to 810
GM) reveals strong interactions between each substituent chromophore, and may suggest
that the silica core serves as an electron acceptor in the system.®> The photophysical
properties and two-photon properties of corner and half cage systems, were also studied
and compared with the full cage. The results suggest that full cages with perfect
symmetry offer better nonlinear properties with the largest two-photon cross sections per

chromophore.*

There have also been extensive computational studies carried out on the electronic
structure, electronic spectra, optical properties and reactivity of Tg octahedral SQs over
the past two decades.??° Phillips et al.> investigated the absorption excitation energy of
functionalized octahedral SQs via time-dependent density functional theory. Using
B3LYP and RSH functional, they find that the excitations are mainly localized on the

chromophores, except for vinylsilsesquioxane.”® Zheng et al.** reproduced the
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experimental results of the absorption and emission spectra of stilbene-functionalized
octahedral silsesquioxane, by combining time-dependent density functional theory and
the Tamm-Dancoff approximation with range-separated hybrid functional of Baer-
Neuhauser-Livshits. They also report that their modeling studies suggest that the emissive
state of these octahedral silsesquioxanes is ligand-to-ligand, rather than ligand-to-

silsesquioxane.*

Although there are many theoretical studies on this class of materials, we are not
aware of any experimental results that examine the excited state absorption and excited
charge transfer processes of chromophore substituted SQs. In this paper, we use nonlinear
ultrafast spectroscopy to investigate the excited state dynamics of SQs, and to reveal the
unstudied area: whether there is an interaction between the substituted chromophores and
the silica core in the excited state. In addition, we investigate the fluorescence emission

dynamics to study the energy transfer process and fluorescence lifetimes of SQ systems.

Time-resolved fluorescence up-conversion and transient absorption are very
powerful experimental tools for the purpose of our study. The time-resolved

spectroscopic methods have been applied extensively to study the excited state behavior

of many kind of materials including organic macromolecules,®”% 3031

32-35 36-39 | 40

peptides,

nanoclusters, metallacycles. Maya et al.™ studied the nonlinear absorption
properties of lead phthalocyanines substituted with siloxane chains using picosecond
time-resolved transient absorption. The results suggest that the charge transfer though the

polysiloxane chain did not observed. Cohen et al.*

reported the femtosecond
fluorescence dynamics of a proton-transfer chromophore covalently bonded to the inner
surface of amorphous silica nanoparticles. In these studies, it was reported that an excited
state intermolecular proton-transfer process occurs from the chromophore to the silica
surface, suggesting the development of nanophotonic devices based on mesoporous silica

nano materials.

Understanding the mechanism of energy transfer and excited state charge transfer

processes in the silica cage materials, as well as the extent of intramolecular interactions
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among the chromophores is crucial to make significant improvement of photophysical
properties as organic optoelectronic materials. For this purpose, corner and half cage
systems and full cubic cages are investigated using ultrafast absorption and emission
spectroscopy. The structures of these materials are shown in Figure 4.1. Investigations
have revealed interesting features in relation to the excited-state dynamics and amount of

ICT character of the excited state with increase in branching, which are very important in

elucidating the mechanism behind the TPA cross sections of the branched systems.

Figure 4.1 Molecular structure of investigated Corner, Half and Cube silsesquioxane
systems.

4.2 Results and Discussion

4.2.1. Steady-State Measurements

The measured optical absorption and fluorescence spectra of the investigated
systems dissolved in THF are shown in Figure 4.2 and Figure 4.3. A summary of the
corresponding optical properties are shown in Table 4.1, in addition we have added data
on the MeStilgOS compound and the [p-NH,PhCH=CHPhCH=CH,SiO; 5]s NH,StilOVS

compound from our previous paper.*®
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It can be observed from the figure and table that the absorption of the Me,NStil-
half is red-shifted in comparison to the Me,NStil-corner and the full cage is red-shifted
still further. This might follow the expected trend in increasing wavelength of absorption
with length of interaction and conjugation in these particular compounds. However, the
emissions of these derivatives show an interesting effect in the Stokes shift. The
Me,NStil-corner emission is red-shifted in comparison to the Me,NStil-half; furthermore,
it also exhibits a greater shift than the full cage. This is contrary to what might be

expected and at this moment we have no explanation for these results.
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Figure 4.2 Steady state absorption spectrum of Corner, Half and Cube
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Figure 4.3 Steady state fluorescence emission spectra of Corner, Half and Cube

Table 4.1 Steady-state properties of silsesquioxane derivatives in THF.

Sample Aabs (NM) | Aem (NM) | @ | Stoke’s shift Av (cm'l)
MeStilsOS 317 365 0.06 ----
Me,NStil-corner 355 445 0.08 5700
Me,NStil-half 361 436 0.09 4760
Me,NStilsOS 365 454 0.03 5370
NH,Stilovs®’ 367 481 0.05

The fluorescence quantum yield (®;) measurements are also unexpected. First the
Me,NStil-corner is smaller than that found for Me,NStil-half, which might be expected,;
however, the full cage has the lowest @ of all. A number of similar organic chromophoric
systems have been investigated in the past. In particular, it was found that the extent of
charge separation or transfer in these systems has a dramatic effect on the Stokes shift.
This has also been connected to the extent of disorder or conformational rearrangement in
the system. The reduction of the quantum yield from Me,NStil-half to Me,NStil-corner is
also in accordance with the increased charge transfer character of the chromophores. In
this case, for the case of Me,NStil-corner the extent of charge transfer is reduced by the

fact that the system becomes unsymmetrical at the joining points and the charge
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correlation is lost. This same argument can be used to explain the lowest @; observed for
the full cage suggesting that CT effects dominate the photophysics of this compound.
Consequently, we carried out two-photon measurements on these systems in order to

probe the varying extent of charge correlation in these novel systems.

4.2.2. Two-Photon Cross-Section Measurements

TPA cross-section measurements of corner, half and cube are plotted in Figure 4.4.
TPA cross-sections as a function of wavelength are plotted in Figure 4.5 for the Me;N
chromophores. The data are presented in Table 4.2 including data from our recent paper
where conjugation at the cage begins with vinyl rather than phenyl groups. It is clear
from the TPA cross-sections that the cross-section increases with increasing numbers of
chromophores. However, the cross-section “per chromophore” in these systems is not
enhanced by the additional chromophores in the case of Me,NStil-half. The cross-section
increases by a factor of 2.5 while the number of chromophores increases by 4. This seems
to correlate well with the steady-state measurements described above. In the case of
Me,NStil-half; while the absorption measurements suggest a red shift and longer range
interaction, the fluorescence and quantum yields suggest a system with lower charge

transfer character.

The two-photon absorption (and resulting fluorescence) appear to also follow this
trend as the increase in the cross-section is found for Me,NStil-half but the enhancement
factor observed in a number of different donor-acceptor charge transfer systems is not
present here.**3 The degree of conformational flexibility is an effect that we have
previously observed to change the long range nonlinear optical properties in a number of
systems. While it appears that these systems could have considerable rigidity across the
junctions of the building blocks, small vibrations and conformational changes are just
enough to cause disruption of the charge correlation. Further investigations of these
effects are underway with time-resolved measurements such as transient absorption and

fluorescence up-conversion.
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Figure 4.4 Two-photon cross section measurements of Corner, Half and Cube
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Figure 4.5 Two-photon absorption cross-section spectra for the investigated
chromophores.
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Perhaps the most important observations from these studies are the fact that the
GM value for the full cage is 26/moiety whereas the half cage is 8/moiety and the corner
is 12/moiety. The fact that the full cage offers 2-3 times the TPA of the fragments
combined with the lowest @ suggests that this system offers much higher C-T than the
fragments. This type of behavior is more pronounced in the OVS systems studies earlier
which have longer conjugation lengths, as seen in Table 4.2.*° However, the data
continue to support our contention that in the excited state, the cage seems to influence
the photophysics more than would be expected if each corner served solely as a SiO3
fragment. It is important to add at this point that the effect of a simple SiO3 fragment on
the Uv-Vis and emission behavior of methylstilbene is also much less than seen in the

complete cage in Table 4.2.

Table 4.2 Summary of two-photon cross-section of silsesquioxane derivatives

Sample 3 (GM) d/moiety (GM) Amax NM
MeStil;0S 11 1.2 735
Me,NStil-corner 12 12 780
Me,NStil-half 30 7.5 790
Me,NStil;0S 211 26 755
Sstilovs®’ 25 3 705
MeOStilovs®’ 110 14 705
NH,StiloVvSs®’ 810 101 720

According to previous studies, steady state absorption and emission data of corner,
half and cube systems are listed in Table 4.1.'° It should be noted that the SQ cage
without chromophores has absorption maximum near 224 nm.** In comparison with that,
the cube sample, with 8 conjugated chromophores attached to the SQ cage, has an
absorption maximum at 365 nm. The absorption maximum of corner (As=355 nm in
THF) is blue shifted with respect to the 4-dimethylaminostilbene (DAS) chromophore
(Aabs=365 nm in THF).*** This can be explained by the negative mesomeric effect* that
there is no lone pair electron available from a saturated Si atom. This steady state
absorption result corresponds well with the fluorescence decay results discussed below.
In the corner molecule, DAS chromophore is attached with a relatively large group, -

Si(OSiMes)s, through a single bond. The steric hindrance effect reduces the electron
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mobility through the m conjugation and therefore the photoisomerizaion process is
retarded. The absorption maxima of half and cube are shifted to the longer wavelength
with respect to the corner. It may suggest that this shift is due to either mesomeric effect
from half/full cage and /or the dipole-dipole interaction between DAS chromophores. The
emission results of these systems are also listed in Table 4.1. The emission maxima of
corner, half and cube are at 445 nm, 436 nm and 454 nm, respectively. The emission
spectra of the three systems are dramatically red-shifted with respect to that of single
chromophore, 4-dimethylaminostilbene (emission wavelength maximum at 407 nm), due

to non-radioactive decay processes.

Studies regarding o*—z* conjugation between the o* orbital of the silicon and the
7* orbital of the conjugating moiety have been reported.**>® Based on their ab initio
calculations, it has been found that the other substituents on the silicon atom could
largely affect the resulting low-lying LUMO level as well as the HOMO level not
because of perturbation through the o*—n* conjugation but by an inductive effect.*® An
increase in electronegativity of substituents on the silicon could induce the bathochromic
shift of the absorption maxima to the longer wavelength.*® According to these previous
reports, the red shifts of half and cube with respect to corner might be an indication that
cyclotetrasiloxane (half SQ) and full cubic SQ cage have better electronegativity in

comparison with -Si(OSiMes); group.

With eight chromophores attached, the cube has the largest two-photon cross-
section (211GM) among these three systems. When considering the two-photon cross-
section per chromophores, the cube system also has the highest value (26 GM) among the
three. The enhanced two-photon cross-section found in cube sample suggests a complex
interplay between intramolecular interactions and the improvement of charge-transfer
character. As a result, the SQ cage plays an important role in affecting the overall
photophysical properties of attached conjugated chromophores. In order to understand the
fundamental process, it would be very interesting to study energy transfer and the excited
state charge transfer processes via the time-resolved spectroscopy measurements. In the
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following sections, we present and discuss the time-resolved fluorescence and excited

state dynamics data.

4.2.3. Fluorescence Up-Conversion Measurements
Fluorescence Life Time Features

The time-resolved fluorescence up-conversion technique was applied to measure
the fluorescence lifetime of the three systems. The fluorescence up-conversion results
under an excitation of 380 nm are shown in Figure 4.6. Figure 4.6A presents the
fluorescence decay curve of the three investigated systems. The corresponding mono-

exponential lifetime result is described by the following equation:

Equation 4.1 y = aexp(—t/1)

Where vy is the fluorescence intensity (counts per second), a is the amplitude and tis the
fluorescence decay time. The fluorescence decay time or as commonly used lifetime is
the average time a chromophore remains in the excited state after excitation, and it is
defined as

Equation 4.2
1

"k 1k,

where k; is the radiative rate constant, and k,, is the non-radiative rate constant.

Equation 4.3 Tg = kr_1
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where tg is the natural or radiative lifetime which is related to the fluorescence lifetime t

via the fluorescence quantum yield @:

Equation 4.4 D=—=——

Mono-exponential decay fitting was performed on time-resolved fluorescence
curves for corner, half and cube systems and their lifetimes (t) are 146, 73 and 75 ps,
respectively, as summarized in Table 4.3. Given the quantum yield are 0.08, 0.09 and
0.03 for corner, half and cube systems respectively,® the estimated radiative and
nonradiative rate constants can be calculated from the fluorescence decay time, based on
Eg.4.2, Eq.4.3 and Eq.4.4. The results are listed in Table 4.4.

Table 4.3. Fluorescence lifetimes of Corner, Half and Cube SQ systems

Lifetime
Corner 1.3ps, 146ps
Half 650fs, 73ps
Cube 850fs, 75ps

Table 4.4. Radiative and nonradiative decay rate constants for Corner, Half and Cube
in THF

Corner 54 68
Half 120 124
Cube 40 126
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Fluorescence process of substituted trans-stilbene needs to be taken into
consideration. According to the previous experimental and theoretical fluorescence
dynamics of trans-stilbene and its derivatives, the fluorescence dynamics of trans-stilbene
and its derivatives have been studied experimentally and theoretically.>*®® Similar to
donor-acceptor-type trans-stilbene derivatives, possible twisting around single and double
bonds are illustrated in Figure 4.7. The main fluorescence state of the donor/acceptor
substituted trans-stilbene is T* state, so called “twisted intramolecular charge transfer”
(TICT) state, in which the phenyl ring twists by ®s=90° around the single bond starting
from a fully planar geometry.* The electronic structure of T* corresponds to a fully
charge transfer state from the donor to the acceptor. The kinetic scheme according to a
three-state model®®" is presented in Figure 4.8. Here, E* is the primary excited state,
and P* is excited state with a geometry having the phenyl ring twists by 90° around the
double bond. There is a competition between the formation of T* and P*. In the trans-
planar configuration, an intense intramolecular charge-resonance transition to the S; state
may cause the existence of the energy barrier on the S; potential energy surface for the
trans- to cis- isomerization process.”® Under this condition, ultrafast excited state
deactivation through the S; photochemical funnel is expected. Given that fluorescence
quantum yields of both corner and trans-stilbene at room temperature are very small, an
assumption can be made that ker<<kgp. Therefore k,, mainly corresponds to a transition
from E*—S,. At room temperature, the typical fluorescence lifetime of trans-stilbene is
~108 ps involving bond twisting, and the quantum yield is about 0.05.%® ® According to
these results, the radiative and non-radiative rate constant of trans-stilbene can be
calculated as ki(stil) = 46 x 10’s™, and ki (stil)=93 x 10%™.

In the case of corner, it shows a longer fluorescence lifetime (146ps) and a
slightly slower ko, rate (68x10%™) than those of the pure trans-stilbene. This is expected
if the formation of main fluorescence state T* in the corner is retarded by steric hindrance
caused by the large substitution (-Si(OSiMej3)3) on the trans-stilbene, as shown in Figure
4.9. This result corresponds well with the observed blue shift in steady state absorption
spectrum of corner with respect to the DAS chromophore. In addition, it has been found

out that the donor/acceptor substitutions with a large dipole moment on trans-stilbene
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could further stabilize the T* state with respect to P* since the dipole moment of T* is
larger than that of P*.°® ® The strongly different dipole moments expected for T* and P*
states are consistent with observed anomalous solvent polarity dependence of the
absorption wavelength maxima in the previous study of these samples.’®*° In the case of
corner, comparing Kinetic rates with trans-stilbene, the slower k. and similar k; value
suggest that the dipole moment is somewhat in favor of and increasing T* fluorescence
state and decreasing P* state. This also corresponds well with quantum yield results of
Corner (0.08) and trans-stilbene (0.05). In the previous study, the corner and half systems
were investigated as push-pull nonlinear optical chromophores substituted by -NMe, and
[-Si(-O-)s] interacting through a m-conjugated trans stilbene.?® Ronchi et al. ®® found that
the —Si(OSiMes)3 group behaves as an electron withdrawing group equal to that of a nitro
group by theoretical study. Although —NMe, is a good electron donating group, the
donor/acceptor substitution pair on corner didn’t provide remarkable dipole moment.
Therefore, it can be concluded that the electronegativity of -Si(OSiMes)s group is very

weak.

125



(%]
o
c
A3
@)
(]
(@]
c
Q
(]
(7]
(O]
p —
o
=
LL
©
(]
N
©
e
P —
o
=z
0
1
5
e} 1.0
O N
B 8 084 —— Corner
S rise time 1 =1.3ps
q) 1
2 —— Half
) 06- rise time t,=650fs
q) 1
o Cube
5 0.4 rise time r,=850fs
L —IRF
D 02
N
©
EO.O""I""I'---|----I
<05 Time (ps)

O
Anisotropy

o
=
1

o
o

0 250 500 750 1000 1250 1500
Time (fs)

Figure 46 (A) Fluorescence decay, (B)fluorescence risetime,(C)fluorescence
anisotropy for the investigated systems

126



\N/
%d)s —
on /

SQ cage —

Figure 4.7 Schematic illustration of twisted single-bond (T*) and twisted double-bond
(P*) conformation of corner. Starting from a fully planar geometry, the T* and P*
geometries were drived by twisting by 90° around the respective single or double
bond.

\V4
W

Fluo. k

hv

(Weak Fluo.)

Figure 4.8 Three-state kinetic scheme proposed for the interpretation of the
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As observed, the fluorescence lifetime of the half (73 ps) and cube (75 ps)
systems are about one half of that of the corner system (146 ps). The fluorescence
lifetime of corner (146ps) is much longer than that of trans-stilbene (~108ps). This can be
explained by the steric hindrance effect caused by the -Si(OSiMe3); group. However,
because the half and full SQ cage are even bulkier than the -Si(OSiMes)s group, twisting
around both the single bond (¢s) and double bond (¢p) are considered much more
difficult. The fluorescence lifetime of the half and cube are expected to be longer than
that of corner. In addition, in the case of half, both k; and k., are faster than those of
corner, which means the conformational transition to T* and P* states are easier in spite
of the steric hindrance effect. It has been found out that when a bigger group substituted
on one side of stilbene, the twisting inside may occur mainly around the single bond
which is near the other side, dimethylamino group.®® Theoretically, in the case of twisting
of the N,N-dimethylamino group, the barrier height is as high as about 0.303eV.”
Therefore it would be expected to see that both half and cube offer slower radiative and
non-radiative rates, as well as longer fluorescence lifetime than those of corner. However,

this argument doesn’t correspond with our experimental results.
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These results might be due the possibility that a stronger dipole moment is formed

after excitation to facilitate the twisting processes,®

and the possible o*—z*
conjugation between Si atom and DAS chromophore might be stronger in the excited
state.**>® In the case of half and cube, steady state absorption wavelength maxima are
shifted to the red with respect to that of the corner and this observation suggests the
electronic transitions are perturbed by the chromophore-chromophore interactions. With
more than one chromophore attached to a single macrostructure, the possibility of dipole-
dipole coupling between the chromophore increased dramatically. This inter-
chromophore interaction and the possible formation of delocalized/localized state under
the optical excitation are discussed below in the fluorescence anisotropy section. The
cube has larger number of chromophores attached and thus allows higher probability to
undergo excitation energy redistribution. The slower radiative rate found in cube
corresponds well with the quantum yield (®) result that the @ of cube is one third of half.
Based on the fluorescence decay results, the following conclusion can be drawn that both
cyclotetrasiloxane (half SQ) and full cubic SQ cage exhibit stronger electronegativity in
the excited state than ground state.

Figure 4.6(B) presents the initial fluorescence rise-time curve for each
investigated systems within 1.5ps. Fluorescence rise time data are listed in Table 4.3. The
corner, half and cube have the fluorescence rise-time component as 1.3 ps, 650 fs and 850
fs with instrument response function of 110 fs. The corner, half and cube have the
fluorescence rise-time component as 1.3 ps, 650 fs and 850 fs with instrument response
function of 110 fs. The fluorescence rise-time components reveal the initial energy
redistribution process to the fluorescence state right after the excitation. According to the
discussion above, it corresponds well to the proposed transition from the primary excited

state (E*) to the main fluorescent TICT state (T*) in these three systems.
Fluorescence Anisotropy Decay Features.

The decay of the fluorescence anisotropy is used to characterize the electronic
interaction strength and excitation energy transfer (exciton or hopping dynamics) among
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chromophores, which are mainly reflecting the first few steps of energy transfer.”*"

Exciton migration via intermolecular excitation transfer in macromolecules with high
degree of symmetry has been studied both experimentally and theoretically.”*™
Kopelman et al.””"® have demonstrated the correlation between the molecular geometry
and the electronic properties on a series of dendrimer based on phenylacetylene
chromophores. The efficient and unidirectional energy transfer from an initially excited
state on a phenylacetylene dendrimer to a trap located at its core has been found. Our
group has reported the study on excitation energy transfer in different dendritic core
branched structures.”® In these systems, both Férster-type hopping and excitonic-type
coherent transport mechanism are observed depending on the different architectures.”
Wynne and Hochstrasser’® examined the coherent type energy transfer between identical
molecules by the anisotropy associated with degenerate intermediate states. The
chromophore-chromophore coupling causes the excitation energy transferred between the
two chromophores by the Coulomb interaction of the electrons of the two molecules.
Theoretically, the efficiency can be determined by transition density, orientation, and
spatial location of the two chromophores.®

The fluorescence anisotropy decay curves are illustrated in Figure 4.2C. The
initial anisotropy before rotational diffusion was studied. The decay dynamics of the half
and cube systems are different than what is observed for the corner (as monomer). The
corner shows no significant anisotropy decay during this experimental time window. A
depolarization of fluorescence in half and cube as compared to the corner indicating that
electronic energy transfer takes place between the chromophores within the molecule.
The initial dynamics of fluorescence anisotropy of half and cube systems are very fast
and completing with the instrument response function. Therefore, a deconvolution
process is performed in order to estimate the fluorescence anisotropy decay time.®* The
anisotropy decay of half can be fitted by a monoexponential decay with the decay time
constant of 420fs. The anisotropy decay time was found to be 525fs for cube. In the case
of the half and cube, the fast fluorescence anisotropy decay provides clear evidence of the
interactions among the DAS chromophores.” This is denoted as exciton limit in which

the interaction (J) between the chromophores is much larger than the homogeneous line
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width (I'). Under this condition, nonequilibrium initial preparation effects must be
applied with inhomogeneous broadening terms.”® As a result, the weak interaction limit
(Foster limit), in which was used for interpretation a small perturbation, could not be
applicable for the intramolecular chromophores energy migration.” % Therefore, in our
case, the presence of ultra-fast decay time components in both half (420fs) and cube
(525fs) systems suggest the substantial contribution of coherent type energy migration.?”
™ The excitation energy transfer process is accompanied by the reorientation of the

transition dipole moment.

The residual value of the fluorescence anisotropy before rotational diffusion also
contains information of the arrangement of transition dipole moments and gives the
molecular geometry information. In general, the initial anisotropy value is 0.4 for a
randomly oriented single chromophore. For some symmetrical molecular systems, the
initial anisotropy is larger than 0.4.”° ® The cube system with perfect symmetry can be
considered as a spherical-like structure before excitation with the initial anisotropy value
0.4, which means molecules are more randomly orientated in the solution. The residual
anisotropy for the equilibrated system is another important parameter related to the
geometry of the molecular system. The cube and half structures make the average angle
between absorption and emission transition dipoles of the chromophores different from
that of corner. And hence, it alters the residual value of the fluorescence anisotropy
before rotational diffusion.

4.2.4. Ultrafast Transient Absorption Measurements

Many of the molecular photochemical and photophysical properties depend on the
Kinetics of excited-state processes that occur after the absorption of a photon. Therefore,
femtosecond transient absorption measurements have been carried out under an excitation
of 330 nm in order to understand the fundamental mechanism of the excitation
delocalization, charge localization process and the extent of charge transfer character in
these systems. The detection window of our apparatus is from 450 to 750 nm.
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Shown in Figure 4.10-4.12 are the transient absorption spectra at different time
delays for the corner, half, and cube in THF, respectively. The transient absorption
features of the corner, half, and cube look similar in the region of 450 nm to 750 nm with
a positive absorption below 650 nm and a maximum around 525 nm. The positive
absorption is due to the excited singlet state (S,«<S;) absorption (ESA). The spectra also
show very weak negative absorptions below 475 nm. The steady state of these samples
absorb below 365 nm but the fluorescence spectrum has strong emission band with the
emission maxima at 445 nm, 436 nm, and 454 nm for corner, half, and cube, respectively.
According to the steady state photophysical properties and previous ultrafast pump-probe
studies on push-pull stilbene, these negative absorptions can be ascribed to the simulated
emission (SE) originated from the S; state.”® Due to the limitations of our apparatus, only
the shoulder of the bleach in each spectrum was observed. The spectra of these three
systems also show a broad but relatively weak ESA band in the 675-750 nm region, as
presented in Figure 4.10B, 4.11B and 4.12B. Since both the decreasing of SE band
population below 475 nm region and the increasing of ESA band population in the 675-
750 nm region are observed, the ESA band with the maximum at about 735 nm is
assigned to the excited triplet state transition T,(nn*)«<Tyi(nn*), according to previous
reports.’” % Another interesting finding from the Figure 4.10B, 4.11B and 4.12B is that
the maxima of the ESA band in the 470 to 650 nm region shows a blue shift mainly
within the first 7ps delay time. This time dependence of dynamic shift of the maxima of
the ESA band suggests the transition between two distinctly different excited states. The
resulting state is ascribed to the twisted intramolecular charge transfer (TICT) state,
accompanied by which is the twisting around a o bond in the trans-stilbene close to either

the electron donating or the withdrawing substitutes, to populate a TICT state.® "8
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Figure 4.10 Femtosecond Transient absorption spectra of Corner sample (A) at time
delays before 1.2ps and (B) at time delays between 1.2ps to 350ps
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Figure 4.11 Femtosecond ransient absorption spectra of Half sample (A) at time
delays before 0.5ps and (B) at time delays between 0.5ps to 340ps
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Figure 4.12 Femtosecond transient absorption spectra of Cube sample (A) at time
delays before 0.3ps and (B) at time delays between 0.3ps to 250ps

The transient dynamics at the ESA peak maxima are plotted in Figure 4.13. In
order to quantitatively estimate the lifetimes associated with the different relaxation
processes, exponential fitting functions were used to fit the kinetic curves at the probe
wavelength of 550 nm. Different lifetime components are listed in Table 4.5.
Trifluoroaminostilbene (CFsstilbeneNH;) is also measured as a model compound for
comparison. The first components are 1.4ps for the corner, 2.5ps for the half, 1.6ps for
the cube, and 2ps for the model compound, respectively. They are assigned to the
vibrational relaxation in a locally excited singlet (S;) state, which is the LE(S,) state. The
second lifetime components, 166ps for corner, 58ps for half, 75ps for cube, and 32ps for
model compound are ascribed to the conformational relaxation process of stilbene
involving the rotation around the single bond, as suggested by the previous reports.’® &
In the case of the corner, the lifetime component 166ps is larger than that of trans-stilbene
~100ps,*® ® and even larger than the push-pull stilbene model compound (32ps). This is
due to the retardation of the cis-trans isomerization process caused by the steric hindrance
effect of the large substituted group in corner. It is worth noting that the transient lifetime
components are in accordance with the fluorescence lifetime results. As a result, these
evidences suggest the conversion from the vibrationally relaxed LE(S;) to another lower

energy S; state A* (S;) which is the TICT state (T* as shown earlier). Similar excited
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states transitions of push-pull stilbenes have been reported recently.” In addition, this
transition is also associated with the blue shift of the absorption maxima of the ESA band
from 475 to 650 nm.
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Figure 4.13 Transient absorption kinetics of Corner, Half and Cube and model
compound CF3StilbeneNH>

Table 4.5 Transient absorption kinetics lifetime at 550 nm

SQs Lifetime Components
Corner 1.4ps, 166ps

Half 2.5ps, 58ps

Cube 1.6ps, 75ps

CF3-Stilbene-NH, 2ps, 32ps
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Further examination on the charge transfer state (TICT) is performed. Figure 4.14
presents the dynamics providing evidence for the formation of the TICT state of each
system. The probe wavelengths are 467 nm for the corner, 470 nm for the half, and 467
nm for the cube, respectively, which are at the left shoulder of the ESA band assigned to
the Sp(nm*)«<S;(nn*) transition of the solvent stabilized TICT state of the push-pull
stilbene system (TICT’).®® It is very clear that the excited dynamics of the corner is under
a different mechanism in comparison with the half and cube. The fitted lifetime
components are listed in Table 4.6. In the case of corner, the ESA undergoes a decay
process with a life time of 170ps after an ultrafast transition within the initial 350fs. This
decay process indicates a non-radiative relaxation process back to the ground state. In
contrast to the corner, a growth in the amplitude is observed after the formation of this
TICT state in both the half and cube, within 16ps and 3.5ps, respectively. It suggests that
a solvent stabilized long-lived charge transfer state is favored in the case of half and cube.
Upon photoexcitation, transient absorption measurements have shown the presence of a
charge-transfer (TICT) state depending on the number of chromophores. The results point

to the ultrafast delocalization of charge in this particular system.
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Figure 4.14 Transient absorption kinetics of Corner at 467 nm, Half at 470 nm and
Cube at 467 nm.
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As mentioned earlier, the time dependent dynamic blue shift of the maximum of
the ESA band in the 470 to 650 nm region was observed within the initial several
picoseconds. The ESA maxima shifts for each sample at different time delay are listed in
Table 4.7. It has been reported that in the non-substituted trans-stilbene, the ultrafast
transient shifts to the blue in a few picoseconds, and this is interpreted as the formation of
an intermediate state before isomerization.®”®° This blue shift is also related with the
solvation process.”® In addition, a red shift as a result of solvation effect was observed

from time-resolved emission spectra of push-pull stilbene derivatives,*’

indicating the
excited state energy level is lowered by vibrational coupling. The shift of maximum
wavelength of emission spectra of 15-20 nm is observed within the first few hundred
picoseconds delay time after the excitation. In our case, a spectral blue-shift in transient
absorption is more likely a combination of solvation and conformational relaxation along
the potential energy surface associated with the charge transfer process. Because the
conversion from LE(S;) to TICT (A* (Sy)) state upon excitation is extremely fast, there is
no significant change in the geometry of the central double bond in the DAS
chromophore. In this charge transfer state, the character of the stilbene central double
bond becomes to be more like a single bond character which facilitates the torsional
motion and results a stronger dipole moment.*® As a result, this conformation could assist
the charge transfer process so as to reinforce the electrostatic interaction. Another process
between solvent and chromophores is required to further stabilize the twisting geometry.
The interactions between the chromophore and the surrounding solvent molecules are
different in each excited electronic state. This change in interaction can originate due to
different dipole moments in these two states. A solvent stabilized relaxed intramolecular
charge transfer state (TICT") is reached after the solvation shell is in thermodynamic
equilibrium with the molecule. In order to further study the solvation process,
femtosecond transient absorption measurements of cube in DMSO polar solvent were
carried out. Non-polar solvent environment wasn’t studied because of the poor solubility
of these systems in non-polar solvents. The transient absorption spectrum of cube in
DMSO is plotted in Figure 4.15. The time dependent dynamic blue shift of the ESA
maxima is from 540 nm to 511 nm, which is 7 nm more than the result using THF as

solvent. In addition, a new transient was observed from 600 nm to 675 nm. This transient
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is assigned to conversion from the vibrationally relaxed LE S; state to the S, state.” In
the transient absorption spectrum of the cube in THF, this ESA band was overlapped with
the ESA band from 450 nm and 600 nm, as shown in Figure 4.12B. These evidences are
in support of that the time dependent dynamics is due to solvation processes. It is also
observed from Figure 4.15 that the SE negative absorption band below 480 nm region
was vanishing along with the formation of TICT". It gives the evidence supporting that
the resulting solvent stabilized TICT' is a non-emissive state. In the theoretical
consideration, the solvent-controlled charge transfer rate is expressed by the following

equation:®*

Equation 4.5
1/2

K. = 1( A ) ( AG*)
A_Ts 161TkBT exp kBT

Where, 7, is the characteristic time for solvation dynamics, A is the solvent

reorganization energy, kg is the Boltzmann constant and A G*is the free energy of

activation. According to the Born-Hush equation:***

Equation 4.6

e? [1<1+1) 1}(1 1)
Amegl2\rt  r=/ R . J\n%2 &g

Here, n is the refractive index of the solvent r* and r~ are the radii of the charged
molecules, R, is the center-to-center distance of the photogenerated charges and & is the
relative dielectric constant of the solvent. According to the Marcus theory, the barrier of
charge transfer process A G* is related to change in free energy for charge transfer state

via the following expression: *
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Equation 4.7
_(AGy + 4,)?

AG*
42,

Here, AG, is the energy gap between the reactant and product states. In our cases, 4G, is
attributed to the blue shift observed in the transient absorption ESA band. Stronger
charge transfer character in the product states could actually decease the energy gap 4G,
(more negative), and this leads to a decrease of the activation energy barrier. Therefore,
the charge transfer rate rises until the reorganization energy equals the change of free
energy (A; = —4G,). According to Eq.4.6, A5 is dependent on the geometry of the

molecule and the distance between the chromophore and the center core.
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Figure 4.15 Femtosecond transient absorption spectrum of Cube in DMSO

It has been well established that photoexcitation drives the linear push pull
stilbene derivatives into the charge transfer (CT) state.”” ®® Fully charge separated TICT

states have been found in the push-pull type stilbene derivatives.” The formation of the
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photoinduced charge transfer state of a similar chromophore,4-dimethylamino,4'-
cyanostilbene has been investigated theoretically by the free energy decomposition
analysis.” Two important factors affecting the stable CT geometry of push-pull stilbenes
have been found: (1) the torsional motion of the single bond linkage between the stilbene
and its substituted functional groups, and (2) the electrostatic interaction, which is
enhanced by twisting geometrically assisted charge separation process.”® The
photoexcitation process of branched multi-chromophore shell-core systems have been
investigated both experimentally and theoretically.” It has been found that the
photoexcitation produces a charge-transfer state and the excitation is actually localized on
one of the chromophores.” %8 |n our systems, Table 4.7 lists the amount of shifts of the
ESA peak in wavenumber (Av) for each system. This value is a strong indication of the
extent of the charge transfer character. A greater amount of charge transfer observed in
the case of cube (720 cm™) and half (750 cm™) when compared to the corner (250 cm™)
suggests that the charge is more in favor of the entire molecule than localized on one arm
of the chromophore. This result is in accordance with the dynamics presented in Figure
4.10. Similar increase (by more than a factor of 2) in the donor to acceptor charge transfer

with increasing number of chromophores has been found in the core-branched systems.®"
100

Table 4.6 Transient absorption kinetics lifetime components at probe wavelength 467
nm

'SQs Lifetime Components
Corner 350 fs, 170 ps
Half 16 ps, 70 ps, long
Cube 3.5ps, 70 ps, long

Therefore, the strength of the non-emissive TICT' in the excited state has

increased with an increasing number of the chromophores, which was not predicted by
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the steady-state stokes shift measurements. These results correspond well with the two-
photon absorption results that the TPA cross-section is enhanced with an increasing
number of chromophores in the half and cube systems in comparison with the corner. In
addition, the acceptor strength is also crucial in affecting the population of the CT state.
Mattori et al.’* reported computational results on the trapping and the release transition
states (TS) of the atomic hydrogen in an octasilsesquioxane cage. The stronger charge
transfer state found in half and cube might be an indication that half and full SQ cages
have better electron accepting ability than the corner as an electron trapper.

Table 4.7 Details of the time dependent dynamic ESA blue shift ESA band in 470 to
650 nm region. ESA maxima of corner, half and cube at different delay time

Sample ESA peak maximum ESA peak maximum Shift Av(cm'I)
Wavelength Delay Wavelength Delay
time time
Corner 532 nm 1.2 ps 525 nm 6.8 ps 250
Half 540 nm 500 fs 519 nm 6.2 ps 750
Cube 538 nm 300 fs 518 nm 6.8 ps 720

Based on the observations above, a simplified energy diagram of our investigated
system is drawn in Figure 4.16. After photoexcitation, the molecule reaches the main
emissive TICT state within subpicosecond (about 1.3ps for corner, 650fs for half and
850fs for cube). The fluorescence emission process takes about 146ps, 73ps, and 75ps for
corner, half, and cube, respectively. A further solvent stabilized charge transfer TICT
state is reached with long lived life time for half and cube. Intersystem crossing to the
dark state is observed after few tens of picoseconds time delay.
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Figure 4.16 Simplified schematic energy diagram of investigated systems

4.3 Conclusion

In summary, a series of dimethylaminostilbene substituted silsesquioxanes with
partial and full cages has been investigated by fluorescence up-conversion and
femtosecond transient absorption measurements. Fluorescence up-conversion
measurements provide an insight into the energy transfer process in these three systems.
The kinetics results indicate that the twisting around the double bond of the substituted
stilbene is more sensitive to the degree of its dipole moment than the size of its
substitutes. In the case of corner, the twisting is retarded by the steric hindrance effect
compared to stilbene free dye. In the case of half and cube, strong dipole moments are
induced by the substitution which could facilitate the twisting process, overcome the
steric hindrance effect and decrease the fluorescence lifetime. The dynamics of the
transient absorption show significant differences between the corner and the half and
cube. The pump-probe measurements have shown the presence of TICT state in 500-600

nm region. The lifetimes of this emissive TICT state corresponds well with fluorescence
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lifetimes for each system respectively. The transient absorption results also reveal a
combination of charge transfer dynamics and solvation process associated with excited-
state absorption blue shifts, and a resulting solvent stabilized non-emissive TICT' state.
Ultrafast transient measurements have shown an interesting trend with respect to the
amount charge-transfer character with increasing number of chromophores. Both half and
cube show enhanced charge transfer character compared to the corner. In addition, this
explains the enhanced two-photon cross-sections found in the half and cube systems.
Upon photoexcitation, transient absorption measurements have shown the presence of a
charge-transfer (TICT) state depending on the number of chromophores, suggesting the

ultrafast delocalization of charge in half and cube systems.
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CHAPTER 5
OTHER PHOTOVOLTAIC MATERIALS: ENERGY
MIGRATION IN DENDRITIC OLIGOTHIOPHENE-
PERYLENE BISIMIDES

The work in this chapter was published at the following journal:

“Energy Migration in Dendritic Oligothiophene-Perylene Bisimides” Jin Zhang,
Guda Ramakrishna, Markus K. R. Fischer, Peter B&uerle and Theodore Goodson 11, The
Journal of Physical Chemistry B, 2013, 117, 4204—4215

Abstract:

A series of novel oligothiophene-perylene bisimide hybrid (DOTPBI) dendrimers
up to the second generation (GO, G1, and G2) were investigated. Optical measurements
such as nonlinear optical and time-resolved spectroscopy, including two-photon
absorption, fluorescence upconversion, and excited state transient absorption were carried
out. Results of these measurements revealed the ability of these molecules to undergo
intramolecular fluorescence resonance energy transfer (FRET) from the dendritic
oligothiophenes (DOT) to the perylene bismide (PBI) moiety. The delocalization length
and the photoinduced electron transfer (PET) were investigated as a function of
dendrimer generation. A fast energy transfer process from the DOT dendron to the PBI
core was observed. For the case of the G2 dendrimer, with relatively large thiophene
dendrons attached to the bay area of the perylene bisimide, the PBI core is highly twisted

and its ability to self-assemble into m—n stacked aggregates is destroyed. As a result,
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among the three generations studied, G1, which has the best two-photon cross section and

the most efficient energy transfer, is the best light harvesting material.

5.1 Introduction

Organic conjugated dendrimers are a class of materials with shape-persistent and
defined, monodisperse structures that are highly reproducible.*®* These macromolecules,
which have excellent optical and electrical properties, have been a focus of research for
several years as they have tremendous potential applications in photovoltaic devices,*>
light harvesting®® and organic electronics.*>*! They have also shown enhanced nonlinear
optical (NLO) and two photon absorption (TPA) properties.’**® The geometry of
dendrimers suggest a three dimensional order which might give rise to better overlap for
energy transfer. Other structures have demonstrated this property as well. For example,
several silsesquioxane (SQs) derivatives with perfect cubic symmetry, as well as corner
and half partial SQs cages have been synthesized and their two photon cross sections
have been measured.***® These results imply that the possible demonstration of three
dimensional (3-D) conjugations through the core and the 3-D interaction in the excited
state allows for their application as molecular transistors.***> Other geometries of organic
conjugated macromolecules have gained tremendous interest and their non-linear optical
properties have been studied. This includes branched chromophores,'® prion peptide
nanostructures,'’ porphyrin macrocycles*® and cyclothiophenes.***" Among the different
macromolecules investigated for enhanced NLO and TPA properties, both perylene
bisimides and thiophene dendrimers have gained intense interests for their promising

potential in organic electronic device application.?

Perylene bisimide dyes (PBIs) have been developed in the past few years and are
now one of the most useful classes of fluorescence materials.?® PBI dyes exhibit
exceptional water solubility, thermal stability, fluorescence intensity and photochemical

stability with high fluorescence quantum yields up to 0.99.% Perylene imide derivatives
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are widely used as the electron acceptor component in the photoinduced energy and
electron transfer effects.?*?° They can be easily functionalized both at the imide and at the
bay area to achieve the desired optical and electrochemical properties by various
chemical modifications, usually with different substituents. Due to the fully planar =-
system shape, PBI are easily self-assembled into n-n stacking supramolecular architecture,
as aggregates.””® Because of their strong delocalization and efficient charge hopping
character, PBIs and other perylene imide derivatives have been suggested as candidates

for organic electronics,***

with great potential for applications in light-harvesting
systems,** solar cells*® and field effect transistors.*® PBIs have served as promising n-type

organic semiconductor materials with measured remarkable electron mobilities.*’

Thiophene dendrimers or dendritic oligothiophenes (DOTs) have also drawn
attention because of their versatile applications in organic light emitting diodes
(OLEDs),® light harvesting devices,*>*" sensor materials,*? and field-effect transistors
(FETs).***" Thiophene dendrimers with a highly branched three-dimensional architecture
were first synthesized by Advincula et al.* Thiophene-based oligomers have been
extensively studied theoretically and experimentally, both for applications such as light-
emitting diodes.*® Baeuerle et al.' developed a new class of large 3D-dendritic
oligothiophenes that can be further functionalized at the periphery with other functional
groups and easily attached to cores with three dimensional geometry and promising
optoelectronic properties. Another series of functionalized 3D oligothiophene dendrimers

have been synthesized by Baeuerle,® and Goodson et al.*

reported their time-resolved
fluorescence upconversion and transient absorption properties. As these novel
semiconducting macromolecules are monodispersed, they offer the significant advantage
of reproducibilty and unique photochemical properties, which is particularly important
for organic electronic devices. The time-resolved spectra of oligothiophenes in solution
have also been studied by several groups. Pfeffer et al.>* first observed the excited state
absorption (ESA) and triplet absorption signal of terthiophenes using picosecond
photoinduced absorption measurements. Lap et al.®> reported time dynamics of

oligothiophenes using femtosecond time-resolved spectroscopy. Lanzani et al.>® studied

156



the spectral-dynamic effect of ring rotation of the singlet excited state in oligothiophene

derivatives. Unlike PBIs, thiophene dendrimers serve as p-type organic semiconductors.

Recently, a perylene-oligothiophene hybrid as a m-donor-m-acceptor system has
been synthesized and studied by Baeuerle et al.>* Both DOTs and PBIs are rigid and
shape-persistent. As rigid and shape-persistent conjugated dendrimers, these materials
represent a novel class of macromolecular materials with defined and monodispersed
structures that are highly controllable due to precise synthetic approaches.* Because of
their three dimensional structures consisting of a core and shell, these dendrimers possess
numerous advantages compared to conventional polymers in offering a number of
functionalization schemes. For example, functionalization of the exterior of the
dendrimer has been shown to be a promising strategy for sensing applications,”® while
functionalization of the interior of the dendrimer has led to various applications in
spectroscopy.” It will be very interesting to investigate the energy transfer process of the
dendritic thiophene-perylene bisimides as donor-bridge-acceptor type supermolecules

with different functional groups as the core and shell separately.

In this work, in order to understand and measure the extent of energy
migration process, the two photon absorption cross section, fluorescence upconversion
and excited state dynamics of a thiophene functioned perylene bisimide system up to the
second generation (GO to G2) have been investigated. The structures of these materials
are shown in Figure 5.1. The TPA cross section in the near IR regions was measured. The
fast energy transfer processes from dendron to core and from dendron to dendron are
found. The results suggest the ultrafast energy migration in these systems is really
efficient. With strong m-m stacking ability, perylene bisimide is excellent for energy
trapping purpose. However, in the higher generation as G2, the tendency of H-
aggregation is disrupted due to the highly twisted PBI core. As a result, G2 shows a
larger possibility of energy delocalization between the DOT dendrons, lower quantum
yield, lower two-photon cross section and lower energy transfer efficiency than G1. With
a smaller size dendron, G1 is the best electron transfer material among those three

systems.
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Figure 5.1 Molecular structure of investigated thiophene dendrimer functionalized
perylene imides (PDI-G0, PDI-G1 and PDI-G2)

5.2 Results and Discussion

To investigate the optical properties of these oligothiophene-perylene bisimide,
several spectroscopic measurements have been carried out, including steady state
absorption and emission, two-photon excited fluorescence measurements, fluorescence
upconversion dynamics and femtosecond transient absorption measurements. The
synthesis of investigated dendritic oligothiophene-perylene bisimides DOTPBI-GO (G0),
DOTPBI-G1 (G1) and DOTPBI-G2 (G2) has been achieved by Baeuerle et al., and the
synthesis procedure was described previously.>® All the measurements were carried out in
dichloromethane (DCM) (Sigma-Aldrich, spectrophotometric grade). All compounds

were used as received without any further purification.
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5.2.1. Steady State Photophysical Properties

The measured optical absorption, fluorescence spectra and extinction coefficient
spectra of the investigated systems dissolved in DCM solvent are shown in Figure 5.2. A
summary of the corresponding steady state properties is shown in Table 5.1. Comparing
these results with the absorption and emission spectra of thiophene dendrons®* and

perylene bisimides,*" *

the absorption spectra show the features of each moiety in the
systems. The result is very clear that the absorption features can be assigned to four
regions: below 300nm, 300nm-400nm, 400nm-500nm and 500nm-600nm. The
absorption features below 300nm in all of these systems represent the m-to-n* transition
of pure monothiophene units. The absorption features from 300nm to 400nm are the n-to-
n" transition of dendritic thiophene units, and the intensity of these features increases
with increasing the number of thiophene groups. The absorption region from 400nm to
500nm represents the Sy to S, electronic transition caused by the dipole moment
perpendicular to the long perylene axis. The absorption region from 500nm to 600nm is
assigned to the SO to S1 electronic transition caused by the dipole moment parallel to the
long perylene axis. The absorption region from 500nm to 600nm is slightly blue shifted
from 563nm (for both GO and G1) to 558nm (G2). This small change may indicate a
small change in the transition dipole moment and less conjugation character possibly as a
result of twisting, but the relative sensitivity is not reliable to make a conclusion from
steady state absorption alone. Ultrafast techniques or nonlinear optical techniques which
are more sensitive can be used to investigate the conformational change of the perylene

core.

The extinction coefficient values at different wavelengths are also shown in Table
4.1. These values in the 300nm-400nm region are dramatically increased by increasing
the number of thiophenes. As expected, in 300nm-400nm region, the molar extinction
coefficient of G2 is about 3 times higher than the G1, because the number of thiophene in
G2 (36) is also three times more than in the G1 (12). The extinction coefficient values

between 550 and 600 nm are almost the same.
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Figure 5.2 (A)Normalized optical bsorption and extinction coefficient and (B)
normalized steady-state fluorescence spectra of the investigated derivatives of G0, G1
and G2

Due to the charge transfer from the thiophene dendrons to the perylene, the
absorption of the perylene in the 400nm-600nm region shows about a 13nm significant
red shift in comparison to the (mono) PBIs. The fluorescence emission was excited at
several different wavelengths for each compound, which gave very similar emission
spectra. In the emission spectra, the peaks at 600nm with a shoulder at 640nm are
observed as the mirror images of the longest wavelength perylene bisimides bands.** G2
has a broad shoulder on the left shoulder side of the emission peak, which is due to the

residue of the insufficient charge transfer character from the DOT donor to PBI acceptor.

The quantum yield was measured at the wavelength of 495nm following a known
procedure.®® Rhodamine 6G was used as reference (®7=0.93 in MeOH). The
fluorescence quantum yield of PBIs is reported as 0.99.*° The reported fluorescence
quantum vyield for pure thiophene dendrons are as low as 0.02.?* The quantum yield of
these three systems decreases significantly with increasing generation. The quantum yield
of G2 is 0.004, which is much lower than GO (0.53) and G1 (0.38). This is because, when
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the larger thiophene dendrons are attached, the PBI core of G2 is highly twisted. The
relatively bulky thiophene dendrons are highly overlapped and possibly self-quench the
emission. As a result, the probability of energy delocalization throughout the entire
thiophene dendrons of G2 is highly increased.

The extent of resonant energy transfer (E) is calculated using a known
procedure.®®*®® Results are noted in Table 5.1. In this calculation, the four thiophenes in
GO were neglected, and GO was used as an acceptor without a donor group. The
oligothiophene dendrimers we investigated previously were used as donor without
acceptor.?* The resulting energy transfer efficiency is as high as 69% for G1 and 46% for
G2. The efficiency results indicate the energy transfer process from DOT to PBI is more
efficiently founded in the G1 system, and it corresponds well with the quantum yield
results. In general, the steady-state absorption and emission results suggest the energy
transfer from the PBI to DOT moieties. The energy transfer process in G2 is inefficient.
Time-resolved nonlinear optical measurements were carried out to give a better

understanding of the transition and mechanism of these systems.

Table 5.1 Steady-state properties of investigated dendrimer functionalized perylene
bisimides.

Extinction Coefficient

Sample Aans(NM) Aem(NM) @ E(%) (Lmol™*cm™)
at different wavelengths
GO  293(1),440(2),525(3),563(4) 597,645 0.53 ~ N.A. 4.1x10* (563nm)

Gl  347(1),440(2)525(3),563(4) 596,645 0.38 69 5.4x10%(347nm) 4.1x10* (563nm)
G2  374(1),441(2)525(3),558(4) 596,644 0.004 46 1.7x10%(374nm) 4.3x10* (558nm)

Quantum yield is measured at the wavelength of 495nm.
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5.2.2. Two-Photon Cross-Section Measurements

The TPA cross-section as a function of wavelength has been measured for all the
investigated chromophores in the units of Goeppert-Mayer (GM), where 1 GM is 10™>°
cm* s photon™. It is an indication of charge transfer character and interaction between
chromophores. The TPA cross sections of these systems are plotted in Figure 5.3 with the
respect of wavelength in the range from 720nm-980nm. The TPA cross section per
molecule and the TPA cross section per thiophene unit at selected wavelengths are listed
in Table 5.2. Previous studies concerning the TPA cross section of perylene bisimides
derivatives have been reported.” ® The TPA cross section of most PBI derivatives is ~
100 GM within the scanned wavelength range 840nm-970nm. The TPA cross section of
DOT dendrons with up to three monothiophenes has been reported.?* They range from ~6
up to ~150GM. A super linear relationship between the number of thiophene and the two-
photon cross section was also found. This suggests a substantial increase in cross section
with number of thiophene dendrons, and thus, it is expected that G2 would have a higher
TPA cross section than G1. However this is not the case for our systems noted from
Figure 5.3. When looking at the TPA cross section values between 700 and 780 nm, G1,
with less thiophene on each dendron, has a higher TPA cross section than G2. This is due
to less charge transfer character caused by the twisted perylene core of G2. The cross
section “per branch” in these systems is not enhanced by the additional chromophores in
the case of all compounds. In the higher generation, the twisted PBI core destroyed the
charge correlation length from the external DOT dendron to the internal core. The TPA
cross section at excitation of 1300nm has also been investigated. G1 shows a cross
section of 16GM at 1300nm while two-photon absorption cross section is not detectable
for GO and G1 at this wavelength.
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Figure 5.3 The two-photon absorption cross section for thiophene dendrimer
functionalized perylene bisimides.

Table 5.2 TPA properties of silsesquioxane derivatives

Aex=720nm 2ex=890nm
Sample &/Thiophene &/Thiophene
6 (GM) (GM) 6 (GM) (GM)
GO 129 32 24 6
Gl 324 27 43 4
G2 165 5 51 1
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5.2.3. Fluorescence Up-Conversion Measurements

Time-resolved fluorescence measurements of the excited and relaxed states are
used to investigate the conformational and electronic changes in these systems. Here, we
are interested in the variation of fluorescence lifetime and anisotropy decay with
excitation of different parts of the macromolecule by using different excitation
wavelengths. This is a measurement of the energy transfer process, as well as the extent
of the delocalization of the system. The fluorescence decay curve of the chromophores
excited at different wavelengths, 420, 266 and 377nm are shown in Figure 5.4, Figure 5.6
and Figure 5.7 respectively. The fluorescence detection wavelength is 590nm. The
lifetime results are listed in Table 5.3.

Table 5.3 Fluorescence lifetime of G0, G1 and G2 at different excitation wavelengths

Excitation Wavelength Lifetime
GO 420nm 200fs, 24ps,4.5ns
Gl 420nm 255fs, 7.4ps, 95ps, 4.5ns
G2 420nm 200fs, 13ps, 66ps
G2 377nm 140fs, 5ps,23ps,425ps
GO 266nm 6.4ps,61ps
Gl 266nm 650fs, 45ps,1ns
G2 266nm 14ps,115ps

Shown in Figure 5.4 is fluorescence upconversion decay curve with an excitation
at 420nm. The short time scale fluorescence decay of GO, G1 and G2 with the instrument
response function is shown in Figure 5.4A, B and C, with the long time scale inserted
respectively. The fluorescence anisotropy is shown in Figure 5.4D. In the case of GO and
G1, the systems are excited in the absorption band that is So-S; electronic transition of
perylene, where the dipole moment is perpendicular to the long perylene axis. As
reported, the fluorescence lifetime of the singlet excited-state of the PDIs is 4.5ns.%
Under this excitation, the GO and G1 both show a long-lived lifetime of 4.5ns. This result
corresponds well with the reported fluorescence lifetime of perylene. G2, however, has a

much shorter lifetime of 66ps which is much shorter than the typical fluorescence
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lifetime of perylene. This discrepancy in the lifetime of G2 is due to the red shift of
dendritic thiophene band which is overlapped with the So-S, electronic transition of
perylene core. In addition, the excitation is delocalized thought out the entire G2
molecule. The rise times after deconvolution are 200fs for GO, 255fs for G1 and 200fs for
G2. The rise times of GO and G1 imply the internal conversion of the perylene core. In
the case of G2, the existence of fast rise time indicates that the energy has been

transferred from the thiophene dendrons to the perylene core.

The fluorescence anisotropy curves are shown in Figure 5.4(D). It should be noted
that, under this excitation wavelength, GO and G1 have an interesting negative anisotropy
while G2 shows a positive one. In order to dispel the possibility of aggregation, the
steady state absorption and emission results are compared with those of known PBI
monomer and n-stacked PBI.>" Our results follow the trend of PBI monomer very well.
Negative anisotropy of perylene with anisotropic rotation has been widely studied.®
Under this excitation, the absorption and emission transition moments of perylene are
nearly perpendicular to each other and the anisotropy at time zero is also reported as -
0.14. As a nonspherical and disk-like molecule, perylene has different rotational rates
around each axis. The in-plane rotation is much faster than the out-of-plane rotation,
because out-of-plane motion requires displacement of solvent molecules. This explains
the negative anisotropy of GO and G1. Unlike planar PBI, G2 behaves as a spherical
molecule and it gives rise to the positive sign of the anisotropy with decay. From the
concern of conformational change, it also notes that with the introduction of a large bay
substituent, such as DOT dendrons with 9 thiophene units, the center core in G2 is not as
planar or disk-like. This is shown in Figure 5.5. This perylene bisimide core in G2 is
highly twisted. The degree of the twist is dependent on the apparent overlap parameter of
the bay substituents.®* The dihedral angle is also reported to meet the situated value as
37° with dibromo-substituted PBI. These large dendritic thiophenes at the bay positions
can cause core-twisted perylene bisimides. This discrepancy is due not only to the
nonplaner geometry but also to excitation delocalization. By studying the fluorescence
upconversion experiment under this wavelength, we can conclude that both DOT

dendrons and PBI core are mainly isolated in the case GO and G1. While in the case of
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G2, it behaves quite different not only due to the interaction between those branches, but
also the conformational change. Both shortening of lifetime (66ps) and the different sign
of anisotropy decay suggests that, in the case of G2, the excitation is delocalized up to the

thiophene dendrons.
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fe)

Figure 5.5 (A) Planar shape areas marked in G2, (B) lllustration the angle between
the PDI and DOT and (C) lllustration of the twisting of the PDI
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Figure 5.6 shows the fluorescence anisotropy and fluorescence decay curve with
an excitation of 266nm. The long time scale fluorescence decay of GO, G1 and G2 are
shown in Figure 5.6A, B and C with the short time scale figure inserted, respectively.
Under this excitation, the systems are excited in the thiophene absorption band. The
lifetime of GO and G2 are 61ps and 115ps respectively, while the lifetime of G1 is in

nanosecond which is much longer. As shown in Figure 5.6B, G1 shows a rise time of
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650fs, while as shown in Figure 5.6A and C, GO and G2 do not have a rise time. It may
because the rise time is faster than the FWHM of the instrument response function. It is
also noted that in Figure 5.6D, the fluorescence anisotropy of GO and G2 shows decay
from 0.4 to 0, while G1 has a steady anisotropy value of 0. This result indicates that after
the excitation, in the case of GO and G2, the energy is highly delocalized throughout the
entire molecule. In addition, dipole moments of GO and G2 molecules are more likely
randomly orientated at time zero, and then depolarization goes with time within 30ps.
The results of G1, such as extreme long lifetime, localized excitation, and rise time of
fluorescence intensity give the conclusion that the thiophene dendrons and perylene
bisimides are behave like individual molecules. In the case of G1, the energy is
transferred from thiophene to the perylene and then localized at the perylene core which
gives the long-lived fluorescence. These results may indicate that G1 is the most suitable

one for bulk-heterojunction solar cells among these three materials.
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To see the excitation wavelength dependence of the G2 dendrimer, fluorescence
upconversion at excitation of 377nm was also carried out. Shown in Figure 5.7A and B is
the fluorescence decay and anisotropy, respectively. Under this wavelength, we are
mainly exciting the thiophene dendrons. It is very interesting to observe that both the rise
time (140fs) and the lifetime (425ps) of G2 are longer than the case of under excitation of
266nm. It is observed that the time-zero anisotropy is 0.06 instead of 0.4, in the case of
266nm excitation. This result suggests the degree of delocalization of G2 depends on the
excitation wavelength or the incident photon energy. Numerous similar dynamical
processes involving the interaction of excitons with donor and acceptor have been
investigated by Barbara et al.**"* Figure 5.8 shows an illustration of the energy transfer
in the G2 system. Both processes from the DOT to PBI and from DOT to DOT are
observed. Charge transfer character is investigated by using ultrafast transient

spectroscopy.
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Figure 5.8 lllustration of energy transfer process in G2

5.2.4. Transient Absorption Measurements

Femtosecond transient absorption measurements have been carried out in order to
understand the fundamental mechanisms of intramolecular excitation. These
measurements probe the photoinduced energy and electron transfer processes and may
confirm the participation of electron-transfer process from DOTs to PBIs in dendritic
oligothiophene-perylene bisimides. The transient absorption spectra of GO, G1, and G2 in
dichloromethane under an excitation at 550nm are shown in Figure 5.9, Figure 5.10 and
Figure 5.11, respectively, with the three dimensional transient absorption spectra and
kinetic dynamics. There are several previous studies concerning femtosecond transient
absorption measurement of PBIs reported in the literature.>* *® " "2 Wasielewski et al.
have studied versatile perylene derivatives using ultrafast pump-probe transient
absorption.”™ In the previous study, the transient absorption spectra with ground state

bleaching bands from 400nm to 600nm and an excited state absorption band from 600nm
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to 800nm have been obtained.>” We compared our results with model PBI”® (compound
PDIO, N,N’-diphenyl-1,6,7,12-tetrakis[4-(1,1,3,3-tetramethylbutyl) phenoxy] perylene-
3,4,9,10-tetracarboxdiimide), in which no electron donating group attached to perylene
moiety, and thus no electron transfer process is expected in this molecule. This model
compound exhibited a broad excited state absorption band at the wavelength above
680nm, as well as a ground state depletion overlapped with the stimulated emission
centered at ~580nm. The transient absorption of the model PDI shows monoexponential
decay at the wavelength about 700nm, with a lifetime around 5ns. The excited state
absorption spectra of GO, G1 and G2 are shown in Figure 5.9A, Figure 5.10A and Figure
5.11A, B and C, with 3D excited state absorption spectra inserted. Compared with the
model compound, all the three dendrimers result in a bleaching of the ground state
absorption bands from 500 to 550nm, accompanied by a strong stimulated emission
feature in the 550-600nm range. This ground state bleaching corresponds well to singlet-
to-singlet transition of the perylene bisimides. As shown in Figure 5.9A and Figure 5.10A,
both GO and G1 show excited state absorption bands from 660 to 800nm. The intensity of
the ESA bands of GO and G1 rise initially and then decay quickly within a few
picoseconds. Following this, the ESAs grow steadily with a long-lived lifetime. In the
case of G2, which is shown in Figure 5.11A, B and C, there is an excited state absorption
band in the range of 600-800nm, with blue-shifted ESA compared with GO and GL1.
More interestingly, opposite to GO and G1, the growth of ESA band of G2 is observed
from 2.4 to 120ps, followed by decay from 120 to 780ps. This discrepancy can also be
noted from the transient 3D spectra, shown in Figure 5.9A, Figure 5.10A and Figure
4.11A. Compared with the transient absorption features of all these three dendrimers with
different generations, it looks like the G2, which has most thiophene dendrons, undergoes

a different excitation mechanism. This will be discussed later in the section.
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The dynamics of GO and G1 systems are similar, as shown in Figure 5.9 B and

Figure 5.10B. The kinetics of these two systems can be fitted with a triexponential with

400 fs, 8 ps, around 200 ps and a long time component. The lifetime of the dynamics for

each system at different probe wavelength is shown in the Table 4.4. The fast component

400 fs can be attributed to the intramolecular excitation energy transfer from the

delocalized state to the longest oligothiophene present in the dendron as found in the

thiophene dendrimers.?’ The other fast component ~8 ps can be assigned to
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vibrational/solvent relaxation.”” 8% A 200 ps component is related with the absorption
and formation of S; and the PDI radical anion. The ESA absorption above 680nm is the
PDI S;-to-Sn absorption? and the PDI radical anion absorption.®®* Spectra of the
ground-state bleaches did not evolve in time, indicating that the ground-state product of
the photoinduced event is the same as the initial state. This also proofs PDI radical anion
formed after excited state excitation occurs. The absorption spectra of thiophene radical
cations have been characterized, with absorption maxima at 530 nm.* An ESA at this
wavelength caused by the formation of thiophene radical cation, is found overlapping

with excited state bleaching.

The transient absorption spectra of G2, shown in Figure 5.11 A—C, give a broad
excited state absorption that extends from 650 to 800 nm initially and then shifts to the
blue side within780 ps. This could indicate the charge separated state may be formed
from 120 to 780 ps. As a result, the absorption from the charge separated state to the
higher excited state happens after accumulation at this state. The longer time scale
Kinetics trace shows that the stimulated emission recovers with a time scale of 200 ps for
the case of G2. The presence of a long-lived transient is observed and overlapped with
the simulated emission region. This transient can be assigned to the long-lived
triplet—triplet absorption. The recovery kinetics of stimulated emission is much faster

than the actual single state lifetime.

G2 shows unique dynamics, which varies from what is found in GO and G1.
Considering G2 contains more thiophene than the other two systems, the transient
absorption of thiophene dendrons must take into account. Several studies about the
dynamics of excited states of oligothiophenes and polythiophene have been carried out
using femtosecond transient absorption and time-resolved fluorescence techniques.” %
Lanzani et al.*® have measured the excited state dynamics of oligothiophene and used a
two-dimensional model involving vibrational relaxation and torsional relaxation to
explain the two main components of the relaxation of the excited state other than the
singlet state decay. Similar torsional relaxation has been found in several oligothiophenes

and polythiophenes.®™ 8870 Excited state dynamics of oligothiophene dendrons and the
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coupling between the thiophenes within the dendrimer have also been investigated.”* The
femtosecond transient absorption results have shown the excited state delocalization
through the large part of thiophene dendron and ultrafast energy transfer to the longest
oligothiophene in each dendritic unit. A torsional relaxation has also been observed in
final emitting state. A Franck Condon (FC) state is found for the higher generation of
thiophene dendrons, where delocalization happens through a large number of thiophenes
in the dendrons. The excited state decays via intersystem crossing to the triplet state. In
contrast with the linear oligothiophenes, the excited state dynamics of the thiophene
dendrons are actually different due to the presence of a delocalized excited state, an
ultrafast energy transfer, and a supplementary torsional relaxation. As shown in Figure
5.9A, Figure 5.10A and Figure 5.11C, while the amplitudes of ESA figure of GO and G1
are increasing steadily after 120ps, the amplitude of G2 ESA decays from 120 to 680ps.
This difference can also be easily observed from the kinetics trace curve in Figure 5.9B,
Figure 5.10B, and Figure 5.11D. The kinetics of G2 at 704nm is fitted triexponentially
with 400fs, 20ps and 240ps with a long time component. The fast component 400fs is
attributed to the intramolecular excitation energy transfer from the delocalized excited
state of the thiophene dendrons to the longest oligothiophene, as found in GO and G1.
And the 240ps component is related the rate of electron-transfer rate in G2. From a
previous study, it is clearly noted that as the number of thiophene increased, the ESA
feature in the range of 650-t0-800nm is blue-shifted with increasing ESA intensity. And
the excited state delocalization was complete instantly after photoexciation. The kinetic
time components of a serious of pure thiophene dendrimers, which have the same
structures as thiophene drendrons in G2 system, were reported with a long time
component.”* The fast component of tens of picoseconds (20ps) is related to exciton
annihilation between chromophores. The kinetic curve of G2 can also be explained by the

charge recombination.

The optical properties of molecules containing multiple identical chromophores
are strongly dependent on the relative orientation and distance between the adjacent
chromophores. It has been found out that the zero-order molecular exciton model can be

used to predict the coupling of the transition dipole moments by creating two new exciton
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states.” For those chromophores having parallel transition dipole moments, such as
perylene bisimide dyes, the transition from the ground state to the higher energy state is
fully allowed, while the transition to the lower exciton state is forbidden. As in all three
of these three systems, the ground state bleaching band around 570nm is assigned to the
transition from v = 0 vibronic level to the v =1 vibronic band of the lower exciton state,
while the band around 530 nm is assigned to the transition from the v = 0 vibronic level
of the ground state to the v = 0 vibronic level of the upper exciton state. This bleaching is
accompanied by a stimulated emission feature at about 570nm. The bleaching bands at
570 nm for GO and G1 are narrower than that of G2. This suggests that the exciton
coupling between adjacent chromophores in GO and G1 is slightly stronger than that in
G2, and the transition moments of GO and G1 are more parallel than that of G2. As a
result, the perylene core is much more twisted in G2 than the case of GO and G1. There is
also a weak excited state absorption change in the transient absorption spectra of perylene
bisimides model at 730nm.*® This feature is corresponds well with the ESA feature of GO
and G1, which shows less thiophene character than G2. In the case of G2, the different
blue shift of the ESA indicates that, as the time goes, there is a certain state accumulating
electrons, and after accumulation, these electrons actually go to the higher excited energy
state. This blue-shift indicates a strong interaction between the excited PBI and its

neighboring thiophene dendrons.

Table 5.4 Summary of transient lifetimes of GO, G1 and G2

Apump=550nm

T T, T3
GO Aprobe=716nm 400fs 8ps 200ps
Gl Aprobe=711nm 400fs 8ps 230ps
G2 Aprobe=704nm 400fs 20ps 240ps
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5.3 Conclusion

In conclusion, dendritic oligothiophene-perylene bisimide systems (GO, G1, and
G2) have been measured and investigated for their application in light harvesting
materials using several nonlinear optical methods. The TPA cross-section of the
dendrimer systems is detected in the NIR spectral region. Ultrafast energy transfer and
electron transfer from the thiophene dendrons to perylene core has been characterized and
compared to model compounds. Femtosecond transient absorption measurements have
shown the excited state charge formation of a perylene anion radical at ~700 nm and the
formation of thiophene cation radical near 500 nm. The size of the thiophene dendron has
a big influence in the excited-state processes as observed from the time-resolved
measurements. For example, in comparing the GO and G1 dendrimers to the G2 system,
one observes an increase in the magnitude of torsional twist as a result of the larger bay
substitutes. Thus, the thiophene dendrons overlap strongly. Because of this
conformational effect, electrons in G2 are delocalized throughout the entire molecule
after excitation. This delocalization process increases the number of pathways of electron
transfer from DOTSs to the PBI, and thus results in a much faster energy transfer rate, by
as much as 8 times. On the other hand, while increasing the size and number of thiophene
dendrons, the possibility of exciton annihilation is also increased substantially. Both of
these effects have to be taken into account when building up PBI bay area substituted

dendritic architectures for their application in the organic photovoltaic area.
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CHAPTER 6
OTHER PHOTOVOLTAIC MATERIALS: Z\TO THIN
FILMS - TWO PHOTON MEAUREMENTS USING
NONLINEAR TRANSMISSION METHODS

6.1 Introduction

An intermediate band solar cell (IBSC) is a novel photovoltaic device concept that
could potentially surpass the efficiency limit of single band gap solar cells. In an
intermediate band material, electrons are excited into the forbidden band, so called
intermediate band, as illustrated in Figure 6.1. The IBSC can be regarded as a set of two
cells connected in series and one parallel. The intermediate band cells provide an
increased absorption due to additional absorptions both from the valence band (VB) to
the intermediate band (I1B) and from the IB to the conduction band (CB). Therefore, in
these type cells, short-circuit current (Isc) can be increased, which leads to an
improvement of overall power conversion efficiency without sacrificing the open circuit
voltage (Uoc). Under the similar hypotheses used for the Shockley-Queisser limitation®
of single gap cell (41%), the balance-limiting efficiency is as high as 63% for an IBSC,
reported in 1997.% These cells offer better stability and tolerance when the solar spectrum
is distorted by environment. In addition, they can be easily fabricated on the non-crystal

substrate and offer a lower cost per unit power.
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Figure 6.1 Schematic of optical transitions in intermediate band solar cells (CB:
conduction band; IB: intermediate band; VB: valence band)?

The concept of introducing intermediate band to increase the maximum
photocurrent was introduced by Wolf* in 1960. However, this idea was initially rejected.
Because an impurity or defect in the forbidden band gap caused by grain boundaries,
dislocations, or other lattice imperfections, could act as non-radiative charge
recombination centers, if it is capable to trap both the electron and the hole.! Interestingly,
in 1970, Gutter and Queisser® observed an enhancement of short-circuit current in an
impurity silicon solar cell. They found out that splitting the Fermi level into three
separate quasi-Femi levels can maintain the high output voltage of a solar cell. Later on,
prediction on intermediated band solar cell suggested that their theoretical overall power
conversion efficiency could be up to 63%, which greatly exceeds the Shockley-Queisser
limit.% ®° The limiting efficiency is based on the assumption that all the charge carriers
transport to the electrons without non-radiative charge recombination, and absorption
transition bands don’t overlap with others. The first bulk intermediate band material
reported was ZnogsMno.12T€0.98700.013, Which was synthesized by Walukiewicz and his
co-workers.'® The formation of intermediate band is due to the heavily mismatching in
the alloys, and can be detected by spectral photo reflectance measurements. Later on,
intermediate band materials were explored both experimentally and theoretically.™*™** The

intermediate band behavior is found in other materials such as GaNxAs; Py alloys with
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y > 0.3, and heavily titanium-doped silicon.*> Ab initio calculations have also been
performed to identify the intermediate band materials.**" The first bulk intermediate

band solar cell was made by Phillips et al.*** using oxygen-doped ZnTe in 2009.

An optimal intermediate band solar cell is achieved under the non-overlapping
condition that the energy of absorbed photon covers most solar spectrum. Under this
condition, the band gaps between the VB and the 1B, and between the VB and the CB
have to be greater than the bandwidth of conduction band. In addition, the bandgap
between the IB and the CB has to be greater than the bandwidth of the VB. The optimal
band gap of an intermediate band solar cell is shown in Figure 6.2 (a). The optimal 1B
solar cell has a total bandgap of about 1.95 eV. The two sub-bandgaps are proximately
0.71 eV and 1.24 eV. The bandwidth of conduction band is less than 0.5 eV, and the
bandwidth of the valence band is less than 0.71 eV. In this way, all the photons with
energy greater than 0.71 eV (wavelength less than 1771nm) will be absorbed. However,
this ideal band structure is very difficult to obtain in the real device. Current research is

focusing on reaching the spatial separation condition, as shown in Figure 6.2 (b).%°
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A A : : T
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Figure 6.2 Non-overlapping band condition: (a) Optimal condition, (b) Spatial
separation condition?’

This chapter focuses on intermediate band material, oxygen-doped ZnTe thin film

which is fabricated by Dr. Weiming Wang from Prof. Phillip’s group (Department of
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Electrical Engineering, University of Michigan). ZnTe based materials have been
investigated in great details for various applications, such as visible light emitters,?*%* x-
ray detectors,?® and sensitive infrared/mid-infrared detector.* The band gap of ZnTe is
2.29eV.?” Most wide band gap materials, such as ZnO, are typically n-type
semiconductors. In contrast, ZnTe has established unique p-type behavior with
controllable doping by nitrogen.?®*° This unique p-type behavior is due to the native
defect in the crystal structure, such as zinc vacancy.***! The basic characteristics of ZnTe
are listed in the Table 6.1. Due to relative large difference of the electronegativity
between Te and O atoms, the position of these atoms inside oxygen doped ZnTe alloy
(ZnTeO) is highly mismatched. The presence of an intermediate band in ZnTeO has been
suggested both theoretically and experimentally.’® The reported band gap of ZnTeO is
~1.9 eV with a defect band of ~0.5 eV, which is much lower than the band gap of ZnTe
alloy (2.29eV). '® 3% Therefore, ZnTeO alloys with variable band gaps could absorb
photons in a board range of solar spectrum, especially in the visible range. This feature
makes this type of material very attractive to solar cell research area and provides great

potential to enhance the power conversion efficiency.

Table 6.1 Basic characteristics of single crystal ZnTe?” 36

Bandgap at room temperature 2.29 eV
Crystal structure Zinc blende
Zinc blende density at 300K 5.65 g/cm®
Lattice constant ap at 300K 0.610 nm
Zinc blende nearest-neighbor dist. at 300K 0.264 nm
Native defects p-type
Ore substitute 0.5 eV below E;
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The ZnTeO films investigated are fabricated by Molecular Beam Epitaxy (MBE) and
Pulsed Laser Deposition (PLD) methods. The stoichiometry for ZnTeO deposited under 30
mTorr oxygen was determined to be Zn:Te:0=0.49:0.26:0.25, and that under 100 mTorr
oxygen is Zn:Te:0=0.45:0.24:0.31. Zinc deficiency is found in samples deposited under
higher oxygen pressure with oxygen densities higher than 10?2 cm™. The possible oxygen

sites of our investigated ZnTeO crystal are shown in Figure 6.3.

Figure 6.3 Schematics of possible oxygen sites in ZnTe crystal¢

Both single and two photon absorption has been investigated in bulk
semiconductors in order to understand their coherent photocurrent generations.*”* Two
photon absorption coefficient of GaAs is measured by optical-pump terahertz-probe
spectroscopy using femtosecond laser pulses with fluences up to 4.2 md/cm®% Its
estimated TPA coefficient is 220£50 cm/GW using the Gaussian approximation of the
temporal pulse shape.*® The theoretical two-photon absorption coefficient of ZnTe is 0.89
cm/GM, reported by Vansteryland et al.** Said et al.** measured the two photon
absorption coefficient of ZnTe (4.2-4.5 cm/GM) using Z-scan experimental technique.
The two photon coefficient is strongly dependent on the size of quantum dots.* In large
CdSe quantum dots, the TPA coefficient approaches 55 cm/GM when the size of the

exciton Bohr radius exceeds 10nm.*3

197



6.2 Optical Properties of ZnTeO

The absorption coefficient spectra of ZnTe and ZnTeO have been reported, as
shown in Figure 6.4.* ZnTeO under oxygen pressure at 10 Torr has an absorption
coefficient of oxygen states as high as 104 cm™.
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Figure 6.4 Absorption coefficients of ZnTe and ZnTeO #

Photoluminescence spectra of ZnTe and ZnTeO are shown in Figure 6.5. A
modified plot (logarithmic PL counts verses energy in eV) is presented in Figure 6.6.*
The excitation wavelength is 325 nm. The PL spectrum of undoped ZnTe shows an
emission band with maximum at 546 nm (~2.3 eV), whereas the emission band of ZnTeO
dramatically shifts to the red with maximum at 686 nm (1.8 eV), which corresponds well
with the PL band found in oxygen defects in ZnTe.* Comparing with the emission
maximum with ZnTe, the significant red shift (~140 nm) of the ZnTeO is mainly due to

the defects inside the crystal.** It also could be caused by the oxygen residue incorporated
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in the alloy during the doping process.** In addition, the intensity of the emission at 686
nm of ZnTeO is significantly increased, suggesting the existence of the defect band with
band gap ~ 1.8eV. In order to further examine this intermediate band, two-photon

absorption measurements are carried out.
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Figure 6.5 Photoluminescence spectra of ZnTe and ZnTeO
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6.3 Two Photon Transmission Measurement

The proposed band gap of investigated ZnTeO thin flim is illustrated in Figure 6.7.
The excitation wavelength of 1380nm provides the energy necessary for the transition
from VB to IB with a band gap of 1.6eV.

C.B.

0.5eV (2.48um)

|.B.
2.3eV(0.54pm)

(1.38um) hA,

1.6eV (0.69um)
(1.38um) hA,

Figure 6.7 Schematic diagram of two photon excitation of ZnTeO

In this material, ZnTeO thin film is deposited on a sapphire substrate. Therefore,
the reflection and transmission parameters for this two-layer system are considered. The
detail experimental procedure was described in Chapter 2. A schematic drawing of
reflection and transmission parameters of two-layer ZnTeO is illustrated in Figure 6.8.
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Figure 6.8 Schematic drawing of reflection and transmission parameters of two-layer
ZnTeO
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A model used for two-photon transmission for a two-layer film can be expressed

below:*®

Equation 6.1
I - (1 — R, T,)?e
Iy,

e—ad

14 B(1 - RiRII ()

Where, « is the one-photon absorption coefficient, g is the two-photon absorption
coefficient and d is is the lay thickness of the two-photon absorbing material. T, and R,

are the transmission and reflection coefficients, which are given by:

Equation 6.2
r _(A-R)(1-Ry)
x 1—R;R;
Equation 6.3
R3(1 - R;)?
Re=Ro+—— R,R;

In Equations 6.1, 6.2 and 6.3, Ry, R, and Rj3 are the reflectivity of the interface for
air/ZnTeO, ZnTeO/substrate and substrate/air, respectively. They are defined by:
Ri=(1-n)?/(1+n)*> , Ry=(n—np)?/(ny +1ny)*> and Ry = (n, —1)%/
(1 +n,)? . n, and n, are the refractive indices of the ZnTeO sample and the substrate,
respectively. Here, we use the refraction index of ZnTe for ZnTeO sample.*” In order to

measure the two photon absorption coefficient, Equation 6.1 is rearranged as the

following:
Equation 6.4
1—e
I, 1 1 PA-RRIC—Z—)
—_— === = X
I T (1-R,T,)%e (1— R T)2ead 0~ ¢ o
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According to the equation above, a plot of % with respect to I, should give us a

linear relationship, and the resulting intercept a and slope b are used to further calculate
two photon absorption coefficient. The expressions of a and b are described below:

Equation 6.5
1

" (A - R Ty%e ™

a

Equation 6.6
—ad

B RRYE—E—)
B (1 - RlTx)Ze_ad

Based on the data from the experiment, a linear plot of the multiplicative inverse
of transmission (1/T) against input beam intensity (lp) is obtained, as shown in Figure 6.9.
The values of a and b are 1.0072 and 0.0052, respectively. According to Equation 6.5,
e~ % = 0.404 and thus the linear absorption coefficient @ = 1.8 x 10>m~1.These values

are taken into the following equation obtained from Equation 6.5 and 6.6:

FEquation 6.7
—ad

b_ 1 - R-R 1—e
E_B( - R4 x)(T)

Given that the thickness (d) of ZnTeO sample is 5 um and the concentration is

0.029 mol/cm3, according the equation above, the calculated two-photon absorption
- . _1.6m _ I\ _ o =17 pry
coefficient is B = fw = Lem/(y) = 1.6ms/] X noq = 22x107cm

s/photon, and thus the two photon cross section of ZnTeO thin film is 0, = 8/(N,¢c) =
1.2 X 10738cm*s/photon = 1.2 x 102 GM.
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Figure 6.9 Plot of ZnTeO sample : input power Ipverses 1/T

6.4 Summary

In conclusion, ZnTeO thin film has exhibited enhanced absorbing and
photoluminscent response to the solar spectrum in comparison to ZnTe. Sub-bandgap
excitation experiments under 1380nm excitation demonstrate the two-photon response
characteristic desired for intermediate band solar cells. The calculated two-photon cross-
section of ZnTeO is as high as 1.2 x 1012 GM. This observed two-photon phenomenon may
serve as a basis for further efforts to develop ZnTeO and other dilute alloys or impurity

materials for enhanced solar cell conversion efficiency.

There are also some further investigations on ZnTeO films that worth to explore.
First of all, time-resolved fluorescence and transient absorption may provide an insight look
on the energy and electron transport properties of these thin films. Secondly, based on
concept of the up-conversion of sub-bandgap photons proposed by Trupke et al.*®, a layer of

up-converting material can be added to the existing film. The predicted efficiency of the solar
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cell are better than the original films, since reabsorbing process of up-converted emitting

photons could happen in these films.
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CHAPTER 7
OVERALL SUMMARY AND FUTURE DIRECTION

7.1 Overall Summary

Significant efforts have been made during the past a few years to surpass
technological and material barriers in order to develop organic photovoltaic devices with
improved power conversion efficiency and affordable cost. My thesis focuses on
understanding the structure function relationship of OPV candidates utilizing various
spectroscopy methods including steady state, two-photon absorption, and ultrafast
nonlinear optical spectroscopy techniques. The steady state absorption and emission
spectroscopy can reveal a wealth of information such as absorption extinction
coefficients, quantum yield, and energy transfer efficiency. Two-photon absorption cross-
section provides information about the ground and excited state transition dipole
moments, changes in dipole moment term and therefore can be used to evaluate the
charge transfer character. Fluorescence up-conversion provides information on
exciton/energy migration dynamics and geometry of emitting states. Transient absorption
spectroscopy has been widely used to study the nature of excited states in solar cells. This
technique allows us to monitor all steps of device operations, such as absorption, exciton
diffusion and dissociation, charge transport and charge collection. Understanding energy
transfer and charge transfer processes has been crucial to tailoring structure of SQ based
potential OPV materials, deeply understanding the photophysical and charge transfer
properties, and guiding new research of designing novel OPV materials.
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The main materials studied are chromophore substituted silsesquioxane
derivatives. The background of silsesquioxanes is presented in Chapter 1. Major
advantages offered by SQ core include enhanced thermal stability and improved
mechanical properties. SQ materials studied were discussed in Chapter 3 and 4. There are
three sets of SQ samples studied in this work, including octavinylstilbeneSQ derivatives,
polyfunctional phenylSQ derivatives, and partial and full SQs. The basic characteristic
properties, steady state properties, and two-photon absorption measurements of first two
sets of SQ systems were discussed in Chapter 3. The UV-Vis and fluorescence emission
spectra of the [R’-vinylStilbeneSiO;5]s compounds reveals exceptional red shifts,
especially when a strong electron donating group, R’ = NH, (120 nm) is introduced to the
end of the chromophores. This large shift as well as excellent two photon absorption
properties (up to 810GM when R’ = NH,) give evidence of the strongly enhanced charge
transfer character among these systems. According to the linear and nonlinear optical
study, both absorption property and charge transfer characters are significantly improved
when strong electronic coupling of multichromophore takes place in a single
nanostructure. Eventually, these enhancements could improve the power conversion

efficiency.

Secondly, three sets of stilbene SQ derivatives: 0-RStyrsOPS, RStyr;s0PS, and
RStyr,4OPS, [R = 4-methyl (Me), Boc-protected 4-amino (NBoc), or 4-acetoxy (Ace)],
were studied in order to understand structure function relationship with increasing
number of chromophores within one macrostructure. Mixtures of species with different
numbers of chromophore substitutes are found in each system. These mixtures have great
influence on absorption and fluorescence emission spectra, and cause broadening and
multiple peaks of the absorption and emission bands. Interesting features in absorption
spectra are also found. RStyr;s0OPS exhibits blue shifted absorption spectra with respect
to the RStyr,4,OPS. Similar trends are also found in free dyes, which is caused by the
steric interactions among the substituted chromophores. Relatively high two-photon
cross-section values and TPA cross-section per chromophore values are found in
NBocStyr,,OPS and AceStyr,4OPS. These results suggest that charge transfer character

of the molecule could be dramatically enhanced by increased chromophore density in a
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single nanostructure. This idea can be used to design molecular structure with better

power conversion efficiency yield.

The photophysical properties of partial cages [p-Me;NStilSi(OSiMe)s] (corner)
and [p-Me,N-StilSi(OSiMe)], (half), as well as full cage [p-Me;NStilgSiO; s]s (cube) are
presented in Chapter 4. The emissions of all investigated SQs are greatly red-shifted with
respect to the single chromophore, whereas the ground state UV-Vis absorptions are not
significantly changed. The cube shows interesting red-shifted emissions (20nm)
compared to dimethylaminostilbene, suggesting that the electronic coupling takes place
within the chromophores and thus the excited state energy level is decreased. Similar
observations are also found in half system. The theoretical calculation results suggest that
3-D symmetric LUMO involves contributions from all Si, oxygen atoms and the organic
substituents. Two-photon absorption cross-section results suggest that the cube system
(26 GM per chromophore) offer better charge transfer character with respect to the corner
and half.

Energy transfer processes and excited state behavior of corner, half and cube are
also discussed in Chapter 4. Fluorescence up-conversion measurements provide us an
insight look into energy transfer process in these three systems. The Kinetics results
indicate that the twisting around the double bond of the substituted stilbene is more
sensitive to the degree of its dipole moment than the size of its substitutes. In the case of
corner, the twisting is retarded by the steric hindrance effect compared to stilbene free
dye. In the case of half and cube, strong dipole moments are induced by the substitution
which could facilitate the twisting process, overcome the steric hindrance effect and
decrease the fluorescence lifetime. The ultrafast fluorescence anisotropy decay suggests
substantial contribution of a coherent type interchromophore energy transport mechanism
in the half and cube systems. The dynamics of the transient absorption show significant
differences between the corner, and the half and cube. The pump-probe measurements
have shown the presence of TICT state in 500nm-600nm region. The lifetimes of this
emissive TICT state corresponds well with fluorescence lifetime of each system

respectively. The transient absorption results also reveal a combination of charge transfer
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dynamics and solvation process associated with excited-state absorption blue shifts, and
resulting a solvent stabilized non emissive TICT' state. Ultrafast transient measurement
have shown interesting trend with respect to the amount charge-transfer character with
increasing number of chromophores. Both half and cube show enhanced charge transfer
character compared to corner. This also explains the enhanced two-photon cross-section
per chromophore in the half and cube systems. Upon photoexcitation, transient
absorption measurements have shown the presence of a charge-transfer (TICT) state
depending on the number of chromophores, suggesting the ultrafast delocalization of

charge in half and cube systems.

Besides the silsesquioxanes derivatives, a series of core-shell system, dendritic
oligothiophene-perylene bisimides, were investigated as promising candidate for
heterojunction light-harvesting materials. The results are presented in Chapter 5. The
TPA cross-sections in the NIR spectral region were measured. Ultrafast energy transfer
and electron transfer from the thiophene dendrons to perylene core has been characterized
and compared to model compounds. Charge separated states were observed under
ultrafast transient absorption measurements with formation of perylene anion radical at
~700 nm and thiophene cation radical near 500 nm. The size of the thiophene dendron
shell has a big influence on the excited-state energy and electron transfer mechanism. In
contrast to GO and G1, G2 has larger substitutes attached to the bay area of perylene.
Therefore, the torsional twist around the center of the perylene is increased, and results
strongly overlapping of the thiophene dendrons. Charge recombination of G2 is also
observed. This can be explained by the PBI core lost its electron trapping ability caused
by twisting. Due to this conformational effect, the excitation is delocalized throughout the
thiophene dendrons. In the case of G2, both coherent energy transfer and Forster
resonance energy transfer mechanisms contribute the energy transfer processes. Among
the three generations studied, G1, which has the best two-photon cross section and the
most efficient energy transfer (69%), is the best light harvesting material. As a result,
both the strength and size of the electron donor have to be taken into account when
building up perylene based architectures for their application in the organic photovoltaic

area.
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Other than organic photovoltaic systems, intermediate band ZnTeO thin films
were also investigated (Chapter 6). Two-photon transmission experiment is designed with
sub-bandgap excitation under 1550 nm excitation, and it demonstrates the two-photon
response characteristic desired for these thin films. The two-photon investment of
intermediate band solar cell can be utilized as a basis for developing dilute alloys or

impurity materials with low costs for enhanced solar cell power conversion efficiency.

7.2 Future Direction

The technologies of the solar cell based on silsesquioxanes derivatives and other
organic macromolecules are very promising but still in the early research stage. To make
it competitive with other mature solar cell technologies, the following topics are worth

exploring and developing.

Solid state measurements and real device applications

Currently all of our investigations are performed in the solution. To drive the
research towards OPVs applications, it is very necessary to perform optical studies on the
organic materials investigated in my research in solid state, such as thin films. In the solid
state, the molecules are closely packed and therefore the interaction between the
molecules is much stronger than the liquid phase. These phenomena could cause the
photophysical properties that could be quite different than what is observed in solution

phase.

Method of thin films deposition is crucial to the photovoltaic characteristics in
solid state measurement. For example, it is well known that the perylene bisimides
studied in this research are capable of forming self-assembled n-stacking nanostructures,
as well as possessing liquid crystalline behaviors. It has been demonstrated that both
crystallinity and photovoltaic performance can be affected by annealing time and
temperature and type of solvents. To the best of our knowledge, a study of SQ
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performance in OPV films has not been reported yet. It is very difficult to make a film

using SQs.

Another possible approach to improving the power conversion efficiencies of the
solid state device is increasing the electrical conductivity of organic materials by
improving the crystal structure in solid state. Crystalline organic materials exhibit better

charge transport capabilities than amorphous organic materials.

The properties and characterization methods that worth carrying out in the solid
state include two-photon cross-section (fluorescence and transmission methods), time-
resolved absorption and photoluminescence, dielectric constant, charge carrier mobility,

conductive AFM, and electron tomography.

Optimizations of the band gaps with tailoring chromophore structures

The main contribution of my research is utilizing the linear and nonlinear optical
technologies to understand structure function relationship in order to design and develop
novel materials for solar cell applications. SQ nanostructured chemicals are hybrid
organic—inorganic structures, monodispersed in size, consisting of a silicon oxide cage
with a corona of organic substituents. It has been demonstrated that by introducing
organic chromophores into the SQ cage, the band gap of the SQ hybrid can be
dramatically lowered. The idea of designing and tailoring the organic shell on the SQ
cage with a wide range of well-known light harvesting chromophores/oligomers gives the
possibility for seeking candidates competitive to current state-of-the-art OPVs materials.
Functionalizing SQ with conjugating polymers, oligomer or dendrimer might provide
enhanced OPV characteristics. It has been reported that silsesquioxane molecules can
facilitate the electron transfer and enhance current density when attached to
semiconducting polymers. Some suggested functional structures worth exploring are
illustrated in Figure 7.1. It will be very interesting to incorporate low band gap polymers
into SQs, such as polythiophene and P3HT. Besides the possibility of improving the band
gap, unique crystal structure might facilitate the charge transfer efficiency. For example,
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a 2-dementional crystallization of the SQ-macromer has been obtained, as illustrated in
Figure 7.2. In addition, introducing rigid planar shape chromophores, such as perylene
bisimides(PDI) derivatives could lead to a potential n-stacking aggregation and/or liquid
crystalline behavior, as illustrated in Figure 7.3a. Another idea is using SQs as organic
linkers for silsesquioxane-based polymers, as presented in Figure 7.3b. Varying the
molecular structures and lengths of the organic linkers should provide us the ability to
tailor the photophysical properties of the SQ based polymers, and thus giving access to
multiple possible applications for this new set of materials.
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Figure 7.1 Proposed substituted chromophores
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Figure 7.2 A model of the 2-D crystallization of the POSS macromers?
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Figure 7.3 Schematic drawings of (a) silsesquioxane with m-stacking chromophores
(b) silsesquioxane polymer

SQ-enhanced phase separation in bulk heterojunction photovoltaic systems

SQ materials can also be served as dispersing agents for organic and metallic
nanoparticles. It has been reported that SQs can be used to obtain the desired
nanostructure of polymeric matrices and develop performance improvements of solid

state thin films.*” This can be achieved by altering the organic functional groups
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substituted on the SQs, and incorporating it to the polymeric materials. In this way, one
can control and modify the morphology, crystallinity and phase dispersion in polymeric
blend systems. For example, polydimethylsiloxane (PDMS), a linear, long-chain
macromolecule with siloxane backbone structure was incorporated into a low band gap
polymer blend as bulk heterojunction solar cells.® Advantages of utilizing PDMS
additives include increasing Jsc by 50%, improving device power conversion efficiency
by 70% and significantly reducing cell-to-cell variation.® Small molecule SQ based
additives with excellent miscibility also have been used to improve the performance of
organic photovoltaic cells by controlling the morphology during the solvent evaporation
process.® However, unlike the rigid SQ molecules, they are removed during solvent
evaporation process and cannot provide additional structural rigidity to the solid blends.
Incorporation of SQ molecules may result in enhanced OPV performance. Therefore,
developing of a full understanding of the nano scale morphology and mechanism of

interaction between these complex blends is still very challenging and worth exploring.
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APPENDIX I: MAITAI LASER CLEANING PROCEDURE

N g s~ w DD

10.
11.
12.

Set the MaiTai output wavelength to 800 nm, select current mode on the
operation program and set the current to 70%.

Turn PZTs OFF from the operation menu and set their positions to 50:50.
Unscrew the outside cover of the MaiTai and open it.

Release the drying tube, which is located on the right side of the MaiTai.

Unscrew the MaiTai inside cover near the TPA setup.

Wear gloves.

Clean all the optics and the crystal with methanol (ACS spectrophotometric
grade, >99.8%).

Place the inside cover back.

Check the color of the drying tube. It needs to be replaced if the color of the
whole tube turns purple.

Plaee the drying tube back to its original position.

Turn PZTs back ON from the operation menu.

Dial the current back up to 100% step by step and then switch back to green
power mode after stabilizing for about 15 mins.
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9.

APPENDIX II: RESET MAITAI PZTS POSITION

Start MaiTai and warm it up.

Set the output wavelength of MaiTai to 800 nm from the operation menu.

Turn PZTs OFF from the MaiTai operation menu and set PZTs positions to 50:50.
Open the outside cover of the MaiTai box and release the drying tube.

Open the left side of the MaiTai inside cover only which is near output beam.
Open RF controls menu on the computer program, and find the values for Fast
Photodiode (FP); Open the PZT controls, and look at values for the PZT positions
(PP) and Qcell sum (QS).

Inside the MaiTai cavity, adjust the x and y positions of M3 and P, mirror
according to the Figure A 1, in order to increase the value of FP and QS. In the
meantime, try to reach PZTs positions to 50:50.

Adjust slit, slit width and prism from the MaiTai operation menu to obtain a
Gaussian spectrum.

Repeat step 7 and 8 until both FP and PP reaching their maximum values together.

10. Put inside cover of the MaiTai back and put the drying tube back into place.
11. Cover the box of MaiTai.
12. Turn PZTs back on.
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Figure A. 1Cavity layout of MaiTai laser.
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APPENDIX I1l: OPERATION PROCEDURE OF

FEMTOSECOND SYNCHRONOUSLY PUMPED OPTICAL

PARAMETERIC OSCILLATOR (OPAL)

To turn the system on,

1.

Turn on the pump laser, MaiTai, and warm it up. At the same time, turn on the
Opal electronics modules if it is not already on.

Check the MaiTai laser for power and mode. According to Table A. 1, set it to a
wavelength appropriate for driving the Opal at the chosen wavelength.

Adjust the MaiTai output power to about 2W.

Set the Opal for normal operation. Select the Setup menu and run Scan Length to
establish oscillation and perform a quick calibration of the Opal.

Use a spectrometer to measure the Signal wavelength. Recalibrate the wavelength
if the wavelength shown on the Main menu is off by more than +3nm.

To optimize the pulse width of the signal, use the Adjust Temp menu and make
small temperature adjustments while monitoring the pulse width.

Adjust M; output coupler and optimize the output power from the Opal, regarding
to Figure A. 2.

Table A. 1 Typical settings for several Opal wavelengths

Pump Wavelength (nm) Opal Wavelength (um)
750 1.1-1.2
775 1.2-1.35
810 1.4-1.6
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If the system has not been used for a long time or if alternate wavelength ranges are

desired,

1. Find the MaiTai and Opal cavity match point using the Scan Length function on
the Setup menu.

2. Change the MaiTai pump wavelength.

3. Change the temperature of the crystal to optimize the performance at a given
wavelength using the Adjust Temp menu.

4. Change optics sets to accommodate the desired Signal and Idler wavelength
ranges. For this, Pr; and Pr, might need to be moved in or out of the beam, and

the output coupler M; might have to be adjusted to optimized cavity length.
To turn the system off,

1. Setthe Opal to Idle mode from the Configure menu and leave the electronics on.
2. Turn off the MaiTai laser.

M- (1.5 pm End Mirror)

Pr, (1.3 um Operation)
_— “‘*@ Pr, (1.3 pm Operation)
% Map (1.3 pm End Mirror)
P, (Pump Mirror)
@i 1
~_

@2?]1—-— Pump Input
251

Residual Pump
Output (Opt.)

M, Output Coupler

Signal Qutput
~—|—— Idler Output

Servo Connector
Green Knob - Horizontal Adjust
Blue Knob - Vertical Adjust

Heater Controller Connector
Ny Purge Input Connector
- l\.l2 Purge Bleed Valve

Figure A. 2 Opal head controls and connection
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APPENDIX IV: OPAL ALIGNMENT PROCEDURE

Part I: Initial setup. All mirrors inside the Opal cavity are labeled in Figure A. 3
1. Setthe MaiTai pump power to minimum.

2. Open the Opal shutter and verify the beam from MaiTai is centered on P;.

Part Il In this part, red beam from MaiTai is used.

Replace the output coupler My mirror with 100% high reflector mirror.

4. Set the wavelength of MaiTai to 810nm and minimize the output power (with red

color beam output but no pulsing).
5. Put away the Waveplate inside the Opal cavity.
6. Adjust the red beam to the center of P; using the big pinhole tool.

7. Adjust P, horizontally and vertically to direct the pump beam onto the center of

P2.

8. Adjust P, horizontally and vertically in order to center the beam of P3 and let the

beam go through the center of iris I, in the meantime. Close the iris a little to

verify the beam is centered. Repeat Step 7-8 if necessary, until this condition is

achieved.
9. Adjust P3 horizontally and vertically to direct the beam onto the center of P,.

10. Adjust P4 to direct the beam go through the Crystal Assembly and then reach the

center of Ms.

11. Adjust M3 in order to center the beam on M,. Repeat Step10-11 until the pump

beam goes through the crystal and is centered on the intracavity surfaces of Mj

and M.

12. Observe the beam entering the crystal. If a bright spot on the surface of the crystal

is observed, it is a high scattering site due to a surface flaw or burn. Then translate
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the crystal slightly to an area that produces the least amount of reflectance. The

beam should be close to the center of the crystal.

Part I11: In this part, blue beam from MaiTai is used.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22,
23.

24,
25.

Adjust the pump power of MaiTai back to 12W, tune the wavelength to 810 nm
and increase its output power to 2W.

Slide the Waveplate into the beam path.

Open iris Iy all the way.

Rotate the Waveplate until the reflected beam from the front surface of the crystal
has minimum intensity.

Adjust M to direct the blue beam reach the center of M;, and then adjust Ms to let
the blue beam go through the center of the front face of iris I,, and reach the
center of M,. Repeat this step until the blue beam goes through the center of I,
and M;.

Adjust M; vertically and horizontally to direct the blue beam reflected from M;
through the center of iris I..

Fully open iris I,.

Adjust My in order to direct the blue beam through the center of iris I3 and onto
the center of Ms. Close I3 a little to verify the beam is centered. Once centered,
open it fully.

Adjust My to direct the blue beam on the center of Mg.

Adjust Mg to center the blue beam onto the center of high reflector M.

Adjust My to let the reflected beam go back through I3. Repeat this step. Slightly
close iris 13 each time and observe the rear side of 3. Using small increments,
adjust to center the reflected blue beam on the rear side of the iris. Open the iris
fully when completed.

Fully open Is.

Adjust My to direct the reflected blue beam from My go through the center of iris

(3
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Part IV: Remove the Waveplate, set the output wavelength of MaiTai to 775nm and set

the crystal temperature of the OPAL to 55%.

26.
27.

28.
29.

30.
31.

32.

Part V:
33.

34.
35.
36.
37.

Make sure using the high reflector on M.

Move the motor position by hand carefully and try to obtain a flash from the
Crystal Assembly.

If the flash is not obtained, repeat Part Il and Part I11.

Once catching a flash, go the OPAL control panel. From Main Menu, select
Configuration and then choose Manuel Control. Adjust the Motor Position to the
place where flash is observed.

Optimize the intensity of flashing by adjusting M; and M.

Close I5 a little bit each time. Let the beam go through the I3 by adjusting M; and
My-. Repeat this step several times until the red beam is fully centered through Is.
Replace the high reflector on M; back to the original mirror and try to catch a

flash. If the flash is not observed, repeat from Part III.

Reset and calibrate Opal

After catching a flash using the original mirror on My, cover the cavity of Opal
carefully.

Go to the OPAL control panel. From the Main Menu, choose Setup.

Set the Scan Length to 1300nm manually.

Run Scan Length from the Setup menu again.

Select Adj Temp from Main Menu. Adjust the temperature offset up and down to
optimize signal output power and stability. Optimum stability is achieved when

Temp Offset is 0.5 to 1.0% below maximum power operation.
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