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Abstract

The present work reports the study of noncoherent photon upconversion (NCPU) via
triplet-triplet annihilation (TTA) in polymer systems. This upconversion mechanism has
application in photovoltaic devices through the utilization of sub-band gap photons for

potentially enhanced power conversion efficiencies.

First, homomolecular TTA was studied in zinc tetraphenylporphyrin (ZnTPP) in
polymer matrices. Here, Zn'TPP acts as both the sensitizer and upconverting emitter as
TTA yields an Sy excited porphyrin. Use of poly(methyl methacrylate) (PMMA) as the
host polymer demonstrates aggregation-driven upconverted fluorescence (UC) by TTA
(TTA-UC). The dye-loading ratio of the precursor solution was varied, controlling the
degree of pre-aggregation. Power-dependence studies of the champion film demonstrated
that TTA-UC is occurring toward the strong annihilation kinetic limit. A sub-linear de-

pendence of upconverted fluorescence on film thickness was observed in this system.

The ZnTPP study was extended to polymers possessing low glass transition temper-
atures, representing molecular diffusion-driven TTA-UC. Upconverted fluorescence was
not observed in ZnTPP in a polyurethane (PU) matrix, likely due to coordination of the
PU to the axial position of the Zn?* ion. Low intensity NCPU via homomolecular TTA
was observed in ZnTPP in a poly(ethylene glycol) (PEG) matrix, but the kinetic limit
was not determined due to film photodegradation. Dye-loading studies revealed that por-
phyrin self-quenching was evident at low dye concentrations. Likely reasons for the low

upconverted fluorescence intensities realized are this self-quenching and the possibility of

i



PEG coordination to the Zn?" ion, though it is believed self-quenching is the dominant
parasitic effect. Strategies to determine the effect and extent of polymer coordination to

the Zn?* ion are discussed.

The study of polymer-based NCPU is extended to a pair of macromolecules, each
containing a single ruthenium tris(bipyridine) (Ru(bpy)s) core and multiple pendant
arms, which in turn, each contain eight 9,10-diphenylanthracene (DPA) moieties. A
power-dependence study of NCPU in this system is reported, and TTA-UC in the weak
annihilation kinetic limit was observed. Upconverted fluorescence quantum yields vary
linearly with excitation power in both polymers, consistent with the observed kinetic
limit. Stern-Volmer experiments have compared the quenching of Ru(dmb); phospho-
rescence (Ph) by monomeric and polymeric DPA. These data show an enhancement in
quenching rate constant for the DPA polymer (pDPA). Kinetic analysis of the Ru-DPA
polymers has revealed that the energy scheme realized in this system is intrachain TTET
from Ru(bpy)s core to DPA emitter followed by interchain TTA between excited DPA
moieties. Low intensity upconverted fluorescence is observed in Ru-DPA containing thin
films. Based on the results presented, the requirements of future photophysically-active

polymers are discussed with regards to meaningful application in photovoltaics.
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Chapter 1

Introduction to Triplet-Triplet
Annihilation

1.1 Energy Limitations in Photoactive Materials

One of the first widely-studied photovoltaic technologies focused on the use of crys-
talline silicon as the photoactive material, with optimization yielding a power conversion
efficiency of 25% for a single layer solar cell.) Although they have been commercially
available for some time, these devices are subject to the high costs associated with the
fabrication of single crystal silicon. These cells also lack flexibility and colour varia-
tion, which limit their desirability in many niche applications. These limitations have
driven the development of new photovoltaic technology. Over the past few decades, or-
ganic/polymer solar cells,?'!l and dye-sensitized solar cells (DSSC)!'?7'% have become

attractive fields of research. Cell structures are shown in Figure 1.1.
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Figure 1.1: (a) Schematic of a BHJ solar cell, where the active layer is shown as the red/green
mixture,'% reproduced with permission by John Wiley & Sons; (b) Schematic of DSSC, [14]
reproduced with permission by the American Chemical Society.

Bulk heterojunction (BHJ) solar cells are a type of organic solar cell. These cells gen-
erally use conjugated polymers, small molecules, fullerenes, or similar materials blended
into a bulk heterojunction as shown in Figure 1.1(a). These cells improve upon planar
heterojunctions due to the increased surface area of the donor-acceptor interface. BHJ
cells have garnered much attention because they are flexible, cost-effective, and colorful.
Despite these desirable traits, champion devices have been limited to efficiencies below
10%. %5 The efficiency of these cells must be improved significantly to realize widespread

industrial application.

Michael Gritzel introduced the dye-sensitized solar cell (DSSC) in 1991.12 His cell
consisted of a photoactive dye adsorbed onto a colloidal semiconductor, which boasted a
high surface area for dye adsorption. This large semiconductor surface area was consid-
ered the reason for Gratzel’s high cell efficiency as compared a previous model proposed
by Gerischer, '™ which utilized a flat semiconductor film. Over the past two decades,
devices employing this architecture have seen efficiencies rise above 13%.13] These cells
are also cost-effective and are potentially flexible through the use of polymer-based ma-
terials. Though some DSSCs are commercially available, the lack of efficiency in these

cells is still a significant obstacle preventing their widespread deployment.



In order to improve efficiency in these photovoltaic devices, the fundamental energy
loss mechanisms must be understood. Shockley and Queisser"® published a report in
1961 that outlined the theoretical efficiency limit of a planar pn-junction solar cell. In
this report, they derived a theoretical efficiency maximum of about 33% at a semiconduc-
tor band gap of approximately 1.2 eV. This limit considers the Air Mass 1.5 (AM1.5G)
solar spectrum absorbed by the cell. This theoretical curve, shown in Figure 1.2(a), ap-
proximates the sun as a radiating black body at 6000 K and does not consider the solar

radiation absorbed by atmospheric components.

In this calculation, Shockley and Queisser considered the following sources of energy
loss: (i) radiative recombination, which puts constraints on the production rate of hole-
electron pairs; (ii) radiative losses due to the approximating the solar cell as a black body
at room temperature; (iii) vibrational relaxation following absorption of photons with
energy greater than the band gap of the semiconductor; and (iv) spectral losses due to
transmission of photons with energy less than the band gap of the semiconductor. This
limit is an optimistic one, as some potential sources of energy loss were not considered,
such as limitations in charge carrier mobility and non-radiative recombination at grain

boundaries or defect sites.
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Figure 1.2: (a) Shockley-Queisser graph for the dependence of theoretical solar cell efficiency
as a function of semiconductor bandgap, [18] reproduced with permission by the American In-
stitute of Physics; (b) The AM1.5G spectrum, with documentation of regions utilized by first-
generation solar cells and those available for enhancement to down- or up-conversion, (19 repro-
duced with permission by the Royal Society of Chemistry.

This theoretical optimum band gap of 1.2 eV corresponds to a wavelength of about
1000 nm. As shown in Figure 1.2(b), a significant portion of solar radiation is lower
in energy than the band gap of Si, which is ~1100 nm. Analysis of the data in Figure
1.2(a) shows that over 40% of solar radiation is in the near-IR region. It is a signifi-

cant challenge in modern photovoltaics to make use of this photon-rich IR region. Pho-

ton down-conversion, %] (20:21] multiple-exciton generation,??l and

, singlet exciton fission,
non-coherent photon upconversion (NCPU)[1%23-25] are proposed methods of potentially
circumventing the Shockley-Queisser limit. NCPU is the focus of this thesis, and as such

will be described in more detail in Section 1.3.

1.2 Photophysical Processes

1.2.1 Jablonski Diagrams

The electronic and vibrational transitions of interest in a molecule serving as an ab-

sorber in a photovoltaic cell can be represented in a Jablonski Diagram. Figure 1.3 builds

[2

upon the original depiction?® to show the processes relevant to the photon upconversion

mechanism described in Section 1.3 and analysed in this work.
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Figure 1.3: Jablonski Diagram for a generic molecule, X. Both radiative (solid lines) and
non-radiative (dashed lines) are shown.

Processes 1-6 in Figure 1.3 are well studied. Fluorescence (2), in which the initial
and final state are of equal spin multiplicity is distinct from phosphorescence (Ph) (3),
in which the initial and final states differ in spin multiplicity. These are both radiative
relaxation processes. Intersystem crossing (ISC) (6), a radiationless decay process, in-
volves a change in spin multiplicity of a molecule. Here, an electronically excited state
relaxes to a lower electronic state by populating a hot vibrational band of the lower state.
Internal conversion (4) describes a similar radiationless process in which the initial and
final states possess the same spin multiplicity. Vibrational relaxation (5) can occur as
an intermolecular or intramolecular process. If a hot vibrational state is populated by
photon absorption, the initial vibrational state populated will evolve to a statistically
equilibrium distribution of vibrational states at the same total energy by intramolecular

vibrational coupling. This process is intramolecular vibrational redistribution and does



not represent a net loss in energy. Vibrational “cooling” can occur through the transfer
of vibrational energy from the excited state to the surrounding medium by intermolecular
vibrational relaxation. These relaxation processes simply represent a thermal equilibra-

tion process between the populated hot vibrational band and the surrounding molecules.

Absorption (1) is only shown in Figure 1.3 from the ground state to the first excited
state, though excitation could also occur from the ground state directly to some higher-
lying state. Excited state absorption could also occur from the !X state to some higher
lying singlet state. Direct absorption from X, — !X, and subsequent fluorescence are
of relevance to the materials utilized in this work. Fluorescence from singlet states higher
in energy than the first electronic excited state is a violation of Kasha’s rule,?” which
generally states that fluorescence of an electronically excited molecule will only be ob-
served from the lowest excited singlet state. This is because of the dominance of internal
conversion from all higher-lying excited singlets to a vibrational state of the lowest ex-
cited singlet state at the same total energy. Multiple classes of materials violating Kasha'’s

rule have been identified; the metalloporphyrins described in Section 3.1 are among them.

1.2.2 Photoluminescence Quenching

Photoluminescence quenching occurs in the systems considered in this work both as
a requirement for energy transfer (to be discussed) and as a parasitic effect that works to
lower the efficiencies of the processes under study. Whether a desired or undesired effect,
quenching acts by opening an additional relaxation pathway for an excited chromophore
through either collisional deactivation or electronic energy transfer (EET). Though not
discussed in the present work, quenching is also possible through electron transfer. If S
is an excited chromophore (sensitizer) and Q is a quenching material, the deactivation

scheme is as follows:
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where schemes (a) and (b) represent the respective cases of EET and collisional deactiva-
tion. If the concentration of the ground state quencher is much greater than that of the
excited singlet of the sensitizer, the quenching process is kinetically pseudo-first order.

Thus, simple kinetic analysis yields the Stern-Volmer equation below, given in two forms.

By 4 kon 0] (1.20)
I

1 1

o The Q] (1.2b)

where I% and I are the fluorescence intensity of the sensitizer in the absence and presence
of quencher, 7y and 7 are the unquenched and quenched lifetime of the excited state
sensitizer, kg is the second order quenching rate constant, and [@] is the molar quencher
concentration. If the sensitizer’s excited state is sufficiently short-lived that molecules
are essentially static in the sensitizer lifetime, the Perrin quenching sphere model®® can
be used to describe the EET mechanisms described below. Under this model, diffusion
is not permitted in the short time frames considered. Thus, the probability of quenching
can be described by a step function with respect to some threshold spherical volume, V.
A quencher within Vg of the excited sensitizer has a quenching probability of unity while
quencher molecules outside this volume have a quenching probability of 0. Since the
sphere is isotropic, one can envision the corresponding radius, r¢, from excited sensitizer

to quencher and the quenching probability, P, as the following piecewise function:
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where rgq is the distance from sensitizer to quencher at the time the sensitizer is excited.
In the condition of static quenching, the Stern-Volmer relation is expanded as shown
below. In this limit, the quenching ratio is represented by an exponential function of [Q)].

1

% = exp(NaVo[Q]) =1+ NaVg [Q] + o (NaVo QD> + - - (1.4)

For low quencher concentrations, the quadratic term is negligible and Equation 1.4 is
linear. As [@] is sufficiently increased, however, the quadratic term become non-negligible

and the plot of quenching ratio vs. molar quencher concentration diverges from linearity.

1.2.3 Electronic Energy Transfer

Photoluminescence quenching discussed in Section 1.2.2 is a desired effect in many
heteromolecular systems. The BHJ solar cell in Figure 1.1 is one such example. Here
the active layer is a blend of two compounds, where quenching is a basic principle of
operation. In photovoltaics, the pair is often referred to as the electron “donor” and
“acceptor”, since quenching in these materials is by electron transfer. The present doc-
ument involves a study of EET systems. Here the active materials are referred to as
“sensitizer” and “emitter”. The energy pathway includes absorption by the sensitizer,

energy transfer from sensitizer to emitter, and photoluminescence of the emitter material.

EET from sensitizer to emitter can be described by the fundamental theories outlined
by Forster?” or Dexter. 3 These transfer mechanisms are shown schematically in Figure
1.4 and described below. In both cases, interaction between the sensitizer and emitter

chromophores is a requirement either within a single bifunctional molecule or between



adjacent molecules. In each of these cases, the rate constant for EET is given by

27
kepr = %VSngSE (1.5)

where Vgp contains both the electronic coupling and the Franck-Condon factors for the
transition and pgg is the density of states. This general expression describes the rate
constant as the probability of a transition per unit time, and is expressed in a more

useful form in each case presented in this section.

(a) (b)

—— = = ——

pain A e el s S

Figure 1.4: (a) Forster® and (b) Dexter!*%! energy-transfer mechanisms. S and E are the
sensitizer and emitter, respectively.

Forster Theory

Forster, or fluorescence resonance energy transfer (FRET) theory considers EET re-
sulting from coulombic interactions between the dipoles of the two chromophores. In
this case, the dipole-dipole interaction between chromophores is large if both electronic
interactions are spin-allowed and dipole-allowed. In other words, FRET is probable be-
tween chromophores whose interactions possess large molar absorptivities with oscillator
strengths approaching unity. Férster®” obtained pgg from the overlap integral between
the normalized photoluminescence spectrum of S* and the absorption spectrum of E. He
also determined Vgg by considering the classical interaction energy of the chromophores

as point dipoles. From Equation 1.5, he obtained



kepr(r) = 2 ( ) 1) (1.6)

Tg 16 \ 12875 N n?
Here, @ and 75 are the unquenched fluorescence quantum yield (QY) and excited state
lifetime of the sensitizer, r is the distance between sensitizer and emitter centres, n is

2

the refractive index of the medium, x* is an orientation factor and J (7) is the integral

of overlap between the emitter absorption and sensitizer normalized fluorescence spectra

2 is determined from the relative orientation of the unit vectors

on an energy scale. K
along the transition moments, and is assumed an average value of 2/3 for intermolecular
EET in solution, calculated on the assumption of an isotropic distribution of transition

moments.

It is clear that the greatest rate constants for FRET are achieved in systems employ-
ing a sensitizer with a large fluorescence QY. If the fluorescence QY approaches unity
then the non-radiative decay rate constant is sufficiently small to not be competitive
with EET. Furthermore, kggr is directly proportional to the degree of overlap between
the absorption band of the emitter and fluorescence band of the excited sensitizer. In
other words, the rate constant can be controlled by the careful consideration of electronic

properties through the functionalization of materials.

Though the rate constant has a r—lﬁ dependence, it is realistic for FRET to occur
over considerable distances on a molecular scale. To this end, the Forster distance, Ry
has been defined as the distance in which the EET has an efficiency of 50%. Here, the
efficiency is defined as the rate constant for EET over the sum of the EET, radiative and
non-radiative rate constants. Rg is defined as the distance in which kgpr=k,+k,,=1/7s

and Forster distance and EET efficiency are calculated as follows:

9 In (10) RS
6 __ 2 = . _ 0
RO = (I)F K <—1287T5NA7’L4) J (V) ) kEET = o 7“6 (17)
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Rg values of 2 to 4 nm are common, though values of 10 nm are known, verifying the

neer(r) = (1.8)

occurrence of efficient FRET over large distances. The theory is oversimplified in large
molecules whose dimensions approach Rg. This is due to the consideration of the classical
interaction between two point dipoles, leading to limited quantitative accuracy in larger

molecules.

Dexter Theory

Dexter, or electron exchange theory, best describes the case in which one or both of
the electronic energy transitions is forbidden, resulting in negligible dipole interactions.
Here, Dexter energy transfer (DET) is controlled by electron exchange between molecules
as per Figure 1.4(b). Thus, molecular orbital overlap is required. In this case, J(7) is
used to determine the density of states as in FRET theory, but here Vgg is determined
by the extent of orbital overlap between excited sensitizer LUMO and emitter HOMO.
Here the rate constant for EET falls off exponentially as the distance between sensitizer
and emitter is increased due to the decrease in molecular orbital electron density far from

the nucleus. Dexter® determined that the rate constant could be calculated by

(1.9)

kppr = KJ (V) exp [— QRSE}

L

where Rgg is the distance between the S* and E centres, L is the sum of the van der
Waals radii of S* and E, and K is a constant. Thus, efficient electron exchange occurs

when the two chromophores are in close proximity and possess a large overlap integral.

The special case of DET presented in this work involves the annihilation of two triplet
states into a ground-state singlet and an excited singlet whose energy is approximately

double that of the triplet state. The detailed mechanism and application of this triplet-
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triplet annihilation (TTA) is introduced in the following section.

1.3 Upconverted Fluorescence by Triplet-Triplet
Annihilation

TTA as a means of realizing delayed fluorescence was first reported many decades
ago. B3 Its reappearance over the past decade, as evidenced by the surge of recent re-

5, 123-25:33:34] |

view been driven by the potential applications described in Section 1.4.

The past decade of research has spanned the synthesis of suitable sensitizer-emmiter mate-
rials, °#1 excitation power dependence,*>*4 fundamental kinetics and mechanics, 45753

diffusion rates, ®4%! upconverting polymer films, ®6%7 and upconverting nanoparticles. 6870

1.3.1 Fundamental Mechanisms

The most commonly utilized energy mechanism for realizing upconverted fluorescence
via heteromolecular TTA is depicted in Figure 1.5. Homomolecular TTA follows a similar

mechanism involving two molecules of the same compound.

Sensitizer Emitter
1s, ! ‘E,
g 1
'S, v TTET TTA
381 e a— 3
_— L ——0N 2 E,
1So H v 1E()

Figure 1.5: General energy mechanism for heteromolecular TTA Here the solid pathways
represent radiative processes while the dotted and dashed processes represent intermolecular
and intramolecular non-radiative processes, respectively. The emphasized states represent the
highlights of the energy-transfer processes. Here S and E represent the sensitizer and emitter
species. TTET represents triplet-triplet energy transfer.

In Figure 1.5, the sensitizer material absorbs radiation and is excited into the S; state.

12



It then undergoes subsequent ISC to the T; state. This triplet sensitizer can undergo
TTET to an emitter molecule, populating the T, state of the emitter. If two triplet
emitter molecules meet, they can undergo TTA, which produces a ground-state emitter

singlet and an S; emitter. This singlet-excited emitter undergoes subsequent fluorescence.

Figure 1.5 outlines the general requirements for achieving efficient TTA via the most
widely realized mechanism. The sensitizer material requires a high oscillator strength and
undergoes efficient ISC from the singlet to triplet manifold. This sensitizer must possess
a relatively long-lived triplet state so that deactivation by the triplet can occur primarily
by triplet-triplet energy transfer (TTET) to the emitter species. Generally, the sensitizer
requires efficient absorption of radiation followed by fast, efficient ISC to a long-lived
triplet state - an effective pooling of energy in the sensitizer’s triplet manifold. [

475053] TTET requires an emitter species with triplet energy

With noted exceptions, !
level below that of the sensitizer to promote guided energy flow from sensitizer to emitter.
This emitter requires a long-lived triplet state with a negligible probability for ISC. An
efficient fluorescing state in this molecule must uphold the energy relation 2 x 3E; > 'E,;
so that the reorganization of energy involved in the annihilation process can populate this
excited singlet state. In this context, upconverted fluorescence refers to the high energy

of fluorescence from the emitter singlet relative to that absorbed by the sensitizer. The

reaction scheme for this energy mechanism is as follows:

1S0 4 htvey — 151 (1.10a)
1S, — 35, (1.10b)
38+ By — 1Sy + 2B, (1.10c)
SEV+3 Ey — 'Ey+' Ey (1.10d)
Bl = YEy 4+ hveyy, © RV > hiey (1.10e)
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This mechanism is the most general for realizing upconverted fluorescence, though
Schmidt and co-workers*” have demonstrated upconverted fluorescence in a system with
3F; > 39, which they determined was entropy-driven TTET. Baluschev*¥% reported
the above mechanism alongside that shown in Scheme 1.11, which was suggested to
correspond to the cases of emitter triplet energy level below and above, respectively, that
of the sensitizer. The authors stated that in the absence of TTET from sensitizer to
emitter, upconverted fluorescence could be realized through TTA between two sensitizer
triplets and subsequent singlet energy transfer from a higher lying sensitizer singlet state

to an excited emitter singlet state.

180 + hvey — 15 (1.11a)
1S, — 29 (1.11b)
351438 — 15+t S, (1.11c)
1S9+ "By — 'So+ B (1.11d)
'Ey — 'Ey+ hven, (1.11e)

51:52] que to the ex-

Baluschev’s proposed mechanism has been met with criticism
tremely short lifetime of the proposed upconverted state in his sensitizer and the low
potential for singlet energy transfer to the emitter within this lifetime. Steer and co-
workers[P? discredited the proposed mechanism through detailed kinetic analysis and
calculations based on FRET theory. The alternative mechanism involves complexing of
the triplet sensitizer by a ground-state emitter molecule. This forms a triplet exciplex,

which is capable of annihilation with another triplet sensitizer in a three center process

capable of producing an excited emitter singlet. This mechanism is shown below.
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LS04 hver — 15 (1.12a)

15, = 39, (1.12b)
3S1+ By — *[S1--- Eyl” (1.12¢)

B[Sy Eol 4+ 38 — B+ 1Sy + 1S, (1.12d)
"By — 'Ey 4 hiven, (1.12e)

Schemes 1.10 and 1.12 represent the commonly accepted mechanisms for achieving
upconverted fluoresence by heteromolecular TTA. The present work will utilize Scheme
1.10, where the triplet energy of the sensitizer is greater than that of the emitter. Though
it is controversial as a heteromolecular model, Scheme 1.11 is of relevance to the present
work. Scheme 1.11(a-c) represents the pathway utilized for homomolecular TTA, in which

sensitizer and emitter are of the same species.

1.3.2 Excitation Power Dependence

Kinetic analysis for the excitation power dependence of TTA-UC is detailed in Ap-
pendix A.1. It is shown that upconverted fluorescence varies quadratically and linearly
with emitter triplet concentration in the weak and strong annihilation kinetic regimes,
respectively. Since emitter triplet concentration varies linearly with excitation power
density in the materials studied, one obtains an excitation power dependence of upcon-
verted fluorescence that varies from quadratic to linear as the system moves from the
weak to strong annihilation kinetic regime. Power-dependence studies have become a
key component in characterizing and verifying upconverted fluorescence, as evidenced by

~44;46;53;55-59;61:65:67-70;72-88] Thege reports demonstrate the

a number of reports. [36-38:40:42
general relation described mathematically in Appendix A.1 and based on a 2012 report

from Castellano and co-workers. [*®l In the weak annihilation kinetic regime, the majority
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of emitter triplets are decaying by some first or pseudo-first order relaxation pathway.
This region can be deemed one of low triplet concentration. Due to this low concen-
tration of triplets, any one ground-state molecule is likely not in close proximity to a
triplet molecule. For TTA to occur, two adjacent ground-state molecules must be triplet-
sensitized. The pair of one-photon excitations required is the reason for the quadratic

dependence on excitation power in this region.

The strong annihilation limit can be viewed as one of high triplet concentration.
Thus a ground-state emitter is likely within close proximity to a triplet molecule for
DET. Thus, triplet sensitization of the ground-state molecule can result in TTA with the
nearby triplet. Here TTA is possible through absorption of a single additional photon,

and upconverted fluorescence varies linearly with excitation power in this limit.

1.3.3 Spin-Statistics of TTA

Also detailed in the Appendix is the method for determining QYs of upconverted
fluorescence and of TTA. The TTA-UC mechanisms presented in Section 1.3.1 are con-
cerned only with annihilation resulting in an excited singlet emitter. Though Nickel [®%!
concluded that the singlet state product of TTA is the highest excited singlet state that
is energetically available, the singlet is only one of three possible product states. Of
interest in the present section is f, the probability that TTA yields an excited singlet
molecule. Historically, this probability has been equal to the factor of 1/9 determined by
spin statistics, 04 though Schmidt and co-workers*>#6! have demonstrated that per-
haps this limit is not a strict rule. The spin-statistical limit is based on the encounter
complex formed between a pair of excited triplet molecules. From the tensor product
of the initial spin states of the molecules,? this encounter complex can have singlet,

[90-94]

triplet, or quintet multiplicity. The spin multiplicity of the encounter complex has

a direct effect on the states produced in the annihilation event.
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Xi+ 33X, = M IX X X+ X (1.13a)
— X0+ 32X, (1.13Db)

- Xy + °X, (1.13c)

One degenerate singlet complex exists along with three degenerate triplet complexes
and five degenerate quintet complexes, for a total of nine possible states. The spin-
statistical limit is surpassed by considering energy recycling in annihilation steps (b) and
(c). The higher-lying triplet produced in Scheme 1.13(b) would likely undergo rapid in-
ternal conversion to the X state and be available for the next annihilation event. Thus,
annihilation from the triplet encounter complex represents a recycling of energy in the
formation of a ground-state singlet and the reproduction of an excited triplet state. The
energy loss in this process would be equal to the energy of one triplet state of the annihi-
lating molecules. This loss is significant in the system, but is half that which is predicted

by spin statistics due to the reformation of an excited triplet molecule.

Now consider the quintet encounter complex shown in Figure 1.13(c). Bachilo and
Weisman [®? and Levin et al. [ state that the quintet encounter complex cannot undergo
an annihilation event. This is because the excited quintet state is almost always at suffi-
ciently high energies such that 2 x E (3X}) < E (*Xy) + E (°X). Thus the energy of the
annihilating triplets is insufficient for the formation of an excited quintet molecule. The
quintet encounter complex will simply dissociate back into the pair of excited triplets.
This pathway represents a return to the initial state without significant loss. When recy-
cling events are considered, Schmidt and co-workers®! demonstrated that the theoretical

limit is over 40%.
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1.4 Applications of TTA-UC

Theoretical 19:22:23:33:95-97) and experimental 8898194 studies of upconversion-enhanced
solar cells have been reported. From this preliminary work, proof in principle of upconversion-
enhanced photovoltaics has been achieved. Strategies for realizing significant upconversion-
enhanced efficiencies for industrial application have been proposed from these proof in
principle studies. Two distinct approaches to utilizing NCPU in photovoltaics exist, as

depicted in Figure 1.6.

(@) (b)

Semiconductor 1E SE

Reflector

Figure 1.6: Schematic of TTA-UC applications in photovoltaics through (a) absorption of
upconverted fluorescence; and (b) electron injection from the annihilation-excited state. For
clarity, (a) is shown in expanded view while actual model contains only an electronically in-
sulating layer between active layers. The diagram in (a) is based on those described in the
literature.[1%2333] In (b), E represents the emitter species.

Figure 1.6 provides a cartoon of the two distinct and separate approaches of TTA-UC
in photovoltaics. The literature reports of UC-driven photovoltaic devices have utilized
the application depicted in Figure 1.6(a). Here, the UC-active material is employed as an
auxiliary layer, constructed behind the solar cell. As incident light reaches the solar cell,

high-energy photons are absorbed and only those photons which transmit through the
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active layer will reach the UC-active layer. These sub-band gap photons are absorbed and
upconverted by the auxiliary layer, then subsequently emitted at higher energy. Through
the use of reflectors, these upconverted photons are directed back to the active layer,
where they can now be absorbed by the primary cell. Cells utilizing this structure must
be comprised of transparent electrodes to allow the passage of light through the primary

cell to the auxiliary layer.

The schematic examples contained in de Wild’s review ™ also make reference to the
utilization of an UC-active layer within the cell structure. The original authors of this
report'® describe the most successful cell structure as that in which the UC-active aux-
iliary layer is situated directly above the dye-adsorbed semiconductor layer, separated by
a thin transparent semiconductor layer. This allows for swift absorption of upconverted

photons by the dye in a system that is comparable to that described above.

In Figure 1.6(b) the UC-active material is an active material within the cell. This
model is distinct from the application in (a), in which the active solar cell harvests the
upconverted photons from the UC-active material contained in an auxiliary layer. In
the model shown in Figure 1.6(b), the excited state of the annihilator species is situated
above the conduction band of the semiconductor such that electron injection is kinetically
favourable. Here, the direct excitation results in occupation of an excited state which
is lower in energy than the conduction band edge of the semiconductor. TTA, however,
results in occupation of an excited state which is higher in energy than the conduction
band edge. The result is TTA-UC induced electron injection - a mechanism with direct
application in DSSCs. This TTA-induced electron injection could also be achieved by uti-
lizing the UC-active material as a supplementary dye. A recent report'%! demonstrated
enhanced efficiency of a DSSC when zinc tetrakis(carboxyphenylporphyrin) (ZnTCPP)
was added to the model dye (N719), owing to electron transfer from ZnTCPP to N719
en route to electron injection into the semiconductor. Although this report focused on

direct excitation of ZnTCPP and did not give consideration to TTA-UC processes, it
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serves as a reasonable analogy for an application of TTA-UC in DSSCs. The Morandeira
group™! and Steer and Paige!'% groups have demonstrated TTA-UC on a zirconia sur-
face, which was unquenched due to zirconia’s high-lying conduction band. These reports
demonstrate a higher-lying excited state occupied by TTA-UC in molecules bound to a

semiconductor, a concept with direct potential for application in DSSCs.

In addition to the photovoltaic applications considered below, TTA-UC also has
application in photocatalysis, 1971 photochromic displays, 1'% and biological imag-

ing. [0%112113] Some examples from the literature are shown in Figure 1.7.
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Figure 1.7: Applications of TTA-UC in: (a) photocatalysis, [107] reproduced with permission
by the Royal Society for Chemistry; (b) photochromic display,''% reproduced with permission
by the Institute of Physics; (c) biological imaging, [113] reproduced with permission by Nature
Publishing Group.

Castellano and co-workers!'?” demonstrated photoactivity in a photochemical cell
utilizing sub-band gap photons by TTA-UC. This was achieved by selecting an emit-
ter material whose fluorescence wavelength was slightly above the band gap edge of the
photoanode, WOj3 in this report. In this way the application is very similar to the pho-

tovoltaic applications discussed previously. UC-powered photochemistry is an attractive
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application due to the low energy requirements of the excitation source. Situating the
UC-active material near the photoanode allows for long-wavelength excitation through
the majority of the photochemical cell. This reduces the risk of photochemical changes

in the photochemical cell materials.

Eliminating the requirement of short-wavelength excitation sources is also an asset
in the application of TTA-UC to photochromic display. Baluschev and co-workers!%
demonstrated transparent, flexible polychromic displays by depositing NCPU-active ma-
terials in an arranged manner in a polymer matrix. Through the utilization of TTA-UC

materials, a long-wavelength excitation source can be used, reducing the risk of pho-

todegradation of the polymer materials.

Biological imaging of cell tissues utilizing NCPU has also been reported. %113 If an
UC-active material can be bound to the cell (as a nanoparticle in the references discussed
here), the cell can be imaged via long-wavelength excitation sources that have no effect
on the host cell. This notion is especially attractive in photodynamic therapy of cancer
cells. (%114 Once an UC-active material can be bound to the cancer cells, long-wavelength
excitation sources can be used for therapy. The low-energy excitation source will not be
damaging to the host cells. TTA-UC will produce high-energy photons in the vicinity of
target cells that can potentially destroy these cells. This manner of therapy would be
less invasive that the current methods, which require an excitation source of sufficient
energy to damage the target cells. These high-enery sources are equally damaging to cells

besides the intended targets.

1.5 Material Selection for TTA-UC

The requirements of sensitizer and emitter materials are described in Section 1.3.1.

Heteromolecular TTA-UC will be achieved by the most commonly utilized Scheme 1.10
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in the present work. The sensitizer must possess a high oscillator strength in the visible
to near-IR region of the spectrum and must undergo efficient ISC into a relatively long-
lived triplet state. For guided energy flow, the emitter species must have a triplet energy
level slightly below that of the sensitizer. This triplet state must be long-lived, since
bimolecular TTA is generally a diffusion-controlled process. The emitter must possess a
singlet state at an energy level slightly less than the sum of the two triplets in order for
TTA to occupy this excited singlet. The excited singlet state of the emitter must have a
high fluorescence QY. The requirements for sensitizer and emitter have been fulfilled in

general by metallated macrocycles and aromatic hydrocarbons, respectively.

Homomolecular TTA uses a single species as both sensitizer and emitter. This species
requires a high oscillator strength and efficient ISC to a long-lived triplet state as de-
scribed for the sensitizer component. This species must also possess a fluorescent singlet
state with energy slightly less than double the triplet energy. This is required for TTA
to produce an upconverted fluorescent state. Zinc tetraphenylporphyrin (ZnTPP) has
[53;60;106;115] T

been identified as a suitable candidate for homomolecular TTA studies.

discussion of homomolecular TTA in ZnTPP is continued in Chapter 3.

A detailed summary of the sensitizer-emitter pairs utilized in heteromolecular TTA-
UC studies is given in recent review articles?42%33] and is briefly introduced here. Though
non-metal triplet sensitizers including 2,3-butanedione, " fullerenes, ®* and boron -
dipyrromethene (BODIPY), 40116 have been reported, the majority of triplet sensitizers
employed in TTA studies have consisted of transition metal complexes with m-conjugated
organic ligands. This extended 7 system red-shifts the spectral features of the sensi-
tizer.?® Common organometallic triplet sensitizers are bipyridine derivatives utilizing

76;117-120] iridium, [121;122]

ruthenium, 74274 or thenium['?¥ centres and metalloporphyrin

derivatives. [36738;43747;49;50;53765;68770;72;73;78780;83;84;86788;94;98;100;101;106;107;115;1247135]‘ 7hao has
also demonstrated TTA sensitized by other platinum-based macrocycles. #15136137 - The

heavy metal centres in these sensitizers promote efficient ISC due to enhanced spin-orbit
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coupling. Several near-IR triplet sensitizers have been reported, owing to the highly tun-

able ligand systems in these sensitizers. [37:38:40:45;118;119;138]

Common emitters reported in the literature include various derivatives of naptha-

lene. [128] anthracene. [41-44:49;50554-59;65;68;70;72;74-T6;78;80;83;84;107;117-120;123;124;128;120;1313132;134;135)]
) )

perylene, BEA0ALATSS60:T0:116:125126] 1}y o e [B8:45:46:87:88:98:100:101127) 1ot hrene, 153
pyrene, [B3121136] tetracene, 86 phenylene, 204 and coumarin. [®®137) Further studies have
utilized well-known blue-emitting polymers poly(phenylenevinylene),® and polyfluo-

rene [50:5661364;130;133]

Most of these common emitter materials are aromatic hydrocarbons
with low ISC efficiency and flourescent S; states. The majority of these sensitizer-emitter

systems have been realized by mixing the two components in solution.

Thin film Systems

Practical applications of TTA-UC in photovoltaics require thin film systems as op-
posed to the solution phase. Heteromolecular TTA-UC via suitable sensitizer-emitter
pairs has been reported in polymer matrices of poly(ethyleneoxide/epichlorohydrin), P78
poly(methyl methacrylate) (PMMA), 85129:135139] cellylose acetate, )
poly(ethylene glycol) (PEG), and a variety of commercially available thermoplastic
polyurethane (PU) materials. 5>°758 Additionally, recent studies have demonstrated sen-

[65:66] These significant literature reports outline two

sitized TTA-UC on polymer glasses.
separate and distinct environments for TTA-UC that vary with the material properties

of the host polymer.

Castellano and co-workers °® provided a detailed temperature-dependent study of het-
eromolecular TTA-UC in polymer films of low glass transition temperature. A polymer
above its glass transition temperature is in a “rubbery” state, allowing for diffusion of
the embedded molecules. Thus polymers exhibiting low glass transition temperatures

allow for molecular diffusion-driven TTA-UC. Castellano’s study confirmed this result by
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demonstrating how fluorescence via TTA-UC was suppressed below the glass transition
temperature of the host polymers. Furthermore, TTA-UC was enhanced considerably
with increasing temperature up to some threshold, when irreversible breakdown of the
host polymer occurs. The effect of temperature on TTA-UC fluorescence is consistent
with Stokes-Einstein behaviour in this system, where diffusion coefficients are directly
proportional to temperature and inversely proportional to the viscosity of the host ma-
terial. Thus, fluorescence via TTA-UC increases substantially with temperature in a

rubbery material up to the threshold temperature at which the polymer breaks down.

The literature reports of fluorescence via TTA-UC in a PMMA matrix [60:85:129;135:139]
represent a different class of TTA-UC. PMMA is below T, at ambient temperature, pre-
venting significant molecular diffusion in the film. Thus, fluorescence via TTA-UC in this
system provides evidence of pre-aggregation of the involved species and exciton migration
through the aggregates. This is followed by TTA at molecular orbital overlap distances,
also provided by the aggregates. Low yields of upconverted fluorescence via TTA-UC

[85;129;135;139

in PMMA matrices have been reported in heteromolecular I'and homomolecu-

lar [60:106] TTA-UC systems.

These thin film studies realize TTA-UC by casting a film from solution of a sensitizer-
emitter mixture. In addition to these heteromolecular films, TTA-UC has been reported
in sensitizer-emitter macromolecules. 02741201401 Ty these macromolecular systems, sen-
sitizer and emitter and covalently bound together. Structures for covalently bonding
sensitizer and emitter moieties into a copolymer have recently been proposed,®3 but

have yet to be realized experimentally.
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1.6 Objectives

This work will set out to advance the knowledge of TTA-UC in polymer systems.
Chapter 2 describes the general experimental methods used and details the custom-
modified SPEX Fluorolog Spectrofluorometer that was designed for the study of TTA-UC
systems. Homomolecular TTA in ZnTPP-doped polymers is studied in Chapter 3. In this
chapter, two distinct classes of polymers are employed in order to study TTA-UC that is
driven by molecular diffusion and pre-aggregation of dye molecules, respectively. Chap-
ter 4 describes the study of two photophysically active polymers containing a ruthenium
tris(bipyridine) (Ru(bpy)s) core and multiple 9.10-diphenylanthracene (DPA)-containing
pendant arms. Heteromolecular TTA-UC is demonstrated within these polymers in so-
lution and the solid phase. The nature of the energy-transfer mechanisms involved in
this system are studied through a combination of calculation and experiment utilizing
control samples consisting of ruthenium tris(dimethyl bipyridine) (Ru(dmb)s) and DPA
moieties. A detailed summary of results and suggestions for future work are given in the

body chapters 3 and 4. Chapter 5 provides the overall conclusions of the two projects.
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Chapter 2

Experimental Techniques and
Instrumentation

2.1 Summary of Equipment Used

Absorption spectroscopy was performed on a Cary 6000i spectrophotometer operating
in dual beam mode. A PTI Quantamaster spectrofluorometer was used for routine pho-
toluminescence spectroscopy. Spin-cast films were obtained through the use of a WS-650
Series Spin Processor from Laurell Technologies Corporation and thickness measurements
were obtained using an AlphaStep D Profiler and software from KLA Tencor. Diffusional
information on the polymeric materials studied in Chapter 4 was obtained by diffusion
ordered spectroscopy (DOSY) on a 500 MHz Avance NMR Spectrometer provided by
Bruker.

Photoluminescence decay experiments were performed using an Edinburgh Instru-
ments LP920 laser flash photolysis system, as described in the literature.®® Briefly, a
flash-lamp-pumped frequency-doubled ns Tempest 300 neodymium-doped yttrium alu-
minum garnet (Nd:YAG) laser was used as the 532 nm excitation source. Photolumines-
cence was focused onto a Czerny-Turner grating monochromator (TMS300) and detected
using an LP900 photomultiplier. Data was acquired via L900 software supplied by Edin-

burgh Instruments.

The majority of steady-state spectroscopic experiments were performed using a cus-
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tom built laser-excited spectrofluorometer. The sample chamber and emission double
monochromator are of Jobin-Yvon SPEX origin, reconditioned by Olis, Inc. The photode-
tector is a thermo-electrically cooled, single-photon counting photomultiplier supplied by
Hamamatsu, chosen for its sensitivity out into the red region of the visible spectrum. In
lieu of an excitation monochromator, a laser excitation system has been designed and
implemented with a bias toward the study of upconverted fluorescence in solution and
the solid phase. This experimental setup was based on a previous model described in the

literature®® and is described in detail in the following section.

2.2 Detailed Setup and Implementation of SPEX
Fluorolog Spectrofluorometer

A schematic of the custom-modified SPEX spectrofluorometer designed for the study
of upconverting systems is shown in Figure 2.1. The double-monochromator and photode-
tector have been used as received from the manufacturer, utilizing the standard SPEX
internal optics. The double-monochromator has a linear dispersion of 1.8 nm per mm slit
opening and the photodetector is a solid-state GaAs single photon counter (Hamamatsu
model H7421-50). The manufacturer of this photodetector claims that it responds with
excellent linearity up to its saturation limit of 1.6 million counts per second.
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Figure 2.1: Experimental setup of SPEX Spectrofluorometer.

The manufacturer-provided sample holder in the SPEX apparatus was designed for a
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1 cm x 1 cm cuvette. Since molecular oxygen is a known triplet quencher, ! solution-
phase upconverted fluorescence spectroscopy was performed in a custom-made 1 cm X
1 ecm quartz cuvette with an attached bulb that can easily be connected to a vacuum
line to facilitate degassing of the solution. Because the standard high-vacuum cuvette
is 1 em x 1 cm and excitation occurs at approximately the center of the solution, the
photoluminescence must pass through 0.5 cm of solution before it can reach the detector.
For samples with a small Stokes’ shift and large optical density, reabsorption effects
are non-negligible. The reabsorption correction method utilized for this apparatus is
described in Appendix A.2 for both solution and solid phase. A solid-state sample holder
was designed and implemented to facilitate the study of TTA-UC in thin films. This

sample holder is shown in Figure 2.2.

() To Detector
)‘em
)‘ex
Air
Glass
Film
Sample

O-ring

Sample Holder Vacuum

Figure 2.2: (a) Solidworks schematic of custom designed solid state sample holder; (b) Cartoon
depiction of excitation of a thin film sample.

The solid state sample holder was designed to facilitate upconverted fluorescence
measurements of thin films in vacuum, and was a modified version of a brass triangular
sample holder reported in the literature.® The top of the holder is epoxied to brass
piping, which is attached to the existing vacuum system. The film is deposited on a glass
slide which is mounted sample side into the vacuum chamber, as shown in Figure 2.2(b).
A rubber O-ring is situated around the sample to form an air-tight seal with the glass
to maintain vacuum. The apparatus is capable of maintaining pressure below 5 mTorr

for a thin film sample. Slide holders have been fabricated to accommodate round slides
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1” in diameter or rectangular slides with a 1” width and length of at least 0.75”. The
backside of the sample holder includes a slide of non-reflective glass held into place with
epoxy, allowing the incident photons which pass through the sample to exit the holder,
eliminating backside reflection as a source of laser scatter. To further reduce laser scatter,
the SPEX internal optics are rotated upon front-face illumination and a notch filter is
incorporated into the emission path length prior to the monochromator. This notch filter

is easily substituted as appropriate.

The laser excitation sources currently in operation are a 635 nm diode, a 532 nm
frequency-doubled Nd:YAG, and a 405 nm diode with nominal powers of 5 mW, 24 mW,
and 8 mW, respectively. The benefit of a three-laser system in upconverted fluorescence
studies in metalloporphyrins is the ability to observe Soret (blue) emission via NCPU
and verify its source by swiftly changing excitation sources to observe Soret emission via
direct excitation. The excitation sources were chosen for the model system of homomolec-
ular TTA in ZnTPP, but can easily be substituted as the model system requires. The
lasers were aligned individually such that each passes through a pair of neutral density
filters before passing through the center of the sample. Flip mirrors have been installed
to facilitate rapid changes between laser sources without realignment. Neutral density
filters are situated on a pair of wheels such that the excitation power delivered to the
sample can be modified with a turn of either filter wheel. A detailed list of normalized
apparent excitation powers is outlined in Table 2.1. The values in Table 2.1 are specific
to the 532 nm excitation source, and the relative effect of the density filters on each
laser is wavelength-dependent. Thus the power must be measured in situ in the sample
chamber for each laser. In addition, in situ measurements will account for fluctuations

in an excitation source through time.

The ability to do excitation power-dependent emission spectroscopy is a necessary
characterization requirement for NCPU via TTA. These studies allow the dominant ki-

netic regime for TTA to be determined, as described in Section 1.3.2. The linearity
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claims of the photodetector were tested using the singlet emission of ZnTPP in N,N-
dimethylformamide (DMF). Since the fluorescence spectra analysed are one photon pro-
cesses, the integrated fluorescence intensity should increase linearly with excitation power.
Similarly, the fluorescence intensity at any wavelength that is far removed from filter ef-
fects should vary linearly with excitation power. The results are plotted in Figure 2.3.
Similar studies verified the detector manufacturer’s claim of linearity up to the saturation

limit, 1.6 million counts per second.

Table 2.1: Effect of Neutral Density Filters using the 532 nm Excitation Source

Wheel Setting | Relative Intensity | Wheel Setting | Relative Intensity
11 1.00 53 0.0026
21 0.68 o4 0.00081
12 0.55 15 0.00071
31 0.39 25 0.00051
22 0.38 35 0.00027
13 0.32 45 0.00013
41 0.26 61 0.000062
23 0.23 16 0.000055
32 0.23 26 0.000028
42 0.14 36 0.000028
33 0.13 46 0.000028
14 0.099 55 0.000028
43 0.082 56 0.000028
24 0.071 62 0.000028
34 0.040 63 0.000028
44 0.025 64 0.000028
51 0.0084 65 0.000028
52 0.0047 66 0.000028
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Figure 2.3: 532 nm excitation power-dependent S; (a) fluorescence spectrum; and (b) peak
fluorescence intensity of 1 mM ZnTPP in DMF. Spectral bandwidth was 1.8 nm, ensuring that
the 658 nm emission peak in (a) was well away from any laser or filter effects prior to analysis

in (b).

For meaningful quantitative analysis, the photoluminescence data must be corrected

for variations in photodetector sensitivity as a function of wavelength. The manufac-

turer’s sensitivity data is fit to a polynomial as shown in Figure 2.4 and Table 2.2. The

detector quickly loses sensitivity beyond 800 nm, but the polynomial fit in the region of

380 - 800 nm is sufficient for modelling in this region.
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Figure 2.4: (a) Manufacturer’s data with polynomial fit and (b) energy-corrected model for
spectral sensitivity (SS) of solid state GaAs photodetector, Hamamatsu H7421-50. The poly-
nomial fit in (a) has equation SS = —1.36A? + (2.52-10%) A — (7.57 - 10°) pW ~1s™ 1.
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Table 2.2: Spectral Sensitivity of Hamamatsu H7421-50 Photodetector

Wavelength | Spectral Sensitivity Ephoton Quantum Efficiency

(nm) (PW's™ J)

400 33000 5.0 x 107% 0.016
420 65000 4.7 x 1071 0.031
500 160000 4.0 x 1071 0.064
600 270000 3.3 x 107% 0.089
700 340000 2.8 x 1079 0.096
800 390000 2.5 x 10~ 0.097
900 2800 2.2 x 1079 0.00062

The detector sensitivity is given in units of inverse energy, or counts per unit energy.
The quantum efficiency (QE) can be calculated as the product of the detector sensitivity
and the energy of a photon at each wavelength. The calculation is outlined in Equation

2.1 and summarized in Table 2.2. At 800 nm,

S5 = 3.9 x 10° C‘”VL;L“ ~3.9x 10" —COV“V”“ ~3.9x 10" —Cj“"f‘s
pyv¥s s s7ls
he  6.626 x 10731Js x 2.998 x 10®m/s J
. A 800 x 10~ 9m % photon (2.1)

t
TeOunts o 5w 10— 0.007
photon

QESOOnm =3.9 x 101

Table 2.2 states that the photodetector is most efficient at 800 nm, meaning that the
apparent photoluminescence intensity at higher energy must be corrected for the relative
inefficiency of the photodetector at these wavelengths. This correction will be achieved by
normalizing by the energy ratio of the i wavelength to that which has the highest QE.

As per Equation 2.1, the result is a normalization factor equal to the ratio of quantum

efficiencies (QE). Equation 2.2 displays this normalization:

SSE—norm = (SSTaw>_L X (SSTflw)ﬂ

V800nm Q E300nm
10" nm/cm  800nm

i 10" nm/cm
800nm
Ai

= (SSraw) (2.2)

= (55aw)
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Thus, the spectral sensitivity at each wavelength, i, is energy-corrected through the multi-
plication of the factor 800/\;, where \; is in nm. The energy-corrected spectrum is shown
in Figure 2.4(b). To account for the variation in quantum efficiencies in a given photo-
luminescent spectrum, the spectral luminescence is divided by the energy-normalized

spectral sensitivity curve shown in Figure 2.4(b).

The spectral bandwidth dependence of Rhodamine 6G fluorescence is shown in Figure
2.5. The red-shift in peak emission in Figure 2.5(a) with increased spectral bandwidth is
due to the effects of the 532 nm notch filter situated prior to the emission monochromator,
which only affects the spectrum at sufficiently high spectral bandwidths. At wavelengths
removed from the notch filter, the effect of increasing bandwidth is a broadening of spec-
tral features. The quadratic bandwidth dependence of integrated fluorescence displayed
in Figure 2.5(b) is believed to be due to the Gaussian nature of this peak, and in the
region of interest it can be approximated nicely by a second-order polynomial. Thus, an

increased spectral width would result in a quadratic increase in the integrated fluores-

cence.
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Figure 2.5: (a) Emission spectrum (truncated on the short wavelength side by the notch filter)
and (b) Integrated emission of 1.74 uM Rhodamine 6G in CHCI3 as a function of spectral
bandwidth. 532 nm excitation power density was 26.2 pW/cm? in (a), while (b) was obtained
by scanning at several excitation powers and normalizing to a common value. The red line in
(b) is the second-order polynomial fit.
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Chapter 3

Spectroscopic Studies of ZnTPP in
Polymer Matrices

3.1 Introduction to ZnTPP-doped Polymer Systems

Following the design and implementation of the SPEX Fluorolog Spectrofluorometer
described in Chapter 2, the apparatus needed to be tested using a well-studied model
system. Zinc(II) tetraphenylporphyrin (ZnTPP) was chosen as the model system due
to numerous reports in the TTA literature in both homomolecular P36%:106:115] and het-
eromolecular P3142143] gystems. O’Brien et al.l®*) demonstrated homomolecular TTA by
/nTPP embedded in a PMMA matrix, which was utilized as an experimental starting

point in this study.

The current study explores systems of both molecular diffusion-driven and aggregation-
driven upconverted fluorescence via homomolecular TTA-UC in ZnTPP. Thin films were
obtained by embedding ZnTPP into a variety of polymers with varying glass transition
temperatures. Variation of glass transition temperature determines the driving force for
TTA as described in Section 1.5. The polymers utilized are shown in Figure 3.1 and their
glass transition temperatures are given in Table 3.1. PMMA and PEG data in Table 3.1

were obtained from Sigma-Aldridch.
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PEG PU PMMA

Figure 3.1: Molecular structures of polymers utilized as matrices for TTA-UC in thin films.

Table 3.1: Material Properties of Polymers Used

Acronym /Identifier Polymer Name Glass Transition Temperature (°C)
PMMA Poly(methyl methacrylate) 105
Texin 270 Thermoplastic poly(urethane) 21 08]
Texin 285 Thermoplastic poly(urethane) ~42158]
Tecoflex EG-80A Thermoplastic poly(urethane) =708
PEG Poly(ethylene glycol) -66

The requirements of the host polymer are straightforward. First, the polymer must
not significantly alter the energetics of the upconversion system, or act as an energy
acceptor. Finally, there must not be coordination between dye and polymer. The first
condition would introduce an obvious energy sink into the system that would oppose
TTA-UC, while the second condition causes dye molecules to be held far apart such that

short-range DET cannot occur. %%

Z/n'TPP possesses attractive photophysical properties for the study and understanding
of hetero- and homomolecular TTA. Noting that fluorescence QY's are solvent-dependent,
reported values for S; fluorescence, intersystem-crossing, and S, fluorescence in ZnTPP
are ~0.04, 1001441 .90, p3:145:146] and (0.00113147-150] pespectively. UV-visible excitation
of ZnTPP provides the opportunity to monitor both the prompt S; and TTA-induced
(delayed) upconverted Sy fluorescence in homomolecular systems. This provides a metric
for determining the power dependence of upconverted fluorescence and the dominant an-
nihilation regime, as described in Section 1.3.2. It also provides the ability to observe the
simultaneous growth of upconverted fluorescence and quenching of prompt fluorescence

in heteromolecular systems.
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The efficient ISC in metalloporphyrins is a result of enhanced spin-orbit coupling. [2%°0:151]
The lifetimes of the Sq, So, and Ty states in ZnTPP are on the order of ns, ps, and ms,
respectively. [03:145:146:152-155] Qince the T, lifetime is orders of magnitude greater than that
of the Sy state, energy pooling occurs in the triplet manifold. This is a result of rapid
absorption and ISC into a relatively long-lived triplet state. These long-lived triplet
molecules are available for TTA or TTET. A discussion of energy pooling in the triplet

manifold of organometallics is given in the literature. "

ZnTPP Q-band (S;) and Soret-band (S;) excitations are 7 — 7* transitions. [196:157]
The porphyrin is formed through the coordination of the pyrrole rings to the Zn%* ion,
by which the Zn?** ion accepts the electron lone pair from the N atom in the pyrrole

moieties in the plane of the ring. This porphyrin ring is a highly conjugated system.

ZnTPP is a relatively efficient donor of electrons or electronic energy. 160 This
potential for electron donation makes ZnTPP derivatives attractive materials for pho-
tovoltaic applications. The carboxylated derivative zinc tetra(carboxyphenyl)porphyrin,
Z/n'TCPP, has been studied for use in DSSCs. It has been shown that functionalization

61165 without

of ZnTPP with carboxylate allows for direct binding to a semiconductor
greatly affecting the ground-state energetics of the phorphyrin. 166-1%9 Electron injection
from electronically excited ZnTCPP (or similar bridged ZnTPP derivatives) to titanium

dioxide has been explored for DSSC applications. [105:161-163;166;170-173]

A detailed review was published on the use of porphyrins in DSSCs!'™ but the poten-
tial for TTA-UC in systems containing ZnTCPP has not been reported. A recent study

[158] The report was not con-

reports the use of ZnTPP as sensitizer in BHJ solar cells.
cerned with the study of TTA-UC, but was focused on electron transfer from the S; state
of ZnTPP to the fullerene-derivative PCBM. This article was followed by a fundamental
study of the potential for TTA-UC utilizing ZnTPP as sensitizer and Cg fullerene as

emitter, 13 a direct exploration of ZnTPP-sensitized TTA-UC with BHJ applications.
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The molecular structures for ZnTPP and ZnTCPP are shown in Figure 3.2.

ZnTPP ZnTCPP

Figure 3.2: Molecular structures of porphyrins studied.

Practical applications of TTA-UC in photovoltaics requires the use of thin film sys-
tems. When ZnTPP is cast from solution, the solvent is evaporated away leaving aggre-
gated ZnTPP. Upconverted fluorescence in this environment is diminished by a significant
degree of self-quenching. The degree of aggregation can be manipulated by casting a film
of ZnTPP in polymer matrix - effectively a polymer doped with the upconverting dye.
Suitable polymer candidates for homomolecular TTA in ZnTPP were selected based on

relevant results from the literature.

3.2 Solution-Phase and Thin Film ZnTPP

Preliminary experiments included solution-phase and thin film steady-state spectro-
scopic studies of homomolecular TTA-UC in ZnTPP. The purpose of these experiments
was to validate the performance of the SPEX Fluorolog Spectrofluorometer. This was

achieved by comparing the data from the well-studied ZnTPP system to those previously
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reported in the literature.
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Figure 3.3: Variations in S; (a) fluorescence spectrum; and (b) integrated fluorescence of
ZnTPP in toluene as a function of concentration. Excitation was 1 mW 532 nm laser and
emission spectral bandwidth was 0.2 nm.

Figure 3.3(a) shows the S; fluorescence spectrum of ZnTPP in toluene. The peaks at
about 16600 and 15400 cm ™" match those in the literature P3:60:141147- 150152075179 iy vy
ious solvents, while the slight peak at about 14 200 cm™! is an artefact. The origin of the
artefact is some undetermined inorganic source within the apparatus. Figure 3.3 provides
evidence of ZnTPP self-quenching through the obvious decrease in integrated emission
intensity at high ZnTPP concentrations. In the absence of intermolecular effects such
as aggregation or self-quenching, the integrated emission intensity in (b) is expected to
increase linearly with concentration at low concentrations of ZnTPP. At some threshold
concentration, intermolecular interactions become significant. These introduce additional
non-radiative relaxation pathways that result in a deviation from linearity. At very high
concentrations, fluorescence self-quenching is non-negligible, accounting for the apparent
decrease in integrated fluorescence. Porphyrin self-quenching in solution and solid phase

has been discussed in the literature. 66

Intermolecular interaction is a requirement for TTA-UC - excited triplets must be
within close proximity for molecular orbital overlap in order for TTA to occur. The
active species must be sufficiently concentrated for a significant proportion of excited

triplets to exist within a diffusion length of another excited triplet, but dilute enough to
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reduce the probability of intermolecular interactions leading to non-radiative decay of the
excited state. This optimum concentration is a direct function of molecular environment
as physical state of the active species has a dramatic effect on the excited state diffusion
length. In solution the molecules can diffuse quite readily, increasing the probability of
intermolecular interactions at the concentrations studied in Figure 3.3. Diffusion-driven
intermolecular interactions is a possible explanation for the absence of noticeable fluores-
cence via TTA-UC at the spectral bandwidth utilized in Figure 3.3. A slight peak was
found in a similar study of 1 mM ZnTPP in DMF that may be attributed to TTA-UC.
This study required a significant spectral bandwidth of 14.4 nm that reflects an inefficient
TTA-UC process. The inefficiency is likely due to a combination of self quenching and

solvent coordination.

3.3 ZnTPP-doped Thermoplastic Polyurethane Films

Heteromolecular TTA-UC in a PU matrix has been reported in the literature. 255758
For this reason PU was selected for the study of homomolecular TTA in ZnTPP films.
The fluorescence spectra are shown in Figure 3.4 for films comprised of ZnTPP-doped
PU and ZnTPP in the absence of polymer matrix. ZnTPP films were prepared by spin-
casting a single layer from 50 pL of 5 mM ZnTPP in toluene at 1000 rpm onto a clean
glass slide. ZnTPP:PU films were drop-cast onto a clean glass slide from solution with
3% (w/w) ZnTPP:PU in DMF. ZnTPP had a concentration of 2 mM in the precursor
solution. Significant S; fluorescence was measured in these films while Sy fluorescence
via TTA-UC was not observed. Separate experiments varying the dye loading, casting
method, and monochromator spectral bandwidth yielded data similar to Figure 3.4 with

no observable upconverted fluorescence.
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Figure 3.4: Normalized fluorescence of ZnTPP film (black) and ZnTPP-doped PU film (red,
blue) following 532 nm excitation. Spectral bandwidths for the specific data shown were 5.4
nm and 1.8 nm in the absence and presence of PU matrix, respectively. Peak intensities were
on the order of 1400, 6400, and 65 000 counts for the red, blue, and black spectra, respectively.

Sugunan et al.® investigated the effect of solvent coordination on ZnTPP Soret
fluorescence via homomolecular TTA-UC. In this work, the authors demonstrated ex-
perimentally how TTA-UC was suppressed in coordinating solvents and supported those
results with theoretical calculations based on the required distances for DET. The pro-
posed mechanism is solvent coordination to the axial position of the Zn?* ion. These
coordinated solvent molecules provide a steric barrier to TTA-UC as the excited ZnTPP
triplets are held apart at a distance greater than that necessary to undergo efficient DET.
This proposed mechanism was verified by demonstrating that the quenching of ZnTPP in
coordinating solvents sufficiently matched that observed by titrating ZnTPP in degassed

benzene with pyridine, a known coordinating material.

An analogous explanation is proposed in the present work, as the N atom in the PU
structure (see Figure 3.1) is believed to be coordinating to the Zn*" ion. Thus, PU was
deemed an unsuitable host polymer for homomolecular TTA-UC using metalloporphyrins.
PU has been reported as a suitable host matrix[®>°7% for heteromolecular systems. In
these studies, an advantageous sensitizer-emitter pair is chosen such that the emitter ma-
terial has a fluorescence QY approaching unity. In the present study, the Sy fluorescence

QY of ZnTPP is on the order of 1073. This 1000-fold difference in fluorescence QY is
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a possible explanation for why detectable upconverted fluorescence was not observed in

the present study despite the previous literature reports.

3.4 ZnTPP-doped Poly(methyl methacrylate) Films

Since PU was an unsuitable host matrix for homomolecular TTA in ZnTPP, it was
replaced with a suitable polymer. PMMA has been shown to support homomolecular
TTA in ZnTPP.1%3] The proof-in-principle experiments from that report were utilized as
the experimental starting point in the present work. These slides were fabricated by
drop-casting a film of 3.5% (w/w) ZnTPP in PMMA from DMF onto a glass slide and
drying under low heat. The S; fluorescence spectrum is shown in Figure 3.5(a). The fig-
ure also shows a broad peak in the Soret region at high spectral bandwidths, attributed
to upconverted fluorescence. This peak was confirmed to be TTA-UC by studying its
oxygen dependence. In (c), the sample was pumped down to vacuum at time to. The
vacuum was released for the first ~12 minutes, allowing oxygen to diffuse into the film.
The sample was then pumped back down to vacuum from t = 12 to 20 mins before the
vacuum was released again. Since oxygen is a known triplet quencher, %41 this study

in consistent with the notion that the observed Soret peak is due to TTA-UC.
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Figure 3.5: (a) Sy fluorescence spectrum; (b) spectral bandwidth-dependent upconverted flu-
orescence; and (c) oxygen dependence of upconverted fluorescence of 3.5% ZnTPP in PMMA
drop-cast film. Excitation was at 532 nm and 89 mW /cm?. Spectral bandwidth in (a) was 3.6
nm. The intensity difference between 0 min and 30 min in (c) is attributed to photodegradation.

Following the oxygen dependence study, a series of experiments were performed in
effort to optimize the upconverted fluorescence in this system. First, the dye-loading ratio
was varied significantly in ZnTPP-doped PMMA films. This study effectively explores
the upconverted fluorescence as the degree of ZnTPP aggregation is varied. These films
were produced by spin-casting ZnTPP:PMMA from DMF at 1000 rpm. Ten consecutive
layers were cast onto pre-cleaned slides and films were dried at 100°C. The upconverted
fluorescence of these films was scaled by a constant equal to the integrated area of the
Soret absorption band. It was believed that this method eliminated the effect of overall
variations in dye concentration in the films and isolated the effect of variations in the
degree of aggregation. The scaling constants are given in Table 3.2. The reported dye-

loading ratios refer to the solution from which the sample is spin-cast. Due to differences
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in solubility of the porphyrin and polymer in DMF, they will not be deposited in the film

at the same rate during casting. Determining the precise dye loading concentrations in the

film would require supplementary techniques such as x-ray fluorescence spectroscopy.
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Figure 3.6: (a) Optical density; (b) scaled upconverted fluorescence; and (c) scaled S; fluo-
rescence of films with varying concentrations of ZnTPP in PMMA. Spectral bandwidths were
as follows: (a) 2 nm; (b) 14.4 nm; and (c) 1.8 nm. The break in (c) was required to prevent
detector saturation. Spectra are not corrected for reabsorption.

Table 3.2: Correction Factors for ZnTPP:PMMA Films in Figure 3.6

Wt % ZnTPP:PMMA | Correction Factor
1.25 73
1.11 201
1.00 270
0.909 142
0.833 188
0.769 299

As seen in Figure 3.6(a), the upconverted fluorescence initially increases with dye
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loading concentration up to 1%, after which it decreases. This result is reasonable in
an aggregation-driven TTA-UC system. At very low dye-loading, excited molecules are
separated by a distance greater than that required for DET within the triplet lifetime.
Thus, upconverted fluorescence is not observed. Aggregation increases with dye load-
ing, increasing the probability that two triplet excitons are created in sufficiently close
proximity for DET to produce observable TTA-UC. However, significant aggregation also

increases the probability of reabsorption effects or self quenching.

The excitation power dependence of prompt and upconverted fluorescence are shown
in Figure 3.7 for the film with 1% ZnTPP:PMMA. This sample was chosen because it
displayed the greatest upconverted fluorescence in the dye-loading study. In these studies,
excitation power was varied over the same range while prompt and upconverted fluores-
cence were separately monitored. A study of this kind is used to determine the dominant

annihilation kinetic regime as detailed in Section 1.3.2.

The slope of 1.30 + 0.01 in Figure 3.7 demonstrates that TTA-UC in this sample
occurs under conditions that lie between the two kinetic limits, and somewhat nearer the
strong annihilation kinetic regime. This notion seems appropriate for the present case,
in which a degree of pre-aggregation is required to observe upconverted fluorescence. In
this sample the annihilation pathway counts for a considerable fraction of the triplet de-
cays relative to the undesired pseudo first-order quenching pathways. Such conditions are

desirable because they lead to the maximum TTA-UC efficiency achievable in the system.
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Figure 3.7: (a) Sy fluorescence; and (b) Ss upconverted fluorescence spectra of a 1% wt ZnTPP
in PMMA spin-cast film. (c) Excitation power-dependence of ZnTPP integrated direct fluo-
rescence (black) and upconverted fluorescence (red); (d) Variation in upconverted fluorescence
with scaling S; fluorescence by changing excitation power. In (c), the black line is the linear fit
of the S1 fluorescence data while the red curve is the quadratic fit of the upconverted fluores-
cence data. The upconverted fluorescence in (c) has been scaled by 100. Spectral bandwidths
in (a) and (b) are 0.9 nm and 14.4 nm, respectively.

Figure 3.8 shows the Soret fluorescence of the 1% wt ZnTPP:PMMA film from two
different excitation sources. The violet curve in Figure 3.8 is the prompt Soret fluo-
rescence following Soret (405 nm) excitation, while the green curve shows upconverted
fluorescence following 532 nm excitation. Figure 3.8 demonstrates that homomolecular
TTA-UC results in delayed fluorescence from the Sy band of ZnTPP due to its agreement
with prompt S, fluorescence following Soret excitation. The difference in peak width and
the slight red-shift in peak wavelength are attributed to the substantially greater spec-
tral bandwidth utilized in the TTA-UC studies. The effect of bandwidth on fluorescence

spectral data is discussed in Section 2.2.
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Figure 3.8: Soret fluorescence of 1%wt ZnTPP:PMMA film via Soret excitation (violet) and
upconverted fluorescence via 532 nm excitation (green). Spectral bandwidths are 1.8 nm for
direct fluorescence and 14.4 nm for upconverted fluorescence.

The final study of ZnTPP-doped PMMA films observed the variation in upconverted
fluorescence as a function of film thickness. The absorption and fluorescence spectra are
shown in Figure 3.9 while Figure 3.10 plots fluorescence as a function of film thickness.
Films were prepared by spin-casting ZnTPP:PMMA solution onto clean, dry slides. For
these films, 200 pL increments of 1%wt ZnTPP in PMMA were cast from DMF solution
at 2000 rpm. The sample films were varied from 1 to 8 layers to facilitate a significant
difference in thickness. Drop size was increased substantially in this film preparation to

promote film uniformity. Films were cast and dried at ambient temperature.

The films prepared for the dye-loading experiment in Figure 3.6 were white and
opaque, indicative of a highly crystalline PMMA domain that can be attributed to dry-
ing under moderate heat. The samples prepared here were transparent, indicative of an
amorphous PMMA film. This change in PMMA crystallinity suggests an explanation
for the blue-shift in ZnTPP absorption and fluorescence spectra in Figure 3.9 relative to
the previous figures. Annealing has been reported to enhance aggregation of porphyrin
moieties in heterogeneous films, %5181 g possible explanation for the red-shift in the heat-

dried films relative to those presented here.
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prompt Sy fluorescence of ZnTPP:PMMA films as a function of film thickness. Spectral band-
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peak fluorescence in a ZnTPP:PMMA film as a function of film thickness. The utilization of
film optical density as the independent variable assumes a consistent film composition.

Assuming a consistent film composition, the total amount of dye present in the film
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varies linearly with thickness. Optical density is directly proportional to film thick-
ness via Beer’s Law. Hence the use of film optical density as the independent vari-
able is justified in Figure 3.10, reducing the discrepancy in the amount of dye in each
film. This discrepancy arises from poor reproducibility of films prepared via spin-casting.
Since aggregation-driven TTA-UC in the ZnTPP:PMMA is toward the strong annihila-
tion regime, as demonstrated by Figure 3.7, one would expect upconverted fluorescence
intensity to increase linearly with film thickness. Figure 3.10(a) shows the thickness-
dependence of S; fluorescence while (b) shows the thickness-dependence of upconverted

So fluorescence.

The upconverted fluorescence intensity demonstrates a non-linear dependence on film
thickness. This relation suggests that the kinetic behaviour of the system at the film
surface may differ from that of the bulk film. Specifically, the sub-linear behaviour sug-
gests that upconverted fluorescence by TTA-UC is less efficient in the bulk material than
near the surface. Further testing is required to fully understand the dependence of film
thickness on upconverted fluorescence. Such experiments would require more precise film
preparation methods and experimental techniques. Spin-cast films are not reproducible
in terms of thickness or composition. More sophisticated preparation methods could con-

firm the sub-linear relation observed in Figure 3.10.

3.5 ZnTPP-doped Poly(ethylene glycol) Films

PEG (MW = 10 kDa) was explored as a potential host matrix for TTA-UC on account
of its low glass transition temperature, which would facilitate diffusion-driven TTA-UC.
Furthermore, its water solubility is desirable for more environmentally-friendly manu-
facturing of UC-active PEG-based films. Films for the proof of principle studies were
fabricated by drop-casting 1%wt ZnTPP:PEG from chloroform solution and drying at

35°C. Phase separation was not observed in these films. Figure 3.11 compares the fluo-

48



rescence spectra of the drop-cast ZnTPP:PEG and ZnTPP:PMMA films. The absolute
peak intensities and peak wavelengths are given in Table 3.3. The S; and S, fluorescence
bands are red-shifted equally in the PEG matrix relative to the PMMA. This consistent
shift suggests a change in the electronic environment of the porphyrin. Possible reasons
for this shift will be discussed below. The peak at 705 nm matches for the two samples,
further pointing to an artefact contained somewhere in the apparatus. The ZnTPP:PEG
film had a significantly higher ZnTPP concentration than its PMMA counterpart, justi-
fied by a S; fluorescence intensity that is an order of magnitude greater in the PEG-based
film. However, Sy upconverted fluorescence intensity was a factor of two smaller than in
the PMMA film. Given the significant difference in dye loading, this PEG film exhibits a

far less efficient TTA-UC process. Possible reasons for this discrepancy will be discussed.
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Figure 3.11: Separately normalized (a) upconverted fluorescence and (b) direct fluorescence
spectra of 1%wt ZnTPP:PEG (red) and 3.5% wt ZnTPP:PMMA drop-cast films using a 144
mW/cm? 532 nm excitation. Spectral bandwidths are: (a) 14.4 nm; (b) 1.8 nm. Spectra are
not corrected for reabsorption.

Table 3.3: Emission Spectral Data for ZnTPP:Polymer Drop-cast Films

ZnTPP:PMMA | ZnTPP:PEG
Sy | Wavelength 431 nm 443 nm
Intensity 2400 cps 1200 cps
S1 | Wavelength 643 nm 656 nm
Intensity 36000 cps 285000 cps

The effect of dye-loading on upconverted fluorescence in ZnTPP:PEG films is shown

in Figure 3.12. Films were fabricated by spin-casting 5 layers at 2000 rpm onto clean,
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dry slides at room temperature. Drop size was sufficiently large as to achieve reasonably
uniform films. Reabsorption-corrected spectra in (c) were scaled by the integrated Soret
absorption band and replotted in (d) to normalize out the effect of changing dye concen-
tration in the films. The dependence of TTA on excitation intensity was not obtained
due to significant photodegradation of the ZnTPP:PEG films. Obvious discolouration of

the sample was apparent at the low excitation power utilized in these studies.
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Figure 3.12: (a) Optical Density; (b) Si fluorescence; and (c) reabsorption-corrected upcon-
verted fluorescence; and (d) scaled reabsorption-corrected upconverted fluorescence as a func-
tion of ZnTPP:PEG dye loading. Spectral bandwidths are (a) 2 nm; (b) 1.8 nm; (c,d) 14.4 nm.
Excitation source in (b-d) was 532 nm at 144 mW /cm?.

The spectral data of Figure 3.12 provide evidence of ZnTPP aggregation and self-
quenching. As dye loading is increased significantly, the spectral features broaden and
shift to lower energies. This threshold dye-loading is lower than that observed in the
PMMA films due to the molecule’s ability to diffuse in the PEG polymer. The blue-shift

in Figure 3.12 relative that of Figure 3.11 is attributed to differences in film morphology.
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The dye loading experiment was performed using spin-cast films while the proof of prin-

ciple data utilized drop-cast films.

The low efficiency of homomolecular TTA-UC in this system may be due to several
factors. First, it is conceivable that the threshold dye-loading concentration is low due to
the diffusion of ZnTPP through the PEG matrix. Thus, significant self-quenching effects
would occur at a much lower concentration in this film. The data of Figure 3.12 demon-
strate the greatest fluorescence intensity for the film of lowest dye loading ratio. Further
optimization would require a study of lower dye concentrations to obtain the optimum
concentration. Additionally, the discolouration of the PEG films suggests photochemical
degradation of the film. Increased upconverted fluorescence intensities due to an opti-
mized dye loading ratio would allow for TTA-UC utilizing excitation powers below the
degradation threshold. Power dependent study of NCPU would then be possible in this

system.

Finally, it is possible that the oxygen atom in the PEG coordinates to the Zn?* ion
in the same manner as described for PU in Section 3.3. A study of carbon-only polymers
would aid in determining whether coordination of the PEG has any effect of upconverted
fluorescence intensity. Candidates for carbon-only polymers are presented in the Future

Direction in Section 3.6.

3.6 Summary and Future Direction

NCPU has been explored via homomolecular TTA in ZnTPP in polymer matrices. It
has been demonstrated that homomolecular TTA occurs toward the strong annihilation
kinetic limit for the champion films spin-cast from 1%wt ZnTPP:PMMA solution. A
sub-linear increase in upconverted fluorescence intensity was observed as film thickness

is increased. This system represents aggregation-driven homomolecular TTA in ZnTPP
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films due to the high glass transition temperature of the PMMA matrix. Further stud-
ies are required to verify the thickness-dependence trends to a satisfactory level. With
more precise methods, a detailed exploration of film thickness effects would be attain-
able. These studies would likely include steady-state spectroscopy as well as ultra-fast
laser spectroscopy to observe how the triplet lifetime of ZnTPP varies with film thick-
ness. These studies would provide useful insight for the guided future study of homo- or

hetero-molecular thin film upconverting systems sensitized by ZnTPP.

Homomolecular TTA in ZnTPP in polymers possessing low glass transition temper-
atures was also explored. Polyurethane was deemed an unsuitable host matrix in these
studies despite its success in the literature for heteromolecular triplet sensitized TTA-
UC systems. 5°798] Tt is believed that no upconverted fluorescence was observed in the
present study due to polymer coordination to the Zn%* jon. As reported in the litera-

(53

ture, ¥ such coordination would provide a steric barrier to TTA-UC, as excited triplet

molecules would be held apart by a distance greater than that required for DET.

Diffusion-driven homomolecular TTA was then demonstrated for ZnTPP in a PEG
matrix. The dominant annihilation kinetic regime was not determined in this system due
to significant photochemical changes, but proof in concept of TTA-UC was demonstrated
conclusively. A study of the dye-loading ratio in these films verified that the onset of par-
asitic self-quenching effects was at very low dye concentrations. Upconverted fluorescence
yields were very low in these films. It may be that the low yields are due to porphyrin
self-quenching that is non-negligible at the concentrations utilized due to diffusion of the
porphyrin in this system. Additionally, there may be a possibility polymer coordination
to the Zn?* ion. Distinct routes for determining the source of this inefficient TTA through
the use of carbon-only polymers are proposed, These polymers are shown in Figure 3.13

and their properties are summarized in Table 3.4.
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Figure 3.13: Molecular structures of polymers proposed for future studies of TTA-UC in thin
films.

Table 3.4: Material Properties of Potential Future Polymers

Acronym/Identifier | Polymer Name | Glass Transition Temperature (°C)
LDPE/HDPE Poly(ethylene) -125/-80
PS Poly(styrene) 95

Polystyrene (PS) and polyethylene (PE), which contain only carbon atoms in the
molecular structure, have been deemed attractive materials for future studies of ZnTPP-
doped polymer films. Since carbon will not coordinate to the Zn?* ion, these poly-
mers provide the ability to explore aggregation-driven and diffusion-driven homomolec-
ular TTA-UC in the absence of polymer coordination. PE is a particularly interesting
choice for polymer matrix due to its availability in high- and low-density forms with a
substantial variety in chain length. By studying TTA-UC in a PE matrix as the polymer
chain length is varied, upconverted fluorescence can be studied as a function of diffusion
rate in a controlled manner. In addition, the source of inefficiency in the PU and PEG
matrices can be verified as follows: the carbon-only PE would provide a matrix that does
not coordinate to the Zn* ion. Possible coordination of these polymers to the Zn?* ion
can be verified through a Stern-Volmer experiment in which potential quencher is added
to a sample of upconverting ZnTPP:PE. If polymer coordination is not occurring in the
PU and PEG matrices, then the upconverted fluorescence of the ZnTPP:PE system will
resemble that of the ZnTPP:PEG system and the proposed Stern-Volmer experiment
will yield no significant difference in upconverted fluorescence. The study of upconverted
fluorescence in a PS matrix would provide a carbon-only analogous system to the PMMA

study presented in this work.
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Chapter 4

Spectroscopic and Photophysical
Studies of Ru-DPA Polymers

4.1 Introduction to Ru-DPA Polymer System

TTA-UC has been studied in two photophysically-active polymers in which a Ru(bpy)s
sensitizer and DPA emitter are covalently bonded. The power dependence of TTA-UC
and the triplet energy transfer mechanisms were studied by steady state fluorescence
spectroscopy. From these experiments, the nature of the energy transfer mechanisms
involved in TTA were determined. A version of this work has been published in the Jour-
nal of Physical Chemistry Letters.l®”) Figure 4.1 gives the molecular structures of the
polymers and control samples. pDPA is a polymer chain containing 30 DPA moieties.
In Ru2DPA and Ru6DPA, each polymer contains a Ru(bpy)s core and either two or six

DPA-containing pendant arms. These arms are 8 DPA units in length.

Reproduced in part with permission from [Philip C. Boutin, Kenneth P. Ghiggino, Timothy L. Kelly,
and Ronald P. Steer. Photon Upconversion Via Triplet-Triplet Annihilation in Ru(bpy)s- and DPA-
functionalized Polymers. The Journal of Physical Chemistry Letters, 4:4113-4118, 2013.] Copyright
2013 American Chemical Society.
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Figure 4.1: Molecular structures of species studied in this chapter, slightly modified from the
literature. [67:140]

The photochemistry and photophysics of Ru(bpy)s and its derivatives have been stud-
ied for decades, developing widespread application in sensing, displays, electrolumines-
cence, photoelectrochemistry, and artificial photosynthesis. 2 Meyer and associates re-
ported the first detailed study of energy transfer from ([Ru(bpy)s]>")* in 1974183 and
provided a detailed literature review of energy transfer from derivatives of ([Ru(bpy)s]**)*
in 2013.1182 Of significance to the present work is the summary of Meyer’s advancement
in energy-transfer systems containing Ru(dmb)s-functionalized polymers. These results
were first reported several decades ago with evidence of energy- or electron-transfer
polymer structures containing Ru(dmb)s as a light-harvesting antenna.'®*1%] Further
studies by Meyer have demonstrated evidence of intramolecular energy transfer [184185187]
and multiple excitations with adjacent multiple electron transfers during single laser

flashes. '8 ITn 2002, % intramolecular energy migration between subsequent Ru(II) moi-
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eties en route to an Os(II) trap site was reported with an efficiency >90% at ambient
temperature. Examples of Ru(bpy)s-containing polymers reported by Meyer and asso-
ciates are discussed in the review.['®2 These reports have focused on the quenching of
Ru(bpy)s photoluminescence, direct evidence of energy transfer from Ru(bpy)s; to the

polymer acceptor moieties.

Energy transfer from functionalized compounds based on Ru(bpy)j; in the context
of TTA-UC was first reported by the Castellano group.™ This report demonstrated
a delayed and anti-Stokes shifted fluorescence of Ru(dmb)s(bpy-An) in solution. This
blue-shifted peak was attributed to TTA-UC in anthracene by comparison to the fluo-
rescence spectrum of singlet-excited anthracene. TTET from Ru(bpys) complex to An
in this macromolecule proceeds with a QY of unity. % This efficient TTET results from
the efficient ISC in Ru(bpy)s complexes and the close proximity of sensitizer and emit-
ter in this material, allowing for efficient DET. Cannizzo et al.!'*"!l demonstrated that
sensitized Ru(bpy)s undergoes ISC to a hot triplet state within ~ 10 fs, followed by
vibrational relaxation within ~ 10 ps. The efficient ISC in Ru(bpy)-compounds can be
attributed to strong spin-orbit coupling, '®? as can the phosphorescence QY reported to
range between 7.3019 and 9.5019% percent in acetonitrile. This phosphorescence QY is

also solvent-dependent.

This efficient ISC has led to the application of Ru(bpy)s complexes as sensitizers in
heteromolecular TTA-UC systems, 425774 76:1T-120:135138] Castellano’s second report (™) of
TTA-UC utilizing a Ru(bpy)s sensitizer was based on a change in emitter from anthracene
to DPA. DPA possesses a long-lived triplet state along with a fluorescence QY that is
significantly higher than that of anthracene, resulting in a greatly enhanced upconverted

fluorescence QY. Since that report, DPA has become a very common emitter material

for TTA-UC.

Numerous reports have been published over the past decade on TTA-UC in systems of
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polymer glasses, 0596 dye-doped nanoparticles, 637 and sensitizer-doped polymer emit-
ters(0594 in addition to the polymer films discussed in Section 1.5. In 2013, Ghiggino and
associates!'? reported the synthesis and kinetic analysis of the inter-chromophore en-
ergy transfer in two novel polymers, each containing a core Ru(bpy)s unit surrounded by
multiple DPA-containing arms. Figure 4.1 gives the molecular structures of the materials
studied in that report, which are also studied in the present work. Ru2DPA, Ru6DPA,
and pDPA were synthesized via reversible addition fragmentation chain transfer (RAFT)
polymerization as described in the literature. 1%19] Significant photophysical highlights

from Ghiggino’s report with relevance to the present document are shown in Figure 4.2.
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Figure 4.2: (a) Energy-level diagram for Ru-DPA polymers; (b) Phosphorescence spectra of
Ru2DPA, Ru6DPA, and Ru(dmb)s following 480 nm excitation; (c) Fluorescence spectra of
Ru2DPA, Ru6DPA, and pDPA following 370 nm excitation; (d) Normalized photoluminescence
spectra of Ru2DPA and Ru6DPA following 485 nm excitation. Studies were performed in
degassed CHCIs using a pulsed excitation source. Compounds in each quenching study had
the same optical density at the excitation wavelength. All figures were taken directly from the
reference’% and reproduced with permission by Elsevier.

Figure 4.2(b and c¢) provide evidence of energy transfer within the polymer. Figure
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4.2(b) demonstrates the quenching of Ru(bpy)s phosphorescence by the DPA moieties.
In Figure 4.2(c), the quenching of DPA fluorescence by the Ru(bpy)s core (back en-
ergy transfer) is demonstrated. These energy mechanisms are shown schematically in
(a). Ultra-fast spectroscopy and detailed kinetic analysis supported the steady-state re-
sults. 1% As seen in Figure 4.2(d), 485 nm excitation yielded an unexpected peak at ~
430 nm. This matches the peak shown in (c¢) for the S; excitation and prompt fluorescence
of DPA moieties in the polymer. This peak in Figure 4.2(d) was attributed to upcon-
verted fluorescence via TTA but was otherwise not characterized due to experimental

constraints. NCPU studies in these polymers are presented here.

4.2 Steady-State Spectroscopy of the Ru(bpy)s;-DPA
Polymers

Excitation power-dependent photoluminescence spectra of Ru2DPA and Ru6DPA in
dilute solution confirmed the notion that TTA-UC occurs in these polymers. Spectro-
scopic measurements described in this chapter were performed using the SPEX Fluorolog
Spectrofluorometer described in Chapter 2. Samples were studied in a 1 cm X 1 cm

quartz cuvette with attached bulb to facilitate degassing of solution.

Figure 4.3 shows the optical density and scaled photoluminescence spectra following
532 nm excitation of these compounds. These spectra are in agreement with those pre-
viously reported for these materials. 1% Ru2DPA and Ru6DPA demonstrate the broad
metal to ligand charge transfer (MLCT) absorption and phosphorescence bands charac-
teristic of Ru(bpy)s. The multi-peak absorption band of DPA is not observed. At the
polymer concentrations utilized, the optical density of these DPA moieties is so great
that it saturates the apparatus. In the upconverted fluorescence spectrum, the char-
acteristic DPA multiple-peak structure again loses spectral resolution relative to direct

excitation into the DPA absorption band. This loss of resolution is due to a combination
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of effects including significant broadening due to the large spectral bandwidths utilized
and intermolecular interactions between pendant DPA moieties in the polymer strands.
A broadening of the DPA emission bands upon TTA-UC in the polymer compounds is
consistent with literature reports for systems containing monomeric DPA.P%7! The red
edge of the upconverted fluorescence peak does not return to baseline in the same manner
as the blue edge. The significant increase in the background counts on the red edge is
due to laser scatter at the high spectral bandwidths used. The details for data modelling

are given in Appendix A.5.
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Figure 4.3: (a) Optical density; and (b) Scaled photoluminescence intensity of Ru2DPA (black),
Ru6DPA (red), Ru(dmb)s (blue) and pDPA (orange) with 14 mW/cm? 532 nm excitation.
Spectral bandwidths were 2 nm for optical density, 12.6 nm for upconverted fluorescence and 2
to 4 nm for phosphorescence spectra. Phosphorescence spectra were scaled via division by the
following constants: 2.5x for Ru2DPA; 8.5x for RU6DPA; 75x for Ru(dmb)s. The peaks in
(b) were oxygen-sensitive.

Figure 4.4 shows the upconverted fluorescence and phosphorescence spectra of Ru2DPA
and Ru6DPA as a function of excitation power. These data allow for the determination
of the dominant kinetic regime for the decay of emitter triplets. These compounds were
thoroughly degassed in the following manner: samples were sparged with high-purity
Ny gas for thirty seconds in a glove bag and then degassed via five freeze-pump-thaw
cycles prior to spectroscopic study. The absorbance spectrum was recorded before and
after each photoluminescence experiment in order to verify the photostability of these

polymers. Polymer samples were diluted such that the optical density at the excitation
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wavelength was below 0.15 to minimize reabsorption effects.!'% The optical density at
the excitation wavelength was kept nearly constant for all samples studied for meaningful

comparison of the data through QY calculations.
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Figure 4.4: Photoluminescence spectra of ~75 uM (a, b,) Ru2DPA; and (¢, d) Ru6DPA
in degassed chloroform as 532 nm excitation power density is varied from 1 to 50 mW /cm?.
Spectral bandwidths are: (a) 12.6 nm; (b) 1.8 nm; (c) 12.6 nm; (d) 3.6 nm.

The data are replotted in double-logarithmic plots in Figure 4.5. The phosphorescence
intensity in these compounds varied linearly with excitation power. Ru6DPA has a slope
nearing 2, demonstrating TTA-UC in the weak annihilation kinetic limit, while the slope
for Ru2DPA approaches 2 but begins to drop off at higher power densities. This latter
tendency is evidence of the beginning of a shift from the weak to strong annihilation
kinetic limit, consistent with the higher upconverted fluorescence intensity observed in

Ru2DPA relative to Ru6DPA. The decrease in slope for Ru2DPA was realized by taking
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the best fit line of the three terminal data points at the high- and low-excitation power

regions of those utilized in the present study.
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Figure 4.5: Double logarithmic plot of upconverted fluorescence peak intensity vs. phospho-
rescence peak intensity of ~75 uM solutions of (a) Ru2DPA; and (b) Ru6DPA in degassed
chloroform at room temperature. The corresponding incident power density range is 1 to 50
mW/cm?.

Discussion of the difference in upconverted fluorescence intensities of Ru2DPA and
Ru6DPA is deferred to the comparison of QYs in Section 4.5. Presently, the double-
logarithmic results verify that the 430 nm fluorescence peak observed by Ghiggino!*% is

of TTA-UC origin in the weak annihilation kinetic limit.

4.3 Quenching of Ru(dmb); Phosphorescence by DPA

Quenching studies of Ru(dmb)s by pDPA and DPA were performed to simulate the
energy-transfer processes occurring in the Ru-DPA polymers. Variations in optical den-
sity, phosphorescence, and upconverted fluorescence as pDPA and DPA are added to
Ru(dmb); are shown in Figures 4.6 and 4.7. These experiments were performed as a
titration of the sensitizer with DPA. Solutions of sensitizer and emitter were separately
sparged with high-purity nitrogen gas for thirty seconds prior to experiments. Titrations
were performed in a nitrogen-flushed glove bag and the mixture was degassed via five

freeze-pump-thaw cycles prior to photoluminescence spectroscopy. The absorbance spec-
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trum of the mixture was recorded before and after each photoluminescence experiment.
This verified that the samples were not subject to photodegradation at the low power
density utilized. It also allowed for concentration corrections due to variations in optical

density of the Ru-core as a consequence of diluting with the added DPA solution.
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Figure 4.6: Variation in (a) optical density; (b) phosphorescence; and (c) upconverted fluo-
rescence as volumes of 2 mM of pDPA are added to 75 uM Ru(dmb)s in degassed chloroform.
Spectral bandwidths are: (a) 2 nm; (b) 1.8 nm; (c) 14.4 nm. Excitation power was 14 mW /cm?
at 532 nm.
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Figure 4.7: Variation in (a) optical density; (b) phosphorescence; and (c) upconverted fluo-
rescence as volumes of 10 mM DPA are added to 75 pM Ru(dmb)s in degassed chloroform.
Spectral bandwidths are: (a) 2 nm; (b, ) 1.8 nm. Excitation power was 14 mW/cm? at 532 nm.

As pDPA is added to Ru(dmb)s, the onset of upconverted fluorescence and incorpo-
ration of the DPA absorption band into the absorption spectrum are observed (Figure
4.6). These effects coincide with decreased phosphorescence from Ru(dmb)s. The ef-
fects are gradual due to the limited amount of pDPA available for these experiments,
necessitating the use of very small volumes at relatively low concentrations of pDPA.
For this reason, spectral changes observed in Figure 4.6 are less pronounced than those
observed in Figure 4.7. Phosphorescence quenching is shown in the Stern-Volmer plots
in Figure 4.8. From these Stern-Volmer plots, the kinetic rate constant of TTET from
Ru(dmb)s to DPA and pDPA can be determined. The ability to carry out the experiment

to quenching ratios of Iy/I — 2 or 3 would have likely decreased the noise in Figure 4.8(b).
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Figure 4.8: Stern-Volmer plots for the phosphorescence quenching of 75 uM Ru(dmb)s by (a)
DPA; and (b) pDPA. Excitation power was 14 mW/cm? at 532 nm. Slopes are given in Table
4.1.

Since quenching of Ru(dmb); is via TTET to a DPA moiety, the rate constant for
TTET from sensitizer to emitter is calculated from the slope of the Stern-Volmer plots
in Figure 4.8. The values are summarized in Table 4.1 below.

Ph

IP(;L =1 + kTTE'T X To [DPA} (41)

[DPA]

where 79 is the lifetime of Ru(dmb); at the concentration utilized in the experiment. This

value is 871.2 4+ 0.1 ns, as determined by LFP and outlined in the Appendix A 4.

Table 4.1: TTET Rate Constants from Ru(dmb)s to DPA Moieties

Quencher Slope Rate Constant
pDPA 0.0019 £ 0.0003 uM~t | 2.2 £ 0.3 x 10°M 157!
DPA 0.865 4 0.008 mM~! | 1.00 £ 0.01 x 10°M~ts~!

The rate constant for energy transfer between Ru(dmb)s and DPA monomers can be
compared to the diffusion-limited value of kygr = 1.0 x 101°A/ ~1s~1 in CHCl; using the
Stokes-Einstein model, 4 which does not take spin statistics into account. The results
are not intuitive, since the quenching rate constant of the slower-diffusing pDPA is a
factor of 2.2 greater than the DPA monomer. From the DOSY experiment discussed in

Appendix A 4, the diffusion rate of the DPA monomer is a factor of 3.3 greater than that
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of pDPA. These data suggest that the rate constant for the DPA polymer should be a
factor of 3.3 less than that of the monomer, based solely on diffusion limitations. Thus
the quenching rate constant of pDPA is a factor of 2.2 x 3.3 = 7.3 greater than expected.
This significantly enhanced quenching may be due to a greatly increased interaction cross
section as a consequence of tethering many DPA moieties together. Since pDPA is a chain
containing thirty DPA units, the availability of DPA moieties in pDPA for short-range
DET is 7.3/30 ~ 1/4 that of a single DPA unit. This calculation is consistent with the
notion that the DPA polymer can bend or fold in solution, shielding some of the interior

DPA units such that they are not available for DET.

4.4 Nature of Energy Transfer Processes

Consideration was given as to whether the energy transfer processes required for
TTA-UC are occurring between adjacent macromolecules (interchain) or within a single
macromolecule (intrachain) based on the present %7 and previous™% results. Laser flash
photolysis (LFP) determined the weighted averages of the four component lifetimes of
the Ru-core phosphorescence to be 99 and 33 ns in Ru2DPA and Ru6DPA, respectively.
Given the slow diffusion rate of the polymers and the low concentrations utilized in the
steady-state experiments, it is not probable that Ru-DPA TTET occurs between adjacent
chains.” Thus TTET from Ru-core to DPA moieties is considered to be an intrachain

process.

Similar analysis demonstrates that TTA is an interchain process.6” DPA triplets in
Ru2DPA and Ru6DPA decay by first order processes with a lifetime >100 us in degassed
chloroform.™% Figure 4.5 shows that the triplet DPA moieties produced in the steady-
state experiment are also decaying by first order or pseudo-first order processes,®” as
evidenced by the weak annihilation kinetic limit observed at the low excitation pow-

ers utilized. Typical second-order rate constants for homomolecular TTA in aromatic
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monomers such as DPA are generally 1 to 5 x 10° M~'s~1.[254% Calculating interaction
cross-sections and relative diffusion coefficients justifies intermolecular TTA in the poly-

mers at the low power densities utilized in these studies.

The above result can be supported by determining the probability of sequential two-
photon absorption by a macromolecule resulting in intrachain TTA-UC. A conservative
calculation utilizing the parameters listed in Table 4.2 yields an absorption rate of 12
photons per second, ™ or a photon absorption event occurring every 1—12 s. The excited
triplet state of DPA has a lifetime on the order of 100 us in the polymer species. Since
1—12 s ~ 10°us > 100 us, it is not probable that the sensitizing core will absorb a second
photon before relaxation of the DPA triplet in the same chain. Thus TTA must be an

intermolecular process.

Table 4.2: Parameters for Calculation of Sequential Two-Photon Absorption

Excitation | Excitation | Excitation | Optical Density | Concentration
Wavelength Power Diameter at 532 nm of Ru(bpy)s;
532 nm 1 W/cm? 2 mm 0.15 100 pM

A cartoon summary of the energy processes involved in Ru2DPA and Ru6DPA in this
study is shown in Figure 4.9 below. At the low power densities utilized, sensitized Ru-
cores exhibit intrachain TTET to DPA moieties, which undergo interchain TTA leading

to upconverted fluorescence.
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Figure 4.9: Cartoon depiction of the energy transfer processes occurring in Ru2DPA and
Ru6DPA.

4.5 Photoluminescence Quantum Yields

Photoluminescence QYs were calculated via the comparative method ™ using rho-
damine 6G in CHCl; as the standard, which has a QY of 0.75.11% Details of QY calcula-
tions, explanation of data modelling, and tabulated excitation power-dependent QYs of
Ru2DPA, Ru6DPA, and control samples comprised of Ru(dmb); and DPA are given in
Appendix A.5. The mean phosphorescence QYs for Ru2DPA, Ru6DPA, and Ru(dmb);
are given in Table 4.3, along with the upconverted fluorescence QYs as a function of
excitation power density for Ru2DPA and Ru6DPA. Upconverted fluorescence QYs are
reported as a function of the power-dependent slope ¥, where ¥ is the excitation power

2 x 107%. This is because TTA-UC is occurring in the weak annihi-

density in mW /cm
lation limit at the low power densities used in this study, as described in Section 1.3.2.
At high power densities, ¢yc would reach a maximum value independent of excitation

power. The tabulated data from Appendix A.5 is plotted in Figures 4.10 and 4.11 for the

polymers and controls, respectively.

Table 4.3: Summary of QY Results

Species ®ph duc
Ru(dmb); | 0.022 + 0.003
Ru2DPA | 1.8+ 0.1 x 1073 3.1 +010

Ru6DPA | 1.9+ 0.1 x 1073 | 0.39 + 0.01 ¥
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Figure 4.10: 532 nm excitation power dependence of (a) integrated phosphorescence; (b) phos-
phorescence QY; (c) integrated upconverted fluorescence; and (d) upconverted fluorescence QY
of Ru2DPA (black), Ru6DPA (red), and Ru(dmb)s (green). Linear correlations are forced fit
through the origin. Details of data correcting are given in Appendix A.5.

The excitation power-dependence of QYs shown in Figure 4.10 matches the trends
reported in the literature. *3 Briefly: in the weak annihilation kinetic regime, upconverted
fluorescence intensity has a quadratic dependence on triplet concentration as shown in
Appendix A.1. Since the fluorescence intensity of the reference standard varies linearly
with power density, the net result is an increase in QY with excitation power in this

kinetic regime. From Equation A.6,

(PD)’
(PD)

Iyc

Iref

(bUC,weak X x PD

in the weak annihilation kinetic regime. In the strong annihilation kinetic regime, upcon-

verted fluorescence varies linearly with excitation power. Thus the QY is independent
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of excitation power in this kinetic regime. The calculation of power dependence of phos-
phorescence is identical to the strong annihilation kinetic regime.
Iye  (PD)

stron e T Y PDO
PUC,st goclref xPD) o (PD)

The QY trends reported in Figure 4.10 are consistent with the trends of the inte-
grated photoluminescence intensity. A control experiment was performed using solutions
of Ru(dmb)s and DPA in CHCl; in a ratio equal to that of Ru2DPA and Ru6DPA - 1:16
and 1:48, respectively. Each control sample had 74 uM Ru(dmb);, while DPA concentra-
tions were 1.18 mM and 3.52 mM, respectively. This experiment was designed to monitor
the power dependence of the upconverted fluroescence QY as the system shifts from the
weak to strong annihilation kinetic limit. This range will demonstrate a change in the
power dependence of the upconverted fluorescence (Figure 4.11). The 74 M Ru(dmb);
+ 3.52 mM DPA solution yielded poor results, likely resulting from significant DPA ag-
gregation and self-quenching at the high concentrations utilized. The 74 pM Ru(dmb);
+ 1.18 mM DPA solution yielded better results, demonstrating asymptotic behaviour in
QY as excitation power increased. This strong annihilation kinetic limit represents the
maximum upconverted fluorescence QY, or highest efficiency, attainable in the system.
The sample of 74 uM Ru(dmb)s + 1.18 mM DPA in degassed chloroform reached a max-

imum QY of over 30%, consistent with literature reports. [’

69



° 2.0x10°{ @ : 0.364 ®© .
[ ] ) :l
- . e o030{ 7
S @ 1.5x10° . g .
g8 . - | 2zo2a{ .
€ S 1.0x10°% S > ] -
£ . T = 0181 |
T O . ° =2 i
2 £ 5.0x10' . g0t .
e 2 . % 2 0.061 .
) o» o oo O * =

8 g)_ 0.0 = 8 0.00] oeeoemes oo o ©

— 0 20 40 60 80 100 > 0 20 40 60 80 100

Excitation Power Density (mW/cm?) Excitation Power Density (mW/cm?)

Figure 4.11: 532 nm excitation power dependence of (a) integrated upconverted fluorescence;
and (b) upconverted fluorescence QY of control samples made of 74 uM Ru(dmb)s + 1.18 mM
DPA (black) and 74 uM Ru(dmb)s + 3.52 mM DPA (red). Details of data correcting are given
in Appendix A.5.

Consider the slopes of the power-dependent upconverted fluorescence QYs in Figure
4.10(d). The slope of Ru2DPA is a factor of 8 greater than that of Ru6DPA. This result is
consistent with the interpretation of the relative accessibility of DPA moieties within the
polymer to interchain TTA. A greater degree of polymer folding is expected in Ru6DPA
due to the greater number of pendant arms. The relative accessibility will then be de-
creased in Ru6DPA relative to Ru2DPA, leading to lower upconverted fluorescence QYs.
This is because polymer folding can hold excited triplets at distances too great for DET
to occur. This notion is consistent with the significant decrease in the fluorescence QY

of pDPA (0.61) relative to monomeric DPA (1). 1140

Ghiggino’s previous report "% demonstrated that the intensities of DPA fluorescence
in Ru2DPA and Ru6DPA are 83% and 69% lower than that of pDPA - attributed to
intrachain FRET from the DPA excited singlet state to the MLCT band of the Ru(bpy)s
core. This quenching result, shown in Figure 4.2, was obtained by exciting directly into
the DPA band of each polymer. This significant quenching of DPA fluorescence helps
justify the very low upconverted fluorescence QYs reported in Figure 4.10 - the corrected
QYs in the absence of back-energy transfer would be a factor of about 7 or 8 greater than

those observed. In the absence of these quenching losses, the upconverted fluorescence
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QY of Ru2DPA would approach 1%. The maximum QY is likely greater than 1%, as it

would only be reached in the strong annihilation kinetic limit.

Phosphorescence QY data show agreement between the Ru2DPA and Ru6DPA at
0.0018 to 0.0019 percent, a quenching efficiency of ~ 91 % for each polymer. These values
are in reasonable agreement with Ghiggino’s previous report in which phosphorescence
intensity was quenched by 93% and 88% for Ru2DPA and Ru6DPA, respectively. 14"
The experimental value reported here for Ru(dmb)s phosphorescence in CHCl3 is 0.022,
which can be compared to literature values of 0.09501°2 and 0.073"% in CH3CN. The
low value measured in the present study may be due to weak intermolecular spin-orbit
coupling attributed to the Cl atoms in the solvent utilized. This would open an additional
non-radiative Ty — Sy pathway in competition with phosphorescence. This discrepancy
in QYs cannot be attributed to the difference in counter ion between the present study

and the literature values. 192

4.6 Upconverted Fluorescence in Thin Films

Thin films of Ru2DPA and Ru6DPA were fabricated by drop-casting polymers from
cholroform solution onto masked glass slides and evaporating the solvent in air. Weak but
measurable anti-Stokes’ shifted photoluminescence was detected upon 532 nm excitation
and attributed to TTA-UC. Figure 4.12 gives the scaled upconverted fluorescence as a
function of excitation power. Due to significantly lower upconverted fluorescence intensi-
ties in the solid state, these spectra are greatly obscured by scatter. The baseline scatter
(in the regions away from the upconverted fluorescence peaks) was fit to a polynomial
function. The raw data were then divided by this polynomial, leaving the spectra in
Figure 4.12(a and c). The adjusted spectra obtained using 105 mW /cm? excitation are

fit to a two-Gaussian model.
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Figure 4.12: (a) Scaled upconverted fluorescence with changing excitation power density; and
(b) double-Gaussian fit of upconverted fluorescence for Ru2DPA. (c) Scaled upconverted flu-
orescence with changing excitation power density; and (d) double-Gaussian fit of upconverted
fluorescence for Ru6DPA. 532 nm excitation power density was varied from 37 to 105 mW/cm?
and Gaussian fits were done using the spectrum obtained via 105 mW/cm? excitation.

The double-peak structure of the upconverted fluorescence resembles the results in
solution, save for a slight variation of the relative peak intensity of the two Gaussian
components. The agreement between the solid state and solution-phase results suggests
that the peak in Figure 4.12 should be attributed to upconverted fluorescence. Correct-
ing to a common excitation power and spectral bandwidth, the upconverted fluorescence
intensity in these films is a factor of 1000 lower than that measured in solution. This
substantial decrease is expected due to the intermolecular nature of TTA in this system
and the restricted diffusion of these macromolecules in thin films. Furthermore, parasitic
inter-chain effects will be enhanced in the film. The aggregation of polymer chains in

the drop-cast film increases the concentration of static trap states that rival TTA-UC.
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An apparatus allowing for spectroscopic study while wetting the film would provide the
opportunity to study these latter two concepts. It is expected that wetting the film with
solvent would significantly enhance upconverted fluorescence due to the greater diffusion

rate and decrease in static traps in small amounts of solvent.

4.7 Summary and Future Direction

A detailed study of upconverted fluorescence has been presented in dilute solutions of
two photophysically active polymers, each containing a single Ru(bpy)s core and multiple
DPA-containing pendant arms. At the low power densities utilized, TTA is occurring in
the weak annihilation kinetic limit and the majority of triplet molecules are decaying
by first order or pseudo-first order processes. Upconverted fluorescence QYs vary lin-
early with excitation power in this kinetic regime, reaching a value of 0.1% for Ru2DPA.
This value does not represent the maximum QY achievable in this system, as the max-
imum value would only be realized in the strong annihilation regime. Also the initial
upconverted fluorescence would be a factor of 7 or 8 greater than that observed due to
quenching of DPA singlets by back energy transfer from the initially excited singlet DPA

moieties to the Ru(bpy)s core.

Ru6DPA had an upconverted fluorescence QY whose slope was about 0.125 that
of Ru2DPA. This diminished QY is likely due to a greater degree of polymer folding,
stemming from the greater number of DPA pendant arms in polymer Ru6DPA. QY cal-
culations also demonstrate that phosphorescence from the Ru(bpy)s core is quenched by
91% in each of the polymers, consistent with previous studies.!'*% The control experi-
ment yielded a phosphorescence QY of 0.022 for Ru(dmb)s in chloroform, comparable to

literature values of 0.073[119 and 0.095192 in acetonitrile.

As a proof-in-principle study, upconverted fluorescence was observed in drop-cast films
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comprised of either Ru2DPA or Ru6DPA. Upconverted fluorescence intensities were a fac-
tor of 1000 less than those observed in solution. This substantial decrease is attributed
to the prevention of diffusion in the solid state and a significant concentration of static
trap states stemming from enhanced polymer folding in the solid state. This result is

consistent with the diminished upconverted fluorescence of Ru6DPA relative to Ru2DPA.

The previous discussion of the detrimental effects of polymer folding is consistent with
the quenching data. Based on the Stern-Volmer experiment, quenching of Ru(dmb);
phosphorescence via TTET occurred with a rate constant of 2.2 x 10° and 1.00 x
10° M~1s7! for pDPA and DPA, respectively. The 2.2-fold enhancement of phospho-
rescence quenching of pDPA relative to its monomer component was unexpected given
the experimentally-determined 1 to 3.3 ratio in diffusion rates. This quenching rate en-
hancement is attributed to the increase in interaction cross section as a result of tethering
thirty monomer units together. The factor of quenching enhancement in pDPA and the
number of monomer units tethered together demonstrate a short-range interaction avail-
ability of 1/4 of a monomer DPA unit. This result is consistent with the notion of polymer
folding in the pendant arms since some DPA moieties would be shielded from DET in
the folded polymer. Kinetic analysis of the quenching data demonstrate intramolecular
TTET from Ru-core to DPA moiety in the pendant arms followed by intermolecular TTA

between DPA moieties.

Low upconverted fluorescence intensities were observed in these photophysically active
polymers. With respect to meaningful application as low-wavelength augmenting layers
in photovoltaics, two points of concern exist in the current system that can guide the de-
sign of future systems. First, polymers should be designed to undergo fast intramolecular
TTA. Realization of this energy mechanism would remove the dependence of TTA-UC on
slow diffusion processes and offer potential for solid-state application without the intensity
losses associated with diminished diffusion rates. To realize intramolecular TTA, poly-

mers must be comprised of many sensitizing moieties and many annihilator moieties - a
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sensitizer-emitter copolymer system. Theoretical structures for upconverting copolymers
have been proposed by Simon and Weder.[*? This copolymer system would experience
enhanced light-harvesting characteristics and an increased probability for multiple one-
photon absorption events within a polymer - a requirement for intramolecular TTA-UC.
Based on the study at hand, it is estimated that a polymer with thirty chromophores
possessing an oscillator strength approaching 1 would result in a shift in the dominant
TTA process from intermolecular to intramolecular under the experimental conditions

employed in this study.

The second limitation is with regards to the energetic pathways available in the sys-
tem. The sensitizer and emitter must have energy levels such that TTET and TTA are
rapid while back-energy transfer is non-competitive. In order to utilize the upconverted
energy in this system, electron or electronic energy transfer from the upconverted singlet
to some acceptor must be more rapid than intramolecular EET via any spin-allowed chan-
nels. Two significant obstacles for the guiding of new photophisically active upconverting
polymers are presented here. A copolymer system which meets these challenges would

become a very strong candidate for potential photovoltaic augmentation via TTA-UC.
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Chapter 5

Overall Summary and Future Work

5.1 Overall Scope

The present study investigated photon upconversion by TTA in polymers. Chapter
2 introduced an experimental apparatus designed for steady-state spectroscopic study of
TTA-UC in films. In Chapter 3, this apparatus was utilized to study homomolecular
TTA in ZnTPP:polymer films. This chapter sought out to study the effect of polymer
glass transition temperature on TTA-UC mechanisms. Chapter 4 extended the study of
polymer-based TTA to a system in which the sensitizer and emitter are covalently bound
together within a polymer. Power-dependent studies of TTA-UC and kinetic studies of
sensitier-emitter polymers in solution are presented to better understand the limiting

factors of TTA-UC in this polymer system.

5.2 7ZnTPP-doped Polymer Films

Aggregation-driven TTA was demonstrated in ZnTPP in PMMA films, which have
a glass transition temperature well above ambient temperature. In this system, ZnTPP
molecules must be pre-aggregated in order for TTA to occur due to the low molecular
diffusion coefficient in the glassy polymer. Homomolecular TTA occurs toward the strong

annihilation kinetic limit in films cast from 1% wt ZnTPP:PMMA solution. Upconverted
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fluorescence was observed to have a sub-linear dependence on film thickness. Further

studies are required to determine the source of the trend.

Homomolecular TTA was also explored in ZnTPP in polymers possessing low glass
transition temperatures. Molecular diffusion-driven TTA was demonstrated in ZnTPP
in a PEG matrix. Here, upconverted fluorescence is achievable through the diffusion of
two excited triplets and subsequent TTA. Determination of the dominant kinetic regime
was not attainable due to significant photochemical changes in the films. A study of
dye-loading ratio in these films revealed significant porphyrin self-quenching effects be-
ginning at very low dye concentrations, a possible explanation for the low upconverted

fluorescence intensities observed.

Homomolecular TTA was not observed in ZnTPP in a polyurethane matrix. It is
proposed that the N atom of PU coordinates to the axial position of the Zn?" ion. Such
coordination would provide a steric barrier to TTA, as excited triplets would be held

sufficiently far apart that short-range DET cannot occur.

Photobleaching and porphyrin self-quenching are considered the likely reasons for the
low upconverted fluorescence intensities observed in the ZnTPP:PEG system, though
PEG coordination to the Zn?** ion is also considered. Whether polymer coordination
plays a significant role in preventing NCPU would require a study of polymers comprised
only of carbon atoms. Specifically, polystyrene (PS) and polyethylene (PE) have been
identified as suitable polymers possessing high and low glass transition temperatures,
respectively. Carbon would not coordinate to the Zn?* ion, so a comparison of upcon-
verted fluorescence in a Zn'TPP:PE system to that of Zn'TPP:PEG and ZnTPP:PU could
be used to verify the coordination effect of PEG and PU. If high upconverted fluorescence
intensities are observed in ZnTPP:PE, Stern-Volmer experiments can be performed to
determine the degree of quenching by PEG and PU. If polymer binding is insignificant

in the ZnTPP:PEG or ZnTPP:PU systems, the upconverted fluorescence intensities ob-
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served in the ZnTPP:PE system would match those of the previous systems. Finally,
PE would provide opportunity for unique additional experiments that vary the degree of
diffusion allowed in the polymer matrix. By varying the PE chain length in a series of
/n'TPP:PE systems, upconverted fluorescence can be monitored in a controlled manner
as the porphyrin diffusion properties in the matrix are varied. PS is a proposed as a

carbon-only analogous to the PMMA-based system.

5.3 Ru- DPA-containing Polymers

A detailed solution-phase characterization of TTA is presented for two photophysically-
active polymers, each containing a single Ru(bpy)s sensitizing core and multiple DPA-
containing pendant arms, where DPA is the emitter species. At the low power densities
utilized, TTA is occurring in the weak annihilation kinetic limit and the dominant decay
channel for DPA triplets is by first or pseudo-first order processes. Ru2DPA exhibited
an upconverted fluorescence QY approaching 0.1% at the low excitation powers utilized.
The QY maximum would be realized in the strong annihilation kinetic limit and the inci-
dent upconverted fluorescence QY would be a factor of 7 or 8 greater than that calculated

due to singlet energy transfer from the DPA moieties back to the Ru(bpy)s core.

The low upconverted fluorescence QY of Ru6DPA relative to Ru2DPA is attributed
to a greater degree of polymer folding in the former, which is due to the greater number of
DPA-containing pendant arms. Such an increase in polymer folding introduces a greater
concentration of energy traps parasitic to TTA-UC. It also enhances the probability of
DPA moieties being shielded from DET. This result is consistent with the 1000 - fold
decrease in upconverted fluorescence in drop-cast films of Ru2DPA and Ru6DPA and

with the results of the quenching experiment.

Stern-Volmer analysis of the quenching of Ru(bpy)s revealed that the rate constant
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for TTET to pDPA is 2.2x greater than that of monomeric DPA, a result attributed to
an enhanced interaction cross section in pDPA. When diffusion rates of each quencher are
considered, the tethered DPA moieties in pDPA demonstrate a short-range interaction
availability of 1/4 that of the monomer per DPA unit in the polymer. This is consistent
with the notion of polymer folding. Kinetic analysis revealed the dominant processes
are intramolecular TTET from Ru(bpy)s core to DPA moiety followed by intermolecular
TTA between DPA moieties. This result is consistent with the substantial decrease in

upconverted fluorescence in the solid state, where molecular diffusion is severely limited.

5.4 Future Outlook

Chapter 3 gave insight into the effects of glass transition temperature on TTA-UC in
ZnTPP:polymer films. Inefficient aggregation- and diffusion-driven TTA-UC was demon-
strated, while self-quenching was likely a significant factor in the low upconverted flu-
orescence observed. The Ru-DPA polymers in Chapter 4 also realized intermolecular
TTA-UC. These materials were subject to diminished TTA-UC yields in thin films in a
similar manner to the system studied in Chapter 3. Both of these thin film upconverting

systems lack efficiency for implementation into photovoltaics.

From the data presented in this work, a strategy for achieving upconverted fluores-
cence relevant to the augmentation of photovoltaics is proposed. Thin film upconverters
with high fluorescence yields would require that TTA occur by intramolecular processes.
A copolymer comprised of many sensitizers and many emitters would be capable of mul-
tiple one-photon absorptions and subsequent intramolecular TTA. Based on the param-
eters utilized in the current study, a polymer containing thirty sensitizers with oscillator
strength approaching 1 should shift the dominant TTA process from intermolecular to
intramolecular. Furthermore, back energy transfer must be non-competitive. To utilize

the upconverted energy in this polymer, electron or electronic energy transfer from the
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upconverted singlet to some acceptor must be more rapid than intramolecular EET. A
copolymer which meets these challenges would become a candidate for photovoltaic aug-

mentation via TTA-UC.
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A.1 Justification of Excitation Power Dependence of
Upconverted Fluorescence

Kinetics of TTA-UC:

The general kinetic scheme for NCPU via TTA is described in Section 1.3 and outlined

in the following mechanism for a sensitizer-emitter system: 2
W + 1S — 15° (A.1a)
e s 35 (A.1b)
3+ B — 1S+ SE* (A.1c)
E*+ E* — B+ 'E (A.1d)
'E* = 'E+ hven (A.le)

where ISC and TTET (b and c, respectively) are fast relative to TTA (d). This notion
is justified by the long-lived emitter triplet state relative to its singlet state and both
the singlet and triplet states of the sensitizer. In addition to the desired TTA pathway,
emitter triplets can also decay through other channels including bimolecular quenching,
self-quenching, and non-radiative relaxation. These relaxation schemes are generalized
as first order or pseudo-first order. Following light absorption and ISC the emitter triplet

concentration decays as follows:

d g . . 3 31 \2
ZLE = —kal*Elo — krra (PE")o) (4.2)

where ky is the sum of the rate constants of the unimolecular first order or pseudo-first

order decay pathways for emitter triplets. Generally, k, represents all pathways that rival

the decay of emitter triplets via bimolecular TTA. Equation A.2 has the exact solution

[SE*} — [SE*]O 1_5

t ekdt _ 5
krra PE*,
kq+ krra PE¥],

(A.3)

8=
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The upconverted fluorescence from the emitter species is integrated with respect to

time, yielding

Nye = / Iyodt
0 (A4)

Iyc = ®rkrra ([3E*]t)2

where Iy and Ny are the time-dependent and time-independent upconverted fluores-
cence intensity, respectively.[*¥ As shown, Iy depends on the probability of producing a
fluorescent state via bimolecular TTA, krra ([3E*]t)2, and the probability of fluorescence
from that state, ®p. Ny¢ is dependent on excitation power through the dependence on
emitter triplet concentration, [>E*];. This power dependence can be quantified by con-
sidering the strong and weak annihilation kinetic limits. These are the extreme cases in
which TTA accounts for a majority and negligible proportion of triplet decay occurrences,

respectively.

Weak Annihilation Kinetic Limit (kq >> krra PE*],)
In this limit, 5 can be determined by dividing the numerator and denominator of Equation

B ka (krra PE*], [ka)

= =0
kq (1 + kppa PE*), [ka)

since

(kTTA [3E*}0 /k’d) —0

. [3E*} _ [3E*}oe_kdt

t

Substituting this result into Equation A.4 yields

o0

NUC = / (I)FkTTA (|:3E*}0 €7kdt)2 dt = CDFICTTA ([SE*] 0)2/ 672kdtdt
0 0
drk
Nyo = —2ATA ([3E*}0)2 = ks ([3E*]0)2
where k’eff = k'TTA/de-

Thus in the weak annihilation kinetic regime, Ny has a quadratic dependence on the
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initial triplet concentration.

Strong Annihilation Kinetic Limit (kg << kpra PE*],)
Since kg is assumed to be small, the exponential term in S can be expanded in a Taylor

Series to obtain e*e* = 1 + k4t + negligible terms. Then

[ Py ]
. . 1— . kg + k 3E¥),
2], =[BT, {ﬁ} =[#], : kiTTi[PEJ]O

1+ kgt —
! kq + krra BE*],

Multiplying numerator and denominator by the sum of the decay rate constant terms

(]{Zd + kTTA [3E*]0) yields

kd + kTTA [3E*]0 - kTTA [3E*]0
ka + krpa BE*), + (ka)*t + kakprat BE*), — krra BEY],

PE], = P,

Terms two and three in the numerator cancel out, as do terms two and five in the

denominator.

kq

Sp*l = [BE*
[ L [ }0 kg + (k;d)2 t + kakrrat PE],

1
— 3E*
CE Y | T e BT

Term two in the denominator can be neglected by recalling the initial condition for the

strong annihilation limit. If kg << kpra [PE*], then kgt << kprat PE*],.

- PEY, = PEY, { ! 1

1+ kTTAt [3E*]0

The above expression can be inserted into Equation A.4, yielding

o ) 1 ?

NUC = /(; (kaTTA <[ E*]O |:1 —+ kTTAt [3E*]0:|) at
_ se1 V2 [ dt 2
= ¢rkrra ([ E }0) /0 (1 + krrat [SE*]O)

= etena (1) (b

. Nue = or [*E"]
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Thus in the strong annihilation limit, Ny varies linearly with initial concentration of

emitter triplets.

A.2 Reabsorption Model for SPEX Experimental Setup

For sufficiently concentrated samples with a small Stokes’ shift, overlap between the
absorption and emission spectra results in significant reabsorption losses, which skew
the emission spectrum. This skewed portion of the emission spectrum can be corrected
quantitatively through geometric considerations provided that the absorption spectrum

of the sample has been obtained. Figure A.1 provides an example of such a system.
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0.2 L40 5
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0.0- o0

400 420 440 460
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Figure A.1: Optical density (black) and upconverted fluorescence (red) of a ZnTPP:PEG thin
film. Spectral bandwidths are 2 nm for the optical density spectrum and 14.4 nm for the
fluorescence spectrum.

Of interest in Figure A.1 is the significant overlap between the absorption and fluo-
rescence spectra. Because of this overlap, it is conceivable that the photon emitted from
an excited ZnTPP molecule can be reabsorbed by adjacent ground-state molecules. This
potential for reabsorption is very likely in this case by noting how the emission spectrum
appears to rise to a peak located exactly at the intersection point of the two spectra. It
is possible the emission spectrum peaks at higher energies than shown in Figure A.1 but
is overcome by the enhanced optical density of the ground-state molecules at energies

above the intersection point of the two spectra. Thus a model capable of correcting for
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reabsorption effects is needed.

(a) Absorption Emission

) hvem

hvex hvex

(b) Absaorption Emission

hvem

hvex hvex

Figure A.2: Schematic diagram of absorption and emission spectroscopy for solution-phase
samples in a (a) 1 cm x 1 cm cuvette; and (b) 1 cm triangular cuvette.

Figure A.2 provides a schematic of solution-phase absorption and emission spec-
troscopy for reabsorption considerations. In an absorption experiment, a known intensity
of light is passed through the sample and the optical density of the sample is determined
by the relationship between the incident and detected light, A = —log (Iio) , where [ is
the incident light intensity and I is the intensity of detected light. The present reabsorp-
tion model considers the sample fluorescence in the same manner, where the emission
signal that passes through the sample slice to reach the detector is I and the initial flu-
orescence of the sample is Iy. This model is appropriate under the condition that the
sample is sufficiently dilute such that the majority of the light transmits through the

sample. This condition is necessary to ensure that the excitation intensity does not vary

through the depth profile of the sample.

In Figure A.2(a), it is clear that a photon emitted from an excited sample molecule

along the excitation axis must pass through 0.5 cm of solution before it can reach the
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SPEX optics and be focused on the detector. Thus the wavelength-dependent optical
density of this 0.5 cm path length is obtained by taking A* = A/2, assuming the raw
optical density, A, was obtained in a 1 cm X 1 cm cuvette. Once A* is known, the incident
emission intensity at the excitation axis can be determined by solving the general optical

density equation for Iy:

Iy =1-10% (A.5)

8l = 104 61+1 - 1046 A* = I, [57] + 514*}

where the error in A* is determined via the method of partial derivatives. Equation
A.5 is sufficient for samples in solid or solution phase, noting that A* will be scaled as
appropriate with changes to the experimental geometry. For a sufficiently dilute solution
sample in a triangular cuvette, emission can occur with equal probability from any point
along the excitation axis. A photon emitted at the front face and back face of the cuvette
must transmit through a solution path length of 0 cm and 0.5 ¢cm, respectively. Since the
probability of absorption (and emission) is equal along the excitation axis, the average
photon must transmit through a solution path length of 0.25 cm prior to detection. Thus

A* = A/4 in a triangular solution sample.

Absorption Emission

lo

,ﬂ hvem
7’

hvex hvex

Figure A.3: Schematic diagram of absorption and emission spectroscopy for thin film samples.
Sample film and glass slide are shown as red and blue, respectively.
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Figure A.3 shows the spectroscopic geometry for a thin film sample, with the excitation
occuring at 0.257 radians from the normal direction of the film. Due to this geometry,
the effective excitation path length of the film is l., = v/2¢, where t is the film thickness.
Again assuming the probability of absorption to be equal along the excitation axis, the
probability of photon emission at any point along the excitation axis is equal so the
average effective path length a photon must pass through to reach the detector is ., =
t/v/2. The effective optical density of the film slice a photon must transmit through in

the emission experiment can be calculated by the ratio of the path lengths:

A ecle,
LAY =A/NV2

A* _5Clem . (t/\/i) _ 1/\/5
t

The wavelength-dependent correction can then be obtained using Equation A.5.

A.3 Steady-State Spectroscopy of Solution-phase ZnTCPP

The spectroscopic behaviour of ZnTCPP in DMF is shown in Figure A.4. The nor-
malized spectra shown in (a) agree with those previously reported in various solvents
with respect to the Sy peak locations. [105161-163:166] A Jow-intensity peak was observed at
460 nm and believed to be due to TTA-UC. Upconverted fluorescence was not studied in
this compound beyond proof in concept. DMF is a coordinating solvent which is detri-
mental to TTA-UC, a possible explanation for the low raw intensity of the upconverted
fluorescence peak. Furthermore, it is conceivable that ZnTCPP deprotonates in solution,
leaving an anionic molecule whose charge varies with the series of deprotonation. Thus
a Coulombic barrier to TTA-UC in this system exist in addition to the steric barrier
introduced by the coordinating solvent. A proposed strategy for overcoming this barrier

is discussed later in the section.

88



Concentration-dependent absorption and fluorescence were measured for ZnTCPP in
DMF solution. Figure A.4 shows no evidence of significant porphyrin aggregation at the
low concentrations utilized in the study. Peak positions of ZnTCPP in DMF reasonably
match those of ZnTPP in DMF. This observation is consistent with the notion that incor-

poration of the carboxylate moieties does not greatly affect the ground-state energetics

of ZnTPP, [166-169]
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Figure A.4: (a) Optical density and separately normalized S; and upconverted Sy fluorescence
of 50 uM ZnTCPP in DMF; (b) Optical Density; and (c) Si fluorescence at the 650 nm (red)
and 600 nm (black) peaks as a function of ZnTCPP concentration in DMF'. Spectral bandwidths
are: 2 nm for optical density measurements in (a) and (b); 14.4 nm for upconverted fluorescence
measurement in (a); 1.8 nm for prompt fluorescence in (a) and 3.6 nm in (c). Raw intensities in
(a) are 500 and 170 000 cps for upconverted fluorescence and prompt fluorescence, respectively.

A potential strategy for overcoming the steric and coulombic barriers opposing TTA-
UC in ZnTCPP is functionalization with an amine-containing molecule. The prospect

of functionalizing ZnTCPP with amine end-capped PEG was considered an interesting
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direction for further research. The amine undergoes a rapid nucleophilic attack on the
carbonyl group in a reaction that has been studied extensively under a variety of ex-
perimental conditions.” It was believed this PEG-functionalized ZnTCPP would have
good compatibility with bulk PEG, resulting in a PEG film with good morphology that

facilitated molecular diffusion-driven TTA-UC.

A.4 Supplementary Experiments for Ruthenium-DPA
Polymer System

Laser Flash Photolysis

LFP was utilized to determine the concentration-dependent triplet lifetime of Ru(dmb)s
used in the triplet quenching experiment. The Stern-Volmer Plot for the self-quenching

of Ru(dmb); triplets is shown in Figure A.5.
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Figure A.5: Stern-Volmer Plot for the self-quenching of Ru(dmb)s triplet states. The triplet
lifetimes were determined by LFP The LFP experiment was performed by Chelsea S. M. Green-
wald.

The LFP experiment was performed by pulsing with a 532 nm excitation source
and monitoring the decay rate of the phosphorescence at 630 nm. The phosphorescence
decay was fit reasonably well to a single exponential function. Phosphorescence decay,

exponential fits and residuals are shown in Figure A.6.
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Figure A.6: Phosphorescence decays, exponential fits and residual plots for Ru(dmb)s in CHCl3
at concentrations of: (a) 25 uM; (b) 50 uM; (c) 75 uM; (d) 100 pM. The LFP experiment was
performed by Chelsea S. M. Greenwald.

The results show only slight variance in concentration-dependent triplet lifetime in
Ru(dmb)s, evidence of very little self-quenching. From the slope of Figure A.5, the life-
time of Ru(dmb)s at the 74 uM concentration utilized in the quenching experiments is
870 ns, which can be compared to reported literature values of 704 ns!*4%, 840 ns!™!, and

920 ns*? in various solvents.

Diffusion Ordered Spectroscopy

Diffusion coefficients of the ruthenium- and DPA-containing compounds studied in

Chapter 4 were measured by two-dimensional diffusion ordered spectroscopy (DOSY) at
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room temperature in CDCls. Calibration was performed using caffeine in CDCl;. 1%l

The results are summarized in Table A.1. The data in column 3 is based on the DOSY
experiment with analytical methods outlined in the literature, % while column 4 was
obtained by modelling the molecules as spherical and assuming that diffusion coefficients
scale as the square root of molar mass. The diffusion coefficients are normalized to that
of DPA for direct comparison of the two quenching experiments discussed in Section 4.3.

The DOSY experiment was performed by Dr. Keith C. Brown.

Table A.1: Diffusion Coefficients of Ru and DPA Containing Species

Species D Experimental | Stokes-Einstein
X 101011’12/5 ]:)DPA/DQC DDPA/DQC
DPA 10 1 1
Ru(dmb)s 6.5 1.54
Ru2DPA 2.3 4.35 4.50
Ru6DPA 1.9 5.26 7.58
pDPA 3.0 3.33 5.74

A.5 Mathematical Processing of Ru-DPA Polymer
Spectral Data for Quantum Yield Calculations

General Method for the Determination of Quantum Yields
Phosphorescence and upconverted fluorescence QY's for the Ru- and DPA-functionalized
polymers described in Chapter 4 have been determined using the comparative method.
By this method, the QY of a luminescence process can be calculated through comparison
with a known reference material - Rhodamine 6G in CHCIl3 in this experiment, which
has a fluorescence QY of 0.75.119! If the luminescence experiments are performed under
identical conditions, the QY of the sample material (x) can be calculated relative to that
of the reference, R, by Equation A.6.[24:55:7277:195:199;200]

1—10"9P& [, n2

O = N&bR—l —10-0D- [_R% (A.6)

92



where ¢, OD, [ and n are the QY optical density at the excitation wavelength, integrated
emission intensity and solvent refractive index, respectively. £ accounts for the variation
in photodetector sensitivity from the emission region of the reference to that of the
sample material. This factor varies with each sample material studied and is quantified
in Table A.6. N is the number of photons required for the process under study: 2
for upconverted fluorescence and 1 for phosphorescence. 24255572119 The origin of the
factor of two for upconverted fluorescence is the fact that NCPU via TTA requires two
incident photons. Without this factor, a theoretical material that has completely efficient
upconverted fluorescence in the absence of losses would have a QY of only 0.5. This
factor of two offers a scale such that the theoretical completely efficient system will have
a QY of unity.['*! The power-dependent upconverted fluorescence QYs are calculated for
Ru2DPA, Ru6DPA, and reference materials containing varied concentrations of Ru(dmb)s
and DPA. Phosphorescence QYs are calculated for Ru2DPA, Ru6DPA and Ru(dmb)s.

These values are summarized in Tables A.7, A.8, A.9, and A.10. In the present study,

1-— 1O_ODRh6G [Ph

- A.
Oph = SORNSG T —{5=0Drm Tronoc (A.7)
and
1 — 1079Prmsc [
duc = 2Prnec 7 (A.8)

1 —10-9Pve [ppeq

The refractive index term is unity since all samples are prepared in degassed chloroform.
Once the upconverted fluorescence QY is known, the QY for TTA can be calculated by
considering upconverted fluorescence as the product of three processes following light

harvesting, [23:33:34

dvuc = %f OTTETOTTAOF (A.9)

taking the QY for intersystem-crossing in Ru(dmb)s to be unity. 182201 f

is the proba-
bility that TTA results in an excited singlet and the factor of 1/2 accounts for the fact
that two incident photons yield one emitted photon. 3] Schmidt and co-workers[#%46 have

demonstrated that f is well beyond the 11.1% suggested by spin statistics. The spin-
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statistical limit of TTA is discussed in Section 1.3.3. Ghiggino and coworkers ™% reported
a fluorescence QY of 0.61 for pDPA, which is estimated to be equal to the fluorescence
QYs of the DPA-moieties in the polymer pendent arms. Thus, a determination of the
factor f would result in the ability to calculate ¢4 for the DPA moieties in the arms

of the polymer materials.

Determination of TTET Efficiency
The efficiency of triplet energy transfer from sensitizing Ru(bpy)s core to DPA pendant
arms is calculated from the results of the Stern-Volmer experiments (Section 4.3) since
the DPA quenching of phosphorescence of Ru(dmb)s is a triplet energy process. Thus the
quenching rate constant is equal to the rate constant of TTET. Using a triplet lifetime
of 7=870 ns for Ru(dmb); (as determined by LFP) the rate constant for TTET from
Ru(dmb);z to DPA is (2.2 +£0.2) x 107 M~1s71.

The QY for TTET is the fraction of DPA triplets produced from the photoexcited
sensitizer triplets. Quantitatively, it is the product of intersystem-crossing in Ru(dmb)s
and the QE, n, of TTET from sensitizer to emitter. Since intersystem-crossing is unity in
Ru(dmb)s, then ¢rrpr = nrrer. Since TTET is a competitive pathway to the radiative
and non-radiative relaxation pathways for triplet-sensitized Ru(dmb)s, the efficiency of
TTET is determined by the ratio®¥

ko |[DPA
NMTET = 7 ol ] (A.10)

— + ko [DPA]
70

TTET efficiency as a function of DPA concentration is shown in Figure A.7 using the

quenching rate constant and triplet lifetime reported in this section.
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Figure A.7: Theoretical variation in TTET Efficiency from Ru(dmb)s to pDPA (black) and
DPA (red) with varying DPA concentration. Triplet lifetime of 74 pM Ru(dmb)s is 870 ns.

The sample of Ru(dmb)s utilized in the quenching experiments had an initial con-
centration of 74 uM and optical density of 0.15 at the 532 nm excitation source utilized.
In the upconverted fluorescence experiments, the optical densities at 532 nm of Ru2DPA
and Ru6DPA were 0.13 and 0.09, respectively. From the measured optical densities and
the known concentration of the control sample, the effective concentration of Ru(dmb);
cores in each upconverting polymer can be calculated. Since the ratio of cores to DPA
moieties in each upconverting polymer is known, the concentration of DPA moieties in
each polymer can be calculated. TTET QY is then calculated via Equation A.10. The

results are summarized in Table A.2.

Table A.2: Summary of Results for TTET Efficiency Calculations in Polymers

Polymer | [Ru(dmb);] | Effective [DPA] | 7 krrer | OrrET
(M) (mM) | (ns) | M st

Ru2DPA 67 1.1 873 | 2.2x10° 0.67

Ru6DPA 47 2.3 881 | 2.2x10° 0.81

Spectroscopy of Rhodamine 6G Standard
The reference standard was Rhodamine 6G in CHCl3, which has a fluorescence QY of
0.75.1'%] The reference was diluted such that the optical density at 532 nm was com-
parable to that of the polymers under study. The fluorescence spectrum of Rhodamine

6G was measured as a function of excitation power density. A reference compound was
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included for each spectral bandwidth utilized in the polymer experiments. To prevent
saturation of the photodetector, the reference material was studied at very low power den-
sities. The integrated fluorescence intensity was then plotted as a function of excitation
power density and from the slope, the integrated fluorescence intensity was extrapolated
up to the power densities utilized in the upconverted fluorescence and phosphorescence
experiments. It is reasonable to assume that the singlet fluorescence of Rhodamine 6G
varies linearly with excitation power at the very low concentrations (1.6 pM) and power
densities (< 100 mW /cm?) utilized in these experiments. The raw data at each spectral
bandwidth utilized in the polymer spectroscopy experiments is given in Figure A.8, and

the results are summarized in Table A.3.
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Figure A.8: Emission spectra and the variation in integrated emission intensity with excitation
power density for Rhodamine 6G in CHCIs, taken at the spectral bandwidths utilized in the
polymer luminescence experiments. Concentrations and spectral bandwiths are as follows: (a,
b) 2.66 uM, 1.8 nm; (c, d) 1.58 uM, 1.8 nm; (e, f) 1.58 uM, 3.6 nm; (g, h) 1.58uM, 12.6 nm.
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Table A.3: Extrapolated Singlet Emission Intensities of Rhodamine 6G Standard

Power Density

Rhodamine 6G Integrated Emission

(mW /cm?) Sample A Sample B Sample C Sample D
1.12 2.88x 107 2.04x107 8.32x 10" 8.64x10°
3.71 9.54 %107 6.75x 10" 2.76x10% 2.86x10°
5.85 1.50x10°® 1.06x10° 4.35%x10% 4.51x10°
10.3 2.65x10% 1.87x10° 7.65x10° 7.94x10°
12.3 3.16x10°% 2.24x108 9.14x10% 9.49x 10
13.8 3.55x10% 2.51x108 1.03x 107 1.06x10%
18.9 4.86x108 3.44x10° 1.40x10° 1.46x101°
21.0 5.40x10° 3.82x10° 1.56x10” 1.62x 109
33.6 8.64x10° 6.11x10% 2.50%10° 2.59% 10
33.7 8.66x10° 6.13x10° 2.50x10" 2.60x10
37.3 9.59x10° 6.79x10° 2.77x10" 2.88x10%
46.2 1.19%10? 8.41x10% 3.43x 10 3.56x10""
59.2 1.52x10% 1.08x 107 4.40%10° 4.57x101
59.8 1.54x10° 1.09x10° 4.44x10° 4.61x10%
81.7 2.10x10? 1.49%10° 6.07x10" 6.30x 10
105 2.70x10° 1.91x10° 7.80x10° 8.10x 10
Slope (2.57 + 0.01) (1.82 + 0.01) (7.43 + 0.05) (7.71 + 0.03)

(cm? /W) x 100 x 10%° x 10%° x 101

Tntercept (-13 £ 29) x 10° | (-7 £ 22) x 10° | (-4 £ 58) x 10° | (22 & 31) x 10°

Concentration 2.66 1.58 1.58 1.58
(uM)

Spectral 0.9 1.8 3.6 12.6
Bandwidth nm nm nm nm
Samples for Ph Ph Ph UC in
Which That in Ru(dmb)s, in Ru2DPA in Ru6DPA Ru2DPA and

Standard ucC Ru6DPA
was Utilized in control

mixtures

The linear relations in Figure A.8(b, d, f, h) were used to extrapolate integrated

emission intensity up to the power densities utilized in the polymer spectroscopic exper-

iments, reported in Table A.3. The spectra in Figure A.8(a, ¢, e, g) are truncated to the

region in which the SPEX data is independent of filter effects and laser scatter. The 532

nm excitation source is aligned well to the peak of the absorption band of Rhodamine

6G. 1292l Since Rhodamine 6G has a small Stokes’ shift, it is conceivable that a significant

portion of the fluorescence spectrum is lost due to the 532 nm notch filter. The region of

the fluorescence spectrum independent of filter effects was determined by comparing the

fluorescence spectrum obtained via 532 nm laser excitation in the SPEX fluorolog spec-
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trophotometer to that obtained via 342 nm excitation in the PTI spectrophotometer.
Thus, the extrapolated fluorescence intensities reported in Table A.3 will be multiplied
by a factor describing the area of the spectrum lost to filter and laser scatter effects.
Figure A.9 compares the spectral sensitivity-corrected fluorescence obtained via 532 nm
excitation in the SPEX apparatus to that obtained via 342 nm excitation in the PTI

apparatus.
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Figure A.9: (a) Comparison of scaled SPEX data (red) to PTI data (black) in the range of
552 to 657 nm; (b) Comparison of full spectral data obtained via 342 nm excitation in PTI
apparatus (black) to that obtained via 532 nm excitation in SPEX apparatus (red) for 1.58 uM
Rhodamine 6G in CHCIs.

The area underneath the curves in Figure A.9(a) matched sufficiently well for the
comparison of SPEX data to full PTI fluorescence spectrum to be meaningful. By inte-
grating the two curves in Figure A.9(b), the portion of the spectrum lost to filter effects
in the SPEX apparatus was determined. The determination of the area correction factor

is given in Equation A.11 below and summarized in Table A.5.

Data Modelling for Integrated Area Corrections
The Rhodamine 6G control required a correction factor for the region of the spectrum
affected by filter and laser scatter effects as previously described. Polymer luminescence
spectra required a more rigorous modelling method. Phosphorescence spectra contained
an anomaly at 705 nm and laser filter and scatter effects on the blue edge of the phos-
phorescence spectrum. Since the phosphorescence peak is expected to be Gaussian on
an energy axis, the scatter and anomaly can be modelled out by fitting the center region

of the data to a Gaussian and modelling the tails. For a single intensity measurement
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for each sample, the “middle” region - region of the spectrum with good Gaussian fit
- was plotted along with the Gaussian model. Each curve was integrated to determine
the necessary correction factor that would account for the region of the spectrum lost to

undesired effects. Modelled data for phosphorescence spectra are given in Figure A.10.

CF=1+ ‘j{‘“’“ (A.11)

maid
since

ATot - Amid + Atails

A,

ATOt = (1 + Ata2l8> . Amid - CF . Amid
mid

The correction factor makes it possible to determine the total integrated phosphorescence

intensity for each sample at each excitation power by simply knowing the area underneath

the spectrum’s region of good Gaussian fit.
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Figure A.10: (a) Normalized raw phosphorescence spectra for Ru2DPA (red), Ru6DPA (blue),
and Ru(dmb)s (black); Gaussian fits to raw data and extrapolated tails for (b) Ru(dmb)s; (c)
Ru2DPA; (d) Ru6DPA. (b-d) show the Gaussian fit to the data (black) with the low energy
(red) and high energy (blue) tails. Spectral bandwidths for the phosphorescence spectra (b),
(c), and (d) are 0.9 nm, 1.8 nm, and 3.6 nm, respectively.
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Upconverted fluorescence spectra had to be modelled due to intense reabsorption ef-
fects in the high-energy portion of the spectrum and laser scatter effects in the low-energy
portion that stem from the large spectral bandwidths necessary to obtain meaningful up-
converted fluorescence intensities in these polymer samples. The absorption of Ru2DPA,
Ru6DPA, pDPA, and mixtures of Ru(dmb); and DPA are given in Figure A.11. The
broad band centred about 21500 cm™! in Figure A.11(b) corresponds to the Ru(dmb);
core. Of particular interest is the multi-peak structure in Figure A.11(a), characteristic
of DPA." Control experiments verified that the absorption of pDPA exactly matched
the multi-peak structure of monomer DPA - sufficiently dilute pDPA does not provide
evidence of any intramolecular effect on the absorption tendencies of the DPA moieties
in the polymer. The intensity ratio of the middle (26600 cm™!) to high-energy (28000

cm~!) peak is 1.5 and the peaks are spaced by about 1400 cm™!.
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Figure A.11: Optical Density of: (a) 10~*M pDPA; (b) Ru(dmb); + 16x DPA (black),
Ru(dmb)s + 48x DPA (red), Ru2DPA (blue) and Ru6DPA (green). Spectral bandwidths are
equal in (a) and (b). CHCI3 was used as the solvent for all materials.

Photoluminescence spectra of the upconverting samples were corrected as outlined in
Equation A.5 and corresponding text. Reabsorption-corrected photoluminescence spectra
for these materials are given in Figure A.12(a). Due the large optical density in the DPA
region in Figure A.11(b), the reabsorption model utilized exaggerates the upconverted
fluorescence spectrum in this region by an unrealistic amount. It is expected that the
fluorescence spectrum should be the mirror image of the absorption spectrum, so it is un-

realistic that the high-energy fluorescence peak should be significantly greater in intensity
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than the other peaks in the triplet. Each peak in the fluorescence spectrum is expected

to be Gaussian in nature. Since the DPA multi-peak has significant reabsorption in the

region of the high-energy peak, the upconverted fluorescence spectrum of each species

under study has been truncated to the two low-energy peaks and modelled as a dou-

ble Gaussian function in Figure A.12(b-e). A summary of the experimental parameters

utilized for each modelled sample in Figure A.12 is given in Table A.4.

Table A.4: Experimental Parameters for the Upconverted Fluorescence Spectra Modelled

in Figure A.12

Species ODs321m | Excitation Power Density | Spectral Bandwidth
(mW /cm?) (nm)
Ru(dmb); + 16x DPA 0.17 46.2 0.9
Ru(dmb); + 48x DPA 0.15 105 0.9
Ru2DPA 0.13 46.2 12.6
Ru6DPA 0.09 46.2 12.6
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Figure A.12: (a) Reabsorption-corrected normalized upconverted fluorescence spectra for
Ru(dmb)s + 16x DPA (black), Ru(dmb)s + 48x DPA (red), Ru2DPA (blue) and Ru6DPA
(green); (b-e) Double-Gaussian fits of the raw data for: (b) Ru(dmb)s + 16x DPA; (c¢) Ru(dmb)s
+ 48x DPA; (d) Ru2DPA; and (e) Ru6DPA, excluding that which is subject to intense laser
scatter or reabsorption effects.

Despite the accuracy of the two-Gaussian fit, the data must be modelled further to
account for the three-peak structure of monomeric or polymeric DPA. Again, it is pos-

tulated here that the fluorescence spectrum should mirror the absorption spectrum in
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each sample. Thus the upconverted fluorescence spectra should have a third peak (or
shoulder) 1400 cm™! to the violet of the modelled two-Gaussian spectrum with a peak
ratio of 1.5 as described previously. The peak emerging from the reabsorption model that
was truncated prior to two-Gaussian fitting occurred in the expected region, 1400 cm™*
to the violet of the two-Gaussian model. The least arbitrary way of incorporating this
missing peak into the existing model and data was deemed the scaling of this high-energy
peak introduced by the reabsorption model such that it has the correct intensity rela-
tive to the two-Gaussian peaks. It is conceivable that this peak does exist in the right
region of the spectrum but is artificially intensified by the significant optical density of
the polymer samples in that region of the spectrum. The modelled data including the
scaled third peak is shown in Figure A.13. The added peak is more narrow than each of
the peaks in the two-Gaussian fit. Manually widening this peak to match the existing
peak widths was not considered, as it would be an inappropriate fabrication of data. The
high-energy peak was plotted with the existing two-Gaussian model to find the region
of overlap between the two data sets. The high-energy peak was then merely spliced
into the high-energy tail of the two-Gaussian model. The high- and low-energy tails in
Figure A.13 are important in determining the area-correction factor for each sample, as
explained in Equation A.11. A summary of correction factors for all samples utilized is

given in Table A.5.

Table A.5: Area Correction Factors for Quantum Yield Calculation

SpeCieS Amid Atotal Atails Atails/Amid C F.
Ru2DPA UC 6.58x10% | 9.65x10° | 3.07x10% 0.467 1.467
Ru6DPA UC 8.08x107 | 1.13x10% | 3.24x107 0.401 1.401

Ru(dmb); + 16x DPA UC | 8.10x10° | 9.90x10° | 1.80x10° 0.222 1.222
Ru(dmb); + 48x DPA UC | 4.82x10° | 6.13x10° | 1.31x10° 0.271 1.271

Rhodamine 6G 2.65x107 | 5.34x107 | 2.69x107 1.014 2.014
Ru2DPA Ph 7.13x107 | 1.08x10°% | 3.62x10" 0.507 1.507
Ru6DPA Ph 1.86x10% | 3.32x10° | 1.46x10° 0.785 1.785
Ru(dmb); Ph 1.25x10° | 1.36x10° | 1.18x10° 0.087 1.087
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Figure A.13: Upconverted fluorescence intensity models, including two-Gaussian model regions
with high-energy peak and tails for (a) Ru(dmb)s + 16x DPA; (b) Ru(dmb)s + 48x DPA; (c)
Ru2DPA; (d) Ru6DPA. (a-d) show the Gaussian fit data (red) and the tails (black).

Corrections for Photodetector Spectral Sensitivity
Spectral variations in photodetector sensitivity are accounted for in the factor £ in Equa-
tion A.6 through its relation to the spectral sensitivity effects on the photoluminescence
intensity of the reference compound and the sample, as shown in Equation A.12. Here,
¢ is a constant for each luminescence process of each sample as it is independent of
excitation power. Thus, ¢ need only be calculated at one excitation power for each pho-
toluminescence process under study. For convenience, the constant was determined using
the spectra modelled in Figures A.10 and A.13. The results are shown in Figure A.14

and summarized in Table A.6.

Iss— ted
5 = Cac/cref; Cp = correret (A12)
ISS—uncorrected
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where x is the photoluminescence process under study, ref is the reference material and

I is the integrated photoluminescence intensity. In effect, c, is the factor of increased

integrated photoluminescence due to spectral sensitivity corrections and ¢ is the effect of

¢ for the photoluminescence process under study relative to that of the reference material.

Table A.6: Spectral Sensitivity Correction Factors

Process Uncorrected | Corrected c &
Area Area

Rhodamine 6G Fluorescence 1.63x107 1.90x107 | 1.161 1
UC Fluorescence of Ru(dmb)s + 16x DPA 1.92x10° 5.01x10% | 2.605 | 2.244
UC Fluorescence of Ru(dmb)s + 48x DPA 1.20x 108 3.07x10% | 2.567 | 2.211
Phosphorescence of 74 pM Ru(dmb); 5.51x107 5.85x107 | 1.062 | 0.915
UC Fluorescence of Ru2DPA 1.93x107 5.39x107 | 2.785 | 2.399
Phosphorescence of Ru2DPA 4.13x10° 4.54x10° | 1.098 | 0.946
UC Fluorescence of Ru6DPA 2.20%x10° 6.38x10° | 2.893 | 2.492
Phosphorescence of Ru6DPA 1.31x10° 1.41x107 | 1.073 | 0.924
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Figure A.14: Uncorrected (black) and photodetector sensitivity-corrected (red) data for: (a)
Rhodamine 6G; (b) Ru(dmb)s phosphorescence; (¢) Ru(dmb)s + 16x DPA upconverted fluo-
rescence; (d) Ru(dmb)s + 48x DPA upconverted fluorescence; (e) Ru2DPA upconverted flu-
orescence; (f) Ru2DPA phosphorescence; (g) Ru6DPA upconverted fluorescence; (h) Ru6DPA
phosphorescence.
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Calculation of Quantum Yields
Once the correction factors for spectral sensitivity variations and lost spectral regions due
to scatter effects are known and accounted for, photoluminescence QYs can be calculated
via Equations A.7 and A.8. For consistency, experimental data were truncated exactly
as the modelled data prior to application of the correction factors. A summary of QYs

data is presented here, while the data is plotted in Figures 4.10 and 4.11.

Table A.7: Upconverted Fluorescence Quantum Yields of Control Monomer Mixtures

Power Density Upconverted Fluorescence Data
(mW /cm?) Ru(dmb); + 16x DPA Ru(dmb); + 48x DPA
I Corr I QY I Corr I QY
1.12 8.21x10° | 1.00x10° | 0.0796 | 7.90x10% | 1.00x10* | 6.84x10~*
3.71 5.38x10° | 6.57x10°% | 0.157 | 8.24x10% | 1.05x10* | 2.15x10~*
5.85 1.11x107 | 1.36x107 | 0.206 | 7.91x10° | 1.01x10% | 1.31x10~*
10.3 2.19x107 | 2.67x107 | 0.231 | 8.74x10% | 1.11x10* | 8.22x10~°
12.3 3.01x107 | 3.67x107 | 0.265 | 9.05x10° | 1.15x10* | 7.13x107°
13.8 3.81x107 | 4.66x107 | 0.300 | 9.77x10° | 1.24x10* | 6.86x107°
18.9 5.53x107 | 6.76x107 | 0.318 | 1.31x10* | 1.67x10* | 6.72x10~°
21.0 6.26x107 | 7.65x107 | 0.324 | 1.47x10* | 1.87x10* | 6.79x107°
33.6 9.85x107 | 1.20x10% | 0.318 | 2.92x10* | 3.71x10% | 8.42x10~°
33.7 1.04x10% | 1.27x10% | 0.336 | 3.36x10% | 4.27x10* | 9.67x10~°
37.3 1.17x10% | 1.42x10% | 0.339 | 4.42x10* | 5.62x10* | 1.15x10~*
46.2 1.53x10% | 1.87x10% | 0.360 | 3.33x10° | 4.23x10° | 6.98x10~*
59.2 6.33x10° | 8.04x10° 0.0104
59.8 4.38x10° | 5.57x10° | 7.10x1073
81.7 5.06x107 | 6.43x107 0.0600
105 1.03x10% | 1.31x 108 0.0949
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Table A.8: Upconverted Fluorescence Quantum Yields of Polymers

Power Density Upconverted Fluorescence Data
(mW /cm?) Ru2DPA Ru6DPA
1 Corr 1 QY | Corr 1 QY
1.12 1.69x10* | 2.47x10* | 5.79x107° | 6.55x10° | 9.17x10° | 3.02x10~°
3.71 1.38x10° | 2.03x10° | 1.43x107% | 1.44x10* | 2.02x10* | 2.01x10~°
5.85 3.14x10° | 4.60x10° | 2.06x10~% | 2.69x10* | 3.77x10* | 2.38x107°
10.3 8.29x10° | 1.22x10° | 3.09x10~* | 7.47x10% | 1.05x10° | 3.75x107°
12.3 1.20x10° | 1.76x10° | 3.76x10~* | 1.05x10° | 1.47x10° | 4.41x107°
13.8 1.60x10° | 2.35%10° | 4.46x10~* | 1.50x10° | 2.11x10° | 5.64x10~°
18.9 2.76x10°% | 4.04x10° | 5.61x10~* | 2.74x10° | 3.84x10° | 7.51x107°
21.0 3.12x10° | 4.58x10° | 5.72x107* | 3.25x10° | 4.55x10° | 8.00x10~°
33.6 7.24x10°% | 1.06x107 | 8.29%x10~* | 8.29x10° | 1.16x10° | 1.28x10~*
33.7 7.37x10° | 1.08x107 | 8.41x10~* | 8.19x10° | 1.15x10° | 1.26x10~*
37.3 8.55x10°% | 1.25x107 | 8.82x10~* | 1.05x10° | 1.47x10° | 1.45x10~*
46.2 1.33x107 | 1.95x107 | 1.10x107% | 1.62x10° | 2.27x10° | 1.81x10~*
Table A.9: Phosphorescence Quantum Yields of Polymers
Power Density Phosphorescence Data
(mW /cm?) Ru2DPA Ru6DPA
I Corr 1 QY | Corr 1 QY
1.12 6.65x10% | 1.00x10° | 0.00196 | 1.82x10° | 3.24x10° | 0.00206
3.71 1.98x10° | 2.98x10° | 0.00176 | 5.51x10° | 9.84x10° | 0.00189
5.85 3.17x10° | 4.78x10° | 0.00179 | 8.80x10° | 1.57x10° | 0.00191
10.3 5.40x10° | 8.13x10° | 0.00173 | 1.50x10° | 2.68x10° | 0.00185
12.3 6.72x10° | 1.01x10° | 0.00180 | 1.83x10° | 3.27x10° | 0.00189
13.8 7.93%x10° | 1.20x10° | 0.00190 | 2.13x10° | 3.80x10° | 0.00196
18.9 1.05x10° | 1.59%x10° | 0.00184 | 2.87x10° | 5.13x10° | 0.00193
21.0 1.16x10°% | 1.75%10° | 0.00182 | 3.08x10° | 5.50x10° | 0.00186
33.6 1.83x10° | 2.75%10° | 0.00180 | 4.92x10° | 8.79%x10° | 0.00186
33.7 1.83x10° | 2.76x10° | 0.00179 | 4.95x10° | 8.84x10° | 0.00186
37.3 2.06x10° | 3.10x10° | 0.00182 | 5.37x10° | 9.59x10° | 0.00183
46.2 2.69%x10° | 4.05x10° | 0.00192 | 7.00x10° | 1.25x107 | 0.00192
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Table A.10: Phosphorescence Quantum Yields of Control Monomers

Power Density Ru(dmb);
(mW /cm?) Phosphorescence Data
I CorrI | QY
1.12 1.33x10° | 1.45%10° | 0.024
3.71 4.13%x10° | 4.49x10° | 0.023
5.85 6.45x10° | 7.01x10° | 0.022
10.3 1.07x107 | 1.17x107 | 0.021
12.3 1.32x107 | 1.43x107 | 0.022
13.8 1.50x107 | 1.70x107 | 0.023
18.9 2.06x107 | 2.24x107 | 0.022
21.0 2.33x107 | 2.53x10" | 0.022
33.6 3.31x107 | 3.60x10" | 0.020
33.7 3.56x107 | 3.87x107 | 0.021
37.3 3.90x107 | 4.24x107 | 0.021
46.2 4.91x107 | 5.33x107 | 0.022

Table A.11: Corrected Intensities of Rhodamine 6G Standards

Power Density

Rhodamine 6G

(mW /cm?) Corrected Intensity
A B C D

1.12 5.80x107 | 4.10x107 | 1.68x10% | 1.74x10°
3.71 1.92x10% | 1.36x10®% | 5.55x10® | 5.76x 10"
5.85 3.03x10° | 2.14x10° | 8.75x10° | 9.09x 10"
10.3 5.33x10% | 3.77x10% | 1.54x10% | 1.60x 10
12.3 6.37x10% | 4.51x10% | 1.84x10° | 1.91x10%
13.8 7.15x10% | 5.06x10°% | 2.07x10° | 2.14x 10"
18.9 9.79%10% | 6.93x10°% | 2.83x10° | 2.94x 10"
21.0 1.09x10° | 7.70x 108 | 3.14x10° | 3.26x101°
33.6 1.74x10% | 1.23x107 | 5.03x10° | 5.22x10'°
33.7 1.74x10° | 1.24x10° | 5.04x10° | 5.23%x 100
37.3 1.93x10° | 1.37x10% | 5.58x10" | 5.79x 10"
46.2 2.39x10% | 1.69x10° | 6.91x10° | 7.18 x10%
59.2 3.07x10°

99.8 3.10x10Y

81.7 4.23%x10%

105 5.44x10°
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Table A.12: Constants Utilized in Quantum Yield Calculations

Species ODs39p | 1-10797 | ¢ 3 Area C.F. | N
Rhodamine 6G A 0.26 0.45 0.75 2.014
Ru(dmb)g + 16x DPA 0.17 0.33 2.244 1.222 2
Ru(dmb); + 48x DPA | 0.15 0.30 2211 | 1271 2
Ru(dmb); Ph 0.15 0.29 0.915 1.087 1
Rhodamine 6G B, C, D 0.15 0.30 0.75 2.014
Ru2DPA UC Fl 0.13 0.26 2.399 1.467 2
Ru6DPA UC F1 0.09 0.20 2.492 1.401 2
Ru2DPA Ph 0.13 0.26 0.946 1.507 1
Ru6DPA Ph 0.09 0.20 0.924 1.785 1
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