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ABSTRACT OF THE DISSERTATION

Harnessing Triplet Excitons in Hybrid Nanocrystal-Molecule Systems to Power Photon
Upconversion in Solution and Solid State

by

Emily Meredith Moses Rigsby

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2020
Dr. Ming Lee Tang, Chairperson

Photon upconversion is the process where two low energy photons combine to form
one higher energy photon. This two-photon process has many diverse applications in solar
energy conversion, catalysis, and bioimaging. Molecular triplet-triplet annihilation (TTA)
based upconversion benefits from using inorganic nanocrystal (NC) sensitizers because
this hybrid system combines the stability and absorption properties of inorganic
semiconductors with the high efficiencies of TTA in conjugated organic materials.

In TTA based photon upconversion, controlling triplet energy transfer (TET)
through the system is key to unlocking higher efficiencies. This dissertation focuses on
better understanding this TET process and how this knowledge can be used to optimize
inorganic-organic hybrid upconversion systems as we transition to solid state thin film
applications. Primary amines are used to better understand how the large surface area of
nanocrystals impacts TET. The introduction of primary amines increases the upconversion

qguantum yield approximately 5-fold with further additions of amine not improving photon

Vi



upconversion, as CdSe NC photoluminescence (PL) increases at the expense of triplet
energy transfer. Transient absorption measurements show that the amines enhance NC PL
by decreasing the nonradiative decay rate, increasing the rate of triplet energy transfer, and
enable the broad trap state in these CdSe NCs to participate in triplet photosensitization.

Further understanding of TET is found by size dependence studies of the CdSe
nanocrystal sensitizer. As CdSe NC size increases the photon upconversion quantum yield
(QY) decreases due to the decrease in the driving force for TET from CdSe to the surface
bound transmitter ligand, as expected for the Marcus description of energy transfer from
the transmitter to the NC. Long microsecond transmitter lifetimes are critical to high
photon upconversion QYSs.

Ultimately, these enhancements in efficiencies pave the way for a transition to high
efficiency thin film upconverting materials, which already show promise by exhibiting
high efficiencies, increased stability, and reduction in reliance on organic solvents over
solution-based systems. The future of useful upconverting materials relies on taking this
understanding of energy transfer in nanocrystals and applying it to biocompatible

upconverting thin films.
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Chapter 1  Introduction

1.1 Introduction to photon upconversion

Triplet-triplet annihilation (TTA) based upconversion is a process where a
sensitizer absorbs a long-wavelength photon, transitions the energy to the triplet state, and
then to separate emitter molecules. Once the emitter molecules have the triplet energy, two
neighboring triplet excited states combine via spin allowed TTA into one molecule with a
higher energy excited state (S1) and one in the ground state. The molecule with the newly
populated singlet state can then emit a higher energy photon. By developing and
implementing a TTA upconversion system, two low energy photons can be utilized to
create one high energy photon. TTA based upconversion systems can be used wherever
higher energy photons are needed. In medicine, high energy photons can be used to treat
cancer, kill bacteria, and power optogenetics or light activation of proteins.*® In each of
these cases, low energy red light can be used to produce the high energy light precisely
where it is needed, limiting damaging exposure.

1.2 Why use a Hybrid Molecule-Nanocrystal Upconversion System?

The highest internal upconversion efficiencies have been observed in lanthanides
ions; however, these materials require high power densities, are only useful in narrow
spectral regions, and the forbidden optical transitions mandates the use of optically thick
films. Molecular systems based on the TTA properties of conjugated organic molecules
produce lower absolute quantum yield efficiencies but have more promise under solar flux

and are adaptable into thin film applications. Even with these advantages, purely organic



systems are especially poor candidates for solar and biological applications because no
organic system currently absorbs in the IR region of interest while having the long-term
stability of their inorganic counterparts. Nanocrystal (NC) organic hybrid systems combine
the stability and absorption properties of inorganic semiconductors with the flexibility of
TTA in conjugated organic materials.*> Using quantum dots as absorbers greatly increases
the tunability, as well as stability, of absorption, providing a best-case scenario for
designing ideal upconversion systems for diverse applications. While these systems are
currently 20% efficient,® high efficiencies and the removal of organic solvents are needed
for widespread applications.
1.3 Diving deeper to understand triplet energy transfer

In the past, aliphatic amines have been observed to both enhance and quench the
photoluminescence quantum yield (PLQY) of CdSe nanocrystals,”® and studying how
these amines affect triplet energy transfer in photon upconversion provides a clearer picture
of how energy moves throughout the system. When the CdSe NCs are functionalized with
2-anthracene carboxylic acid ligand, the photon upconversion quantum yield increased by
up to 4.4 times in the presence of propylamine. Transient absorption spectroscopy allows
for time-resolved probing deeper into the energy processes, showing that propylamine
enhances triplet energy transfer in two ways: first, by decreasing the contribution of the
non-radiative decay processes in the CdSe NC, and second, by increasing the rate of triplet
energy transfer.® This structural information about the amine-nanocrystal interface is key
to better understanding the role these surface states play in energy transfer and offers

practical routes towards optimizing hybrid organic-inorganic upconversion system.



1.4 Solid state upconverting thin film materials

To step closer towards functional and durable upconversion materials for solar
and medical applications, much work is being done currently to make efficient
upconverting thin films, which transition these materials from solution to solid state. In
this process, many drawbacks to practical applications, such as toxic organic solvents and
long-term instability, are being addressed.
1.5  Physically mixed glassy polymer photon upconverting thin films

The first TTA based upconverting thin films were made by Castellano et al. in
2007.1° These films built upon the work of Parker and Hatchard’s triplet sensitizing
organic chromophores!! by using a metal-organic chromophore embedded with DPA in
an ethyleneoxide/epichlorohydrin copolymer P(EO/ EP). These polymer films were cast
onto glass microscopy slides, annealed at 90 °C for 5 min, and built up to three layers for
a final thickness of 100 um. After allowing to dry in the dark for a least 1 week, portions
of the upconverting films displayed DPA phase separation due to high emitter
concentrations. While these films showed early success, the researchers did not highlight
their low quantum efficiencies for the films, instead pointing to the low (6 to 27
mW/cm?) power densities required. They found that, as in solution, the emission signal is
proportional to the DPA triplet concentration, and the films no longer upconverted below
the glass transition temperature of the polymer.

Similar work suspending molecular sensitizers and emitters in polymers were
tried, however, these attempts consistently yielded upconversion efficiencies far below

efficiencies in solution.*?* These works were primarily done with the intention of



biological applications, and focused on decreasing power densities to limit possible
damage to living tissue. Other morphologies explored included nanospheres which
encapsulated the organic dyes in glassy polymers, where due to limited volume, increased
exciton mobility and led to green to blue upconversion efficiencies around 4%.°

Other sensitizers and emitting molecules have also been employed in thin films,
such as in 2018 by a South Korean group in ACS Applied Materials and Interfaces. By
embedding PdTPBP as sensitizer and perylene as emitter in a rubbery polymer, which
was the first report of this specific upconversion system in the solid state.*® This work
focused on flexible upconverting thin films fabricated by spin coating PdTPBP palladium
sensitizer and perylene emitter blended together in a polyurethane layer. The resulting
film gave an upconversion quantum yield reaching above 3% efficiency (7% when
defining QY as 100% when all photons undergo upconversion) with an excitation
intensity of 70 mW cm™2. The major benefits of this study were air stability due to
oxygen protecting polymer layers and the low excitation density required.
1.6 Conductive polymers

Advances in upconversion efficiencies came from doping conductive polymers,
which doubled as both polymer matrixes and effective acceptors. By using this approach,
Monkman et al were able to achieve 6% efficiency, however, such conductive polymer
materials are quite brittle in the solid state and lack practical widespread adaptability.t’
Separately, Castellano et al sought to overcome the low diffusivity of organic molecules
in rigid glassy polymers by employing elastomers (thermoplastic elastomers) where the

sensitizer and emitter molecules diffusivity are 5-7 orders of magnitude larger, allowing



for efficiencies of 11% in the solid state.'® Meinardi’s work in 2013 used a similar
process, but focused on polyacrylates as their polymer matrix due to ease of
polymerization and ability to dope with desired PtOEP and DPA upconversion system.*®
With this system, the Meinardi group was able to measure upconversion before and after
polymerization, showing minimal decrease in efficiencies once in the polymerized solid.
The solution based system was measured at 22% in the linear regime, and after
polymerization fell to only 17%, a feat attributed to the retention of luminescence
properties of the emitter in the rubber material and uniformly crosslinked polymer matrix
formed.'® This remains the highest upconversion QY reported in the solid state, however,
these polymers still require protection from oxygen which still limits long term stability
and usefulness.

Jonas Sandby Lissau et al created a hybrid approach in 2015 which relied on
emitters attached to mesoporous ZrO2, however these thin films were sensitized by
solution-based sensitizers. The thin films in this study were nanostructured ZrO2 blade-
casted on to glass slides with a resulting thickness between 1 and 3 pm. These films were
then placed in a cell with a solution of PAOEP as the sensitizer. This hybrid approach,
while innovative, is unable to fully remove the solvent and overcome the practical
concerns of solution-based systems. This same group reported successful upconversion
PdOEP physisorbed onto the ZrO2 thin film, however, with very low efficiency due in

part to sensitizer aggregation.?



1.7 Perovskite based upconverting thin films

More recent work from the Congreve lab and Lea Nienhaus has focused on
perovskites as efficient ligand free thin film sensitizers to a thermally deposited rubrene
thin film. This lead halide-based perovskite upconversion system has low efficiency but
allows for upconversion with powers achievable below solar flux. The major benefits of
using perovskites as sensitizers is their high absorption in the NIR, efficient free carrier
generation at room temperature, and lack of insulating surface ligands. Instead of using
surface ligands to passivate a nanocrystal surface, thin films of lead halide perovskites
were passivated by a thin film of rubrene, which also served as the TTA based emitter.
Using these perovskite-based upconversion thin films, Nienhaus produced upconversion
starting at 3.1% (normalized to a maximum efficiency of 100%) with incident power
more than 80 W/cm?. Subsequent studies on the thickness of the perovskite layer was
able to lower the upconversion threshold down to 7.1 mW/cm?, a significant
improvement and an excitation intensity below that of one sun.
1.8 The future of upconverting thin films

While many groups have successfully fabricated organic based upconverting thin
films, the same spectral and power limitations have followed these systems and limit their
usefulness. Strong advances have been made using perovskite thin films, however, when
low upconversion threshold is desired, upconversion quantum yields suffer. The most
promising upconversion in solid state will rely on carefully selected materials, both
relying on promising polymer hosts and new upconversion sensitizers that overcome the

limited scope of organic porphyrin options. We believe that nanocrystals provide the



opportunity to use the high efficiency exciton transporting polymer hosts with tunable
and robust NIR sensitizing materials. As we transition the advantages of organic-
nanocrystal hybrid upconversion into thin films, the advances made in these exciting
solid state materials can be transitioned to include new non-toxic silicon nanocrystals?! to
produce biocompatible upconversion materials, stepping closer to the full potential of this

powerful energy system.



Chapter 2 Primary amines enhance triplet energy transfer from both the band

edge and trap state from CdSe nanocrystals

2.1 Introduction

In this study, the role that primary amines play during triplet energy transfer from
photoexcited CdSe nanocrystals (NCs) was examined. Colloidally synthesized CdSe NCs
were placed in varying concentrations of 1-propyl- or 1-octylamine, with and without 2-
anthracenecarboxylic acid transmitter ligands attached. Primary amines have been shown
to increase the photoluminescence quantum yield (PLQY) of CdSe nanocrystals (NCs),
yet little is known about their effect on energy transfer. It is well known that surface
states play a significant role in mediating charge and energy transfer in nanocrystalline
materials. Hence, a better understanding and the subsequent ability to control surface
states is the key to unlocking the full potential of NCs in energy transfer processes that
are important, for example, in photon upconversion. In the past, aliphatic amines have
been observed to both enhance and quench NC PL.”8 For example, low concentrations of
primary amines enhance CdSe NC PL more than secondary and tertiary amines,? while
higher concentrations of amine quench PL [e.g., when the amine to quantum dots (QD)
ratio exceeds 1000].23 Separately, Kalyuzhny and Murray?* found that thiols quenched
CdSe NCs, while hexadecylamine, pyridine, trioctylphosphine, and trioctylphosphine
oxide enhanced the PL of CdSe NCs. In contrast, there have not been any reports on the

effect of common ligands on energy transfer.



In this work, we examine the effect of primary amines on triplet energy transfer
(TET) that occurs during photon upconversion. Photon upconversion with a NC and
organic hybrid system® has promising photovoltaic and bioimaging applications.?* This
system capitalizes on the synthetically tunable nature of inorganic nanocrystal absorption
and emission, as well as their low rates of nonradiative recombination compared to their
organic near-infrared (NIR) absorbing counterparts. By transferring spin-triplet excitons
from an inorganic CdSe nanocrystal to an organic acceptor, the benefits of strong
semiconductor absorption and small exchange splitting can be coupled with the
propensity for triplet-triplet annihilation in organic emitters. This photon upconversion
system is described in Figure 2.1 (a), where 488 nm CW laser light is absorbed by the
CdSe NC sensitizer. Triplet energy transfer (TET, red arrows) then occurs to surface
bound 2-anthracenecarboxylic acid (2-ACA) and finally to diphenylanthracene (DPA)
that emits violet light in solution. DPA produces this violet light when two molecules in
their triplet excited state annihilate (black dotted arrows) to one in the ground state and
the other in the first excited state. The latter can radiatively decay and emit photons
centered at 430 nm. Figure 2.1 (b) contains the absorption and photoluminescence (PL)

spectra of 2-ACA, DPA, and CdSe.
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Figure 2.1 (a) Hllustration depicting photon upconversion, showing photoexcitation of NCs, triplet energy
transfer (TET) to bound 2-anthracene carboxylic acid ligand (2-ACA), TET and triplet-triplet annihilation
of the diphenylanthracene (DPA) emitter. (b) Absorption (solid lines) and photoluminescence (dashed
lines) of 2-ACA, DPA, and oleic acid functionalized CdSe NCs. Spectra were measured at room
temperature, with CdSe and DPA in toluene, and 2-ACA in tetrahydrofuran.

In order to boost upconversion efficiencies, a transmitter ligand is bound to the
NC surface to enhance the orbital overlap necessary for Dexter-like energy transfer.
Typically, 9-anthracenecarboxylic acid (9-ACA) is surface bound, and the CdSe/9-
ACA hybrid NC/transmitter system can lead to upconversion efficiencies of 15% when
mediating energy transfer from CdSe triplet photosensitizers to the DPA emitter in
solution.?28 In contrast, without the 9-ACA transmitter ligand, photon upconversion
QYs are three orders of magnitude lower when CdSe is bound only with the native
surfactants. When primary amines were added to CdSe/9-ACA, no enhancement was
seen [Figure 5.2 (a)]; however, with the 2-ACA transmitter, the same primary amine, 1-
octylamine, enhanced photon upconversion 4-5 times, albeit from a lower photon
upconversion QY base level of ~1% (Figure 5.2 and Figure 5.7).26?" It has proven
challenging to differentiate the ligand binding geometry between these ACA isomers on
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the nanocrystal surface.?®-?® Attenuated total reflection infra-red (ATR-IR) measurements
show little difference between isomers, probably because the transmitter ligands make up
less than 5%-10% of the total bound molecules on the surface, assuming ~100 oleic acid
(OA) ligands per NC.2%-3! Similarly, in our hands, ’Se solution-based nuclear magnetic
resonance of the CdSe/ACA hybrid system has not been able to shed light on ligand
conformation.

Thus, we turn to transient absorption measurements to provide insight into the
role primary amines play in enhancing the photon upconversion QY 4-5 times for
the CdSe/2-ACA light absorber/transmitter system. We used small CdSe NCs 2.3 nm in
diameter with absorption maxima of 490 nm to maximize the driving force for triplet
energy transfer. This eliminates back transfer as TET proceeds unilaterally in one
direction from NC to transmitter.3? 1-propylamine (PA) was chosen for its ability to
penetrate the native ligand shell without being too volatile (like ammonia) or too bulky to
sterically block the approach of the DPA annihilator during photon upconversion.® The
amine group is noted for its nucleophilicity and relatively strong binding to cadmium
chalcogenide NCs.*

In line with previous reports,’ 2224 here, primary amines enhance CdSe NC band
edge and trap state PL. Figure 2.2 (a) shows the absorption and PL of the native oleic
acid capped CdSe NCs (1, black) in the presence of different concentrations of PA (10
mM and 90 mM, samples 2 and 3 in red and brown, respectively). As summarized in
Table 2.1, CdSe NCs with native ligands in toluene have trap state PL 3.5 times higher

than the band edge PLQY of 0.23%. The ratio of the trap emission PL to the band edge
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emission PL decreases from 3.5 to 0.4 as the concentration of primary amine is increased
to 90 mM, showing that primary amines enhance band edge fluorescence preferentially
over trap emission. Comparing samples 1 to 3, the addition of PA increases the PLQY of
the NC at its band edge and trap position 26-fold and 4-fold, respectively. This has
previously been attributed to the lone pair of the amines passivating dangling bonds on
the NC surface.” ?* % Note that the increase in PL with amine concentration is superlinear
like reported by Owen et al.,* as reflected in Table 2.1 when comparing between

samples 1, 2, and 3.

(@ OA = Oleic Acid | ()
PA = Propylamine
’,f"w\\b.\

2 = Vs \-._‘
SN e e 8 Lo ,/ e
= 2 “""6, CdSe/2-ACA
) w)
[ c
2 2, CdSe/OA, [10 mM]PA | £ \
= e e = 4, CdSe/2-ACA, [10 mM] PA

3, CdSe/OA, [90 mM] PA 7 I\\5, CdSe/2-ACA, [90 mM] PA

300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 2.2 Normalized absorption and photoluminescence spectra of 2.3 nm diameter CdSe nanocrystals
with (a) native oleic acid (OA) ligands and (b) 2-ACA bound to NC surface in 10 mM and 90 mM
propylamine (PA). All measurements were performed at room temperature in toluene.
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Table 2.1 The band edge and trap photoluminescence quantum yields (QYs) of CdSe nanocrystals (NCs).
Samples 1-3 only have oleic acid (OA), but samples 4-5 have both OA and an average of eight 2-

ACA transmitter ligands bound. Photon upconversion QYs in 3 mM diphenylanthracene (DPA). Global
fitting parameters of the kinetics at 433 nm from transient absorption for samples 1-5. 1o, 71 are the
lifetimes of the decays of the NCs at 433 nm. Tng, TN, Tnz, and Trer are the perturbation to the lifetimes
from PA and TET. All measurements were performed in toluene at room temperature.

1: 2: . 4: 2-ACA 5: 2-ACA
CdSe OA oA  OA +OA +OA

Propylamine

(mM) 0 10 90 10 90
10 (nS) 11.09  11.09 1112 11.09 11.12
11 (ns) 0.177 0177  0.179 0.177 0.180
o (NS) -36.3 0.294 0.296 0.239
i (NS) -155  0.0269  0.0200 0.0188

+

s (19 0
et (nS) 6.57 £ 494 +

TET 0.12 0.17
PLQY (%) 0.23 2.01 5.96 0.68 1.60
Trap QY (%) 0.80 4.33 2.35 0.71 0.68
Upconversion
QY (%) 0 0 0 2.89 2.71
OreT (%) 1.18 1.57
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When the CdSe NCs are functionalized with 2-ACA, the photon upconversion
QY increases by up to 4.4 times in the presence of PA (samples 4 and 5, Table
2.1). CdSe/2-ACA has a band edge, trap state, and photon upconversion PLQY of
0.02%, 0.36% and 0.65%, respectively. In the presence of amine, the band edge PL
increases up to 80-fold and trap PL doubles, as shown in Table 2.1. Figure 2.2 (b) shows
the same CdSe nanoparticles with an average of eight 2-ACA ligands bound to the
surface in the same two concentrations of PA as before (4 and 5, blue and teal,
respectively) and in pure toluene only (6, magenta). This transmitter loading gave the
highest photon upconversion QYs for this hybrid system in the presence of 3 mM DPA in
toluene (Table 2.1). Though photon upconversion is maximized at low (10 mM)
concentrations of propylamine, the PLQY is further enhanced with increasing primary
amine concentration. When comparing the CdSe PLQY with the same concentrations of
amine, the presence of 2-ACA quenches the 10 mM and 90 mM amine samples 66% and
73% at the band edge and the trap state 84% and 85%, respectively. This quenching of
both the band edge and the trap emission suggests that the presence of the 2-

ACA transmitter invites triplet energy transfer from excitons pinned at both states.

To study the excitonic pathways populated in the presence of amine, ultrafast
transient absorption measurements were employed to track excited state dynamics ina 3
ns window. Excitation at 490 nm means that only the CdSe NC is excited, similar to our
photon upconversion experiments. Figure 2.3 shows representative TA spectra of
samples 2-5, while Figure 2.4 (a) shows the trajectory of the original photoexcited oleic

acid capped CdSe NCs (CdSe/OA, sample 1). The positive features in each spectrum

14



were assigned to excited state absorption (ESA). The negative features are the ground
state bleaches (GSB) which correspond to peak maxima in the linear absorption spectra
of the NC (plotted in black above every TA trace). As shown in Figure 2.4 (a),

sample 1, CdSe/OA, has an isosbestic point at 420 nm. Thus, any change at 420 nm is
due to the presence of the PA or 2-ACA transmitter. To extract the triplet energy transfer
term, time traces at 420 nm for CdSe/2-ACA in the presence and absence of [10 mM]
and [90 mM] PA were compared [Figure 2.4 (b)]. Double difference traces at 420 nm
subtracting 2 from 4 and 3 from 5 (where 2 = CdSe/OA [10 mM] PA and 4 = CdSe/2-
ACA [10 mM] PA; while 3 = CdSe/OA [90 mM] PA and 5 = CdSe/2-ACA [90

mM] PA) were fit with a single exponential decay. The resulting decay constant
corresponds to the rate of triplet energy transfer. As shown in Table 2.2,

samples 4 and 5 have a TET lifetime of 6.6 and 4.9 ns, respectively, which is expected
considering the large driving force and the photon upconversion QY of about 3%.
Previously, we measured an average rate of TET of 0.63 x 108 s™* for CdSe/2-

ACA without amine. The rates of TET here of (152—202) x 10 s™* for

samples 4 and 5 are substantially faster. However, we note that our previous report used a
stretched exponential to obtain the average rate of TET, a substantially different analysis.
Stretched exponentials give an average decay rate that is difficult to assign to a physical

process. In contrast, the high-quality data obtained here allow more careful analysis.
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Figure 2.3 Transient absorption spectra of (a) sample 2, (b) sample 3, (c) sample 4, and (d) sample 5, all
measured following excitation at 490 nm, with steady state absorption spectra shown above. All spectra
were recorded of samples in inert environment at room temperature.
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Figure 2.4 (a) Transient absorption spectra of sample 1, with steady state absorption spectra shown above
and 420 nm, 433 nm, and 511 nm marked. (b) Transient absorption traces at the isosbestic point (420 nm)
showing contribution of TET to bound 2-ACA in samples 2 and 3. (¢) Ground state recovery (GSB) at 433
nm, illustrating relative quenching of CdSe NC in the presence of both surface-bound 2-ACA and high
concentrations of amine. (d) Excited state absorption (ESA) at 511 nm corresponding to the trap state.
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Table 2.2 Global fitting parameters for the kinetics of the trap state, measured at 511 nm for samples 1-5
from transient absorption. 10, t1 are the lifetimes of the decays of the NCs at 511 nm. tNO, tN1, and TN2,
are the corresponding perturbation to the lifetimes from the contribution of the amine and TET.

CdSe 1: OA 2: OA 3: OA 4. 2-ACA+ 5:2-ACA+
OA OA
Propylamine (mM) | O 10 90 10 90
70 (ns) | 13.1 13.1 13.1 13.1 13.1
71 (ns) | 0.365 0.365 0.365 0.365 0.365
™o (nS) | ... 0.669 -39.4 8.73 3.83
w1 (ns) | ... -0.369  0.432 0.217 0.112

The amine increases CdSe NC PL first by decreasing nonradiative loss processes
at low concentrations, then by enhancing radiative pathways at higher concentrations.
This is inferred from both the TA spectra and steady-state PLQY measurements (Table
2.1) of CdSe NCs capped with only oleic acid (samples 1-3). When small amounts of
amine are added to the NC (10 mM), as in sample 2, the band edge PLQY is enhanced
8.7 times compared to the native NC (sample 1). However, the recovery of the GSB at
433 nm and ESA at 511 nm remains unchanged, as shown in Figure 2.4 (c) and Figure
2.4 (d), where the red and black traces virtually overlap. This suggests that small amounts
of amine effectively decrease the nonradiative rate of the NC. When the amine
concentration is raised to 90 mM, as in sample 3, an additional fast decay component is
observed in the 3 ns time window (black squares on red line) in tandem with a 26-fold
increase in the band edge PL compared to the native CdSe NCs (sample 1). A similar
situation occurs when 2-ACA is bound onto the surface of CdSe [blue traces in Figure

2.4 (c) or Figure 2.4 (d)], where large amounts of amine deplete the excited state faster,
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resulting in more PL at both the band edge and trap state. Since radiative lifetimes of
CdSe NCs are on the order of 10s of nanoseconds,®*3¢ we realize that our 3 ns window
does not fully capture the entire radiative decay, but it does provide insight into how the
branching ratios of the excited state are diverted in favor of radiative processes in the
presence of amine.

When transmitter ligands are added to the surface of the NC, the PLQY at the
band edge and trap state is reduced by about 3- to 6-fold, as seen when comparing
samples 4 and 5 to samples 1 and 2 where CdSe only has OA on its surface. To examine
this further, we globally fit the kinetics at 511 nm which represents the broad trap state
[Figure 2.4 (d)]. Two intrinsic decay constants of 1o and 11 0f 13.1 ns and 0.37 ns are
observed in all samples. Samples 1 and 2 look identical as their spectra in Figure 2.4
(d) would suggest. However, in the presence of excess amine (sample 3),

CdSe/OA’s trap state is rapidly depopulated by an additional 39.4 ns component. This is
commensurate with a decrease in trap state emission and increase in band edge PL
compared to sample 2 (less amine) and can be explained by an energetically shallow trap
state that allows the NC exciton to shuttle back to the band edge. In the presence of the 2-
ACA ligand, additional time constants of 8.73 ns and 3.83 ns deplete the trap state in
samples 4 and 5, respectively. This compares well to ttet 0f 6.6 ns and 4.9 ns extracted
independently from the isosbestic point at 420 nm and suggests that this broad trap state
participates in triplet energy transfer to surface bound 2-ACA and is thus depleted in the

presence of the transmitter ligand.
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Using the TET rate from the isosbestic point at 420 nm, the decay of the exciton
bleach of CdSe NCs for all samples was globally fit to obtain the intrinsic decay
amplitude and time constants of QD excitons and the amplitude of the triplet energy
transfer component. Some of the key fitting parameters are listed in Table 2.1 and Table
2.2 (see Chapter 5 Supporting Information for the quality of the fits). Two decay
components, To and t1 of 11.1 ns and 0.18 ns, respectively, were needed to fit the original
CdSe NCs globally [Equation (5.1)]. The presence of 10 mM PA (sample 2) introduces
additional time constants of tno = —36.3 ns and tn1 = —1.55 ns that effectively slow the
intrinsic decay of the CdSe NC’s 10 and 71, respectively [Equation (5.3)]. This, in
combination with an 8-fold increase in steady state PL at the band edge, suggests that
small concentrations of amine suppress the nonradiative rate of the NC. With more PA at
90 mM in sample 3, the exciton is preferentially steered toward fluorescent pathways,
with an additional decay channel opening (tn2 = 12.9 ns). When CdSe is only
functionalized with oleic acid, 82%-95% of the exciton decays with 11-13 ns time
constants.

2.2 Conclusion

When CdSe NCs are functionalized with 2-ACA, the global fit at 433 nm reveals
that a third to half of the excited state contributes to triplet energy transfer. In
samples 4 and 5, the 433 nm wavelength includes the T1-T, transition of the bound 2-
ACA that is observed after triplet energy transfer from the photoexcited CdSe NCs to the
bound ligand®’. This broad T1-Tn transition is a positive feature in the TA spectra, and its

growth would appear to add to the recovery of the GSB of the CdSe. When both 2-
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ACA and amine are present, the exciton recovers faster due to both triplet energy transfer
and enhanced radiative decay. In these samples with the transmitter ligand, the native
nanocrystal decay is dominated by triplet energy transfer (TET) to the 2-ACA, with
weights of 56% and 33% (see Az in Table 2.2) to tret for samples 4 and 5, respectively
[Equation (5.5) in Chapter 5 Supporting Information]. Comparing samples 4 and 5,
although the presence of additional amine speeds up TET, it also enhances PL from the
band edge, resulting in no significant improvement in the photon upconversion QY
overall.

Finally, we have shown that primary amines increase the photon upconversion
QY with a CdSe/2-ACA/DPA photosensitizer/transmitter/emitter system about 5-fold.
Transient absorption measurements show that propylamine enhances triplet energy
transfer by two ways. First, it decreases the contribution of the nonradiative decay
processes in the CdSe NC. Second, it increases the rate of triplet energy transfer.
Analysis of the kinetics of the broad surface trap state suggests that it also participates in
triplet photosensitization, perhaps by equilibrating with the band edge excitons. Since
structural information regarding the amine-nanocrystal adduct that improves the photon
upconversion QY is elusive, this work allows for a better understanding of the role
surface states play in energy transfer. These observations offer a practical route toward

optimizing hybrid organic-inorganic energy harvesting platforms.
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Chapter 3 On the size-dependence of CdSe nanocrystals for photon

upconversion with anthracene

3.1 Introduction

In triplet-triplet annihilation (TTA) based photon upconversion, controlling triplet
energy transfer (TET) through the system is key to unlocking higher efficiencies. In this
work, we vary the size of colloidally synthesized CdSe nanocrystals (NC) to examine the
effects on TET during photon upconversion, using steady-state measurements and
transient absorption spectroscopy. As CdSe NC size increases, the photon upconversion
quantum yield (QY) decreases due to the decrease in the rate of TET from CdSe to the
surface bound anthracene transmitter ligand, as expected for the Marcus description of
energy transfer from the transmitter to the NC. Long microsecond transmitter lifetimes
are critical to high photon upconversion QYs.

Triplet-triplet annihilation (TTA) based upconversion systems show great promise
for use in efficient photovoltaic and bioimaging technologies. While purely organic TTA
upconversion systems rely on finding new sensitizers for every wavelength of interest,
inorganic nanocrystals (NCs) are widely tunable sensitizing materials with robust
absorption and emission properties. In addition to tunability, NCs can have low rates of
nonradiative recombination in spectral areas of interest such as the NIR. By combining
the strong absorption and small exchange splitting of inorganic nanocrystals with existing
organic TTA materials, we can design robust and flexible upconversion systems if all the

elementary steps in triplet energy transfer are understood.® Ultimately, these systems will
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allow the size and composition of quantum dots to be varied to select for the absorption
of desired wavelengths of light, providing an optimum design path for efficient
upconversion systems with diverse applications.?®

In the model system studied here, CdSe NC photosensitizers absorb 532 nm light
from a continuous wave laser (Figure 3.1a). This energy then transfers to the spin-triplet
excited state of a bound 9-anthracene carboxylic acid (9-ACA) transmitter ligand. A
second triplet energy transfer (TET) step may occur to diphenylanthracene (DPA) emitter
molecules, where two neighboring DPA in their triplet excited states combine via spin
allowed TTA (black dotted arrows) to produce one in the singlet excited state (S1) and
one in the ground state (So). The newly populated singlet state can then emit violet light
centered at 430 nm in solution. Because triplet-triplet annihilation and fluorescence are
intrinsic properties of the emitter molecule, this work focuses on elucidating the
bottlenecks hindering triplet energy transfer from the NC donor to bound 9-ACA ligand,
and subsequently to the DPA emitter (TET1 and TET2 in Fig. 1a). Our steady-state
photon upconversion experiments and transient absorption (TA) spectroscopy reveal that
TET1 is in the Marcus normal regime.83° The efficiency of the first TET step, ®rery, is
as high as 85% for small QDs*® due to the large driving force but decreases for larger
particles. In contrast, ®tet2 is quantitative for small NCs but small for large CdSe QDs.
TA measurements show that this is because smaller NCs support long 9-ACA transmitter
lifetimes on the order of hundreds of ps, whereas 9-ACA has short ~18 ns lifetimes on

large nanoparticles, decreasing O ret2.
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Figure 3.1 (a) Energy diagram depicting photon upconversion, showing photoexcitation of CdSe
nanocrystals, triplet energy transfer (TET) TET1 to bound 9-anthracene carboxylic acid transmitter ligand
(9-ACA), and TET2 to the diphenylanthracene (DPA) emitter. (b) Normalized absorption (solid lines) and
photoluminescence (dashed lines) spectra of seven zb-CdSe nanocrystals dispersed in toluene. 505 nm
CdSe is reprinted from ref [9] with permission.

Several zb-CdSe nanocrystals (NC) were synthesized with diameters ranging from
2.4-5.3 nm. Figure 3.1b contains the absorption (solid lines) and emission (dashed lines)
spectra of all seven CdSe explored in this work (A-G). This range of CdSe NCs was chosen
for DPA triplet photosensitization. Considering that DPA’s lowest excited triplet state is at
1.8 eV, and the CdSe NC bandgap here varies from 2.45-2.02 eV, the driving force for
TET1 here ranges from 0.65-0.22 eV. Smaller CdSe NCs can be synthesized, however
these small particles exhibit lower stability (increased ripening) and begin to absorb in the
same region as the DPA emitter, detracting from the goal of photon upconversion. The
NCs were functionalized with 9-ACA ligand and re-dispersed in 3 mM DPA for photon
upconversion (see details in the Supporting Information) with 532 nm cw light. In terms of

photon upconversion, larger CdSe NC required higher ligand surface densities than their
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smaller NC’s counterparts. Like has been shown previously,**#! there is an optimal 9-ACA
surface density that results in a maximum photon upconversion quantum yield (QY), where
too few 9-ACA transmitter ligands limit TET, and too many result in ligand stacking and
excimer formation, providing loss pathways for TET (Fig. S1 shows this ligand
optimization). Table 3.1 shows the NC size, absorption, and photoluminescence (PL)
maxima (Aass and Aags respectively); PL QY, ®p; average number of surface bound 9-
ACA ligands, n; as well as the surface density of this transmitter molecule. Equation S1
gives the upconversion QYs in Table 3.1 (out of a 100%). The small particles A and B have
high photon upconversion QY's, ®up of about 12-16%. ®up drops to ~8-10% for mid-sized
CdSe NCs that absorb strongly in the green, while larger CdSe NCs that absorb to the red

of 600nm suffer from low ®yp ~ 0.4-1.7%.

Table 3.1 Key Parameters of CdSe NCs used in upconversion and TA experiments.

CdSe NC AaBs ApL CdSe NC ®dup n (9-ACA/ 9-ACA krert (ns2)e

radius (nm) (nm) (nm) PrL (%) (%) CdSe NC)2  Density®

A* 1.20 505 520 2.1 12.7 7.4 0.409 59.8

B 1.23 511 529 29.2 15.8 8.4 0.443 15.2

C 1.27 523 536 18.7 10.0 5.2 0.257 8.89 x 103
D 1.54 552 562 18.6 8.5 15.3 0.515 1.86 x 104
E 2.11 591 602 14.9 1.7 36.6 0.657 1.22 x 104
F 2.58 612 620 5.3 0.4 65.1 0.777 5.65 x 105
G 2.66 615 620 6.6 1.0 22.5 0.253 6.74 x 105

®The average number of molecules per QD, obtained from UV-Vis absorption spectra in
Figure 3.1b and extinction coefficient in Table 5.1. ®Units of (n/nm?). “Total rate of TET (not
normalized by n). “Data reprinted from ref [42] with permission.

In order to study the rates of triplet energy transfer, TA spectra were acquired for
each NC with 9-ACA attached to the surface at the ligand loading where ®up was

previously maximized, but without any DPA present. Ultrafast TA spectra were acquired
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with each CdSe NC excited at its band-edge to obtain KTET1. As shown in Fig. 1a, KTET1
describes the rate of TET from the CdSe NC to the bound 9-ACA transmitter ligand. Figure
3.2 shows the ultrafast TA spectra of a small sized CdSe C (Fig. 2a) and large sized CdSe
G (Fig. 2b) with the CdSe NC ground state bleach (GSB) at its absorption maxima and the
triplet excited state absorption (ESA) of 9-ACA marked with vertical dotted lines.
(Ultrafast TA spectra of the other CdSe/9-ACA samples B, C, D, E, F, and G are in Figure
5.7). Global fits of the TA data were used to extract the average rate of triplet energy
transfer, KTETL, from these six CdSe NCs to the bound 9-ACA ligands. The recovery of
the CdSe GSB was analyzed 30 nm blue of the excitation wavelength at the second GSB
minima to avoid scattering contribution from the pump. The CdSe GSB was globally fit
with the kinetics at 435 nm, which included contributions from the ESA of the 9-ACA T:-
Thn transition and the CdSe NC donor. The trajectory of the CdSe GSB has been fit using
equation (1), using two exponentials, and the ESA kinetics globally fit with an additional
term to describe KTET1 (see Sl section 2, Fig. S3):

to)

t
=32 A —
I(t) - Z'lzlléll exp( T; (31)
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Figure 3.2 Ultrafast transient absorption (TA) spectra of 523 nm (a) and 615 nm absorbing (b) CdSe zb
nanocrystals C and G. Vertical dotted lines show ground state bleach (GSB) of CdSe NC’s and 435 nm
excited state absorption (ESA) corresponding to the growth of the 9-anthracene carboxylic acid triplet. The
absorption of CdSe C and G is plotted in broken black lines. Nanosecond TA gives the kinetics at selected
wavelengths at (c) 520 nm for CdSe C, (d) 605 nm for CdSe G with native oleic acid ligands only
(CdSeOA, red), transmitter ligands (CdSe/9ACA, blue) and 9ACA triplet ESA (green, 10X), and their
corresponding fits (black dotted lines).

Global fittings of the GSB and ESA are performed with the linked parameters of to
and 71i. The fitting results and parameters are shown in Table 5.4. The results are
summarized in Table 3.1, which shows that KTET1 decreases as CdSe size increases,
corresponding to a decrease in upconversion QY. As the driving force for TET1 decreases
from 0.65 eV for the smallest CdSe to 0.22 eV for the largest CdSe NCs, KTET1 decreases
from 59.8 ns™ to 0.0674 ps*. The data here suggests that TET1 is squarely in the Marcus

normal regime.
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Nanosecond TA measurements were conducted to extract the transmitter triplet lifetime,
i.e. the 9-ACA lifetime when bound to NC’s. We had previously obtained this data for
CdSe A, the smallest NC.*° To obtain these parameters for the midsized and large CdSe
NCs, CdSe C and G were excited with 532 nm nanosecond pulses and the kinetics at
435nm and the CdSe GSB were collected (Fig. 2c and 2d). As shown in Fig. 2c, the GSB
of CdSe C completely recovers in <100 ns, but the triplet ESA at 435 nm is shows a
decay constant up to 500 us. When bound on mid-sized CdSe C, the decay of this long-
lived 9-ACA exciton absorbing at 435 nm can be fit monoexponentially to give a 260 *
7.8 us triplet lifetime (Figure 3.2¢). This shows that spin-orbit coupling with the CdSe
lattice does not strongly impact the anthracene’s triplet excited state, unlike tetracene’s
markedly shortened triplet lifetime when bound on PbS NCs.*? In contrast, the ESA at
435 nm corresponding to the 9-ACA triplet was very short-lived for the large CdSe-G
NCs. This can be rationalized from the lowest excited triplet energy levels of 9-ACA and
CdSe G absorption maxima (1.83 and 2.02 eV respectively) being relatively close. This
results in barrierless downhill forward energy transfer, and thermally activated back
energy transfer between large CdSe NCs and anthracene triplet excitons. Evidence for
this hypothesis can be seen in the longer CdSe-G exciton lifetime in the presence of 9-
ACA. The intensity weighted lifetime of CdSe-G NCs with and without 9-ACA, tc-an
and tc respectively, decreases from 25.3 ns to 17.9 ns, as monitored by the recovery of
the CdSe NC’s ground state bleach at 605 nm, excited at 532nm, measured with ns-TA

(Fig. 2d). A similar trend is observed with the amplitude weighted lifetime (
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Table 5.5). Using tg, tc-an and the intrinsic lifetime of surface bound anthracene,
TaN = 260 ps from CdSe-C, we can calculate the 9-ACA triplet lifetime when bound on

CdSe-G, tan-c Using the set of coupled rate equations*** governing equilibrium in this

system:
-1 —1 -1 -1
I _ ke(TeZan + Tan—c — k) — Te-anTan—g
TET1 =
ke — kay (3.2)
k _ —kan(TGlan+Tan—c—Kan)+TGlanTAN-G
backTET1 —

kc—kan (3.3)
Solving equation 2 and 3 using ns-TA data gives krer1 = 0.068 ps™ (close to the value of
0.0674 pstin Table 3.1 from ps-TA analysis), a backwards TET rate from 9-ACA to CdSe-
G, KbackteT1, of 39.7 us™ and tan-c, the 9-ACA lifetime on CdSe-G of 17.8 ns. KpackTeT1 Can
be expressed through a simple Boltzmann approximation, relating K pacreT: tO

kD cwreT1 €XPressed as:

0 AE
Kpackrers = Kpackrer1€XD (kb_T) (3.4)

where AE is the difference between CdSe-G and 9-ACA triplet exciton energy levels. From
equation 4, taking into the account the Stokes shift in the NC PL that would lower the
driving force or AE (the energy gap between the CdSe donor and the 9-ACA acceptor), we
can calculate kP, .71 Should be on the same order of magnitude as kpackreti. The fact that
equation 2 and 3 gives a value of ky,.xrzr1 3 Orders of magnitude higher than kret: might
initially suggest that the principle of detailed balance does not hold here. However, this

may be rationalized by the fact that the density of triplet acceptor states on CdSe NCs is
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larger than 9-ACA due to its rich band structure. In addition, NC trap states have been
implicated in triplet energy transfer from 9-ACA,® - and in-gap trap states in CdSe-G
might serve as a thermodynamic sink for 9-ACA triplet excitons.

Unlike the case of pyrene functionalized NCs that exhibited thermal re-population
of CdSe photoluminescence from pyrene,*’ the presence of surface bound 9-ACA does not
significantly lengthen the CdSe lifetime.*®-%° All our 9-ACA functionalized CdSe NCs here
showed NC excitonic states of the order of tens of ns, in line with previous reports in
literature (Table 5.4).>1>* Considering that the 9-ACA ligand density on the CdSe NC’s
surface here (0.25-0.66 9-ACA/nm?) and for the CdSe/pyrene work are about the same,
and the propensity for pyrene to form excimers, perhaps it is the pyrene excimer exciton
and not the triplet exciton that equilibrates with the CdSe NC’s band edge exciton and thus

increases the particle lifetime.*’
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Figure 3.3 (a) The photoluminescence quantum yield (PLQY, red circles) and photon upconversion QY
(black squares) of seven zb CdSe nanocrystals (NCs) in toluene using R6G in ethanol as the fluorescence
standard plotted versus wavelength of the first absorption maxima of each NC.

3.2  Conclusion

To conclude, we have looked deeper into the first triplet energy transfer step in
TTA based upconversion systems to identify where further optimization is needed to
increase transition efficiencies. Through static fluorescence upconversion experiments
and TA spectroscopy, we have shown that the first TET step is strongly correlated with
NC size. Smaller NCs have a larger rate of TET, resulting from a larger driving force. It
is demonstrated for small NC systems, both TETs contribute efficiently to the
upconversion quantum yield for CdSe/TTA hybrid systems. The variation in photon
upconversion and PLQY with CdSe NC size is illustrated in Figure 3.3. Based on these
results, we believe the future of efficient energy transfer in quantum dot systems will
revolve around finding ways to lengthen transmitter triplet state lifetimes® to increase the

probability of efficient energy transfer in this complex system.
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Chapter 4  High Performing Nanocrystal Sensitized Solid-State Triplet-Triplet

Annihilation Based Photon Upconversion

4.1 Introduction

Photon upconversion with a hybrid nanocrystal organic system* has promising
photovoltaic and bioimaging applications> 6%, This system capitalizes on the
synthetically tunable nature of inorganic nanocrystal absorption and emission, as well as
their low rates of nonradiative recombination compared to their organic near-infrared
(NIR) absorbing counterparts. By transferring spin-triplet excitons from an inorganic CdSe
nanocrystal to an organic acceptor, the benefits of strong semiconductor absorption and
small exchange splitting can be coupled with the ability for triplet-triplet annihilation and
subsequent fluorescence from organic emitters. This nanocrystal based upconversion
system is described in Figure 4.1a where 532 nm CW laser light is absorbed by the CdSe
NC sensitizer (black arrow), then triplet energy transferred (TET) to the bound transmitter
ligand, and TET again to the diphenylanthracene (DPA). DPA can then undergo triplet
triplet annihilation (TTA) to create an emissive singlet, giving off violet 430 nm light. This
TTA process occurs when two excited DPA molecules annihilate to form one DPA in a
singlet excited state and one in the ground state. In this work, we focus on photon
upconversion in the thin film architectures depicted in Figure 4.1b, a blended film with all
components mixed, and a layered film where the CdSe NCs are separated from the DPA

in two layers. Figure 4.1c shows the absorption (solid lines) and emission (dashed lines) of
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both the CdSe absorber with bound transmitter 9-ACA ligand and DPA emitter for this

system.
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Figure 4.1 (a) Energy diagram illustration depicting photon upconversion, showing photoexcitation of NCs,
triplet energy transfer (TET1) to bound 9-anthracene carboxylic acid ligand (9-ACA), TET2 to triplet-
triplet annihilation diphenylanthracene (DPA) emitter. (b) Cartoons of blended (top) and layered (bottom)
thin film morphologies. (¢) Normalized absorbance (solid lines) and fluorescent (dashed lines) emission
spectra of seven zb CdSe nanocrystals dispersed in toluene.

Much work has been done in the past to turn these solution-based upconversion
systems into solid-state materials, however, the resulting reports suffer from upconversion
efficiencies that are typically much lower than those reported in solution. This is typically
due to decreased triplet mobility in rigid systems and increased aggregation of the sensitizer
and molecular emitter. Previous work on DPA-decorated supramolecular gels has focused
on forming an annihilator decorated polymer matrix which then could be doped with
sensitizer in order to preserve efficient triplet energy transfer.*> % Other groups have tried
to dope a palladium porphyrin sensitizer directly into an emissive copolymer host capable
of TTA for upconversion which resulted in efficiencies of up to 6% out of a possible 50%.*’
The lack of variety in sensitizers, however, leads to very limited viability when looking

forward to robust applications in the near-infrared.
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Here, we have transformed a solution-based CdSe NC-based hybrid system that can
convert green light to violet light relatively efficiently with QY's of over 20%® %°-6! (out of
100%) into a solid-state upconverting material for the first time. This. In this work, we
have chosen the wide-bandgap polymer poly(9-vinylcarbazole) (PVK) to form a polymer
host matrix for both sensitizer and emitter components. This phosphorescent PVK polymer
host material is commonly used in OLEDs and has demonstrated efficient triplet exciton
fusion for upconversion based light-emitting diodes.®> Phosphorescent polymer hosts
preserve emission primarily from their dopant molecules (in this case, DPA). The rigid
PVK host facilitates singlet PL decay from DPA, making PVK an ideal host for our TTA
based upconversion system.

We chose two different thin film morphologies to study, a blended morphology
where both sensitizer and emitter are well-dispersed in the same PVK polymer layer, and
a layered morphology where sensitizer and emitter are in separate layers (Figure 4.1c). In
principle, the layered morphology could help prevent Forster resonance energy transfer
(FRET) from the DPA emitter to the CdSe NCs, this minimizing parasitic reabsorption.
For the blended film, the thin film fabrication process started with dissolving PVK and
DPA (20 wt%) in 1,2-dichlorobenzene (0-DCB) then adding 532 nm absorbing CdSe
nanocrystals functionalized with 9-ACA transmitter ligands (see Sl for ligand exchange
procedure and optimization, Figure 5.9). The layered morphology solutions were prepared
similarly, but the difference is that separate PVK solutions for the CdSe and DPA were
made instead. Once fully dissolved, a consistent volume of polymer solution was drop

casted onto uniform glass coverslips using volumetric pipettes. After annealing at 60 "C
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for ten minutes the films were left to completely dry overnight. The films were then sealed
between the coverslip and a glass microscope slide using UV curing epoxy. To protect the
UV sensitive DPA molecules and CdSe surface, a small disk covered in aluminum foil was
used to cover and protect the center of the film during the UV curing process, leaving only
the edge of the coverslip exposed to the UV light (see Sl for details). In order to characterize
the films, profilometry experiments were performed on the blended film, the layered film,
and a single layer of the layered morphology giving thicknesses of approximately 6
microns for each drop cast layer (Figure 5.10). These are summarized in Table 4.1.

The blended and layered films were then tested for upconversion using a 532 nm
CW laser using a front face detection geometry. We note that without the 9ACA transmitter
on the CdSe nanocrystals, no photon upconversion was observed. More than ten spots on
each film gave strong upconversion signal and were investigated, with the upconversion
signal varying based on spot location. The average upconversion signal in the center of the
film was about the same, with large increases in upconversion signal being found at the
edges of the film where both the film thickness was greatest and where UV curing epoxy
touched each film. These best upconverting edge spots were included in our analysis, but
due to increased thickness and variability of absorption at these edges are not the focus of
this study. Due to the variation in the upconversion signal throughout both films, it was
difficult to use an integrating sphere to locate certain spots. Thus we measured the relative
guantum yield by employing an R6G thin film as the fluorescent standard in the same PVK
polymer host. The fluorescence QY of this R6G standard was measured in an integrating

sphere to be 24% (as described in the SI). The reference film was then placed in the same
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front face detection geometry and used to quantify the upconversion signal for all films. In
order to verify the accuracy of this approach, the best blended upconverting thin film was
also measured in both the integrating sphere and front face geometry. The middle gave a
similar upconversion QY close to 1.5% in both relative and absolute upconversion QY
measurements. The overall upconversion efficiencies for the highest performing and
average upconverting spot on the blended and layered thin films are summarized in Table
4.1. In general, the average photon upconversion QY is about 1.5% for the blended and
1.0% for the layered film using a 532nm CW laser with power densities exceeding 10
W/cm? (Figure 5.12) At the edges, the upconversion signals were approximately 4 and 2-
fold higher for the blended and layered film, respectively. In solution, these CdSe/9ACA

NCs in 3mM toluene have photon upconversion QY of 10.0%.°

Table 4.1 Summary of blended and layered thin film properties, including profilometry thickness
measurements, upconversion quantum yield for the best spot and average center spot. ¢z, Values were
calculated using ¢ = 0.813 and ¢pp, = 0.659 for both films

Blended Film Layered Film
Thickness (um) 6.21 £ 0.42 11.33+1.16
UCQYavg 0.015 +0.002 0.010 £ 0.002
UCQYbest 546 56.8
DPA/CdSe mol ratio 0.551 0.376
dDreT20V] 0.102 0.099
dreT2best 51 6.5
DA 6.21 £0.42 11.33+1.16
DPA triplet lifetime (us) 0.015 +0.002 0.010 £ 0.002

From the thickness measurements of these films, we calculated the concentration
of CdSe/9-ACA and DPA in each film using Beer’s law, treating each component as a
solute dissolved in a solution of PVK and assuming the extinction coefficients in solution

for DPA and CdSe did not change drastically from toluene to PVK. From this treatment,
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we calculated the relative concentrations of DPA/CdSe to be an order of magnitude larger
in the more efficient blended film compared to the layered film (Table 4.1 and Table 5.6).
To further explore the efficiency of these films, we made several control films to study the
intermediate processes that occur during upconversion. The first control film was and PVK
film containing 20 wt% DPA only, allowing for better characterization of the DPA in the
matrix. Then two CdSe in PVK films were made, the first with CdSe capped with its native
oleic acid (OA) ligands, and the second containing CdSe capped with 9-ACA transmitter
ligands without any DPA. The transient absorption spectra for the blended, layered,

CdSe/OA and CdSe/9ACA films can be seen in Figure 5.14 and Figure 5.15.
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Figure 4.2 (a) Transient absorption (TA) spectra for the blended film. (b) Normalized ground state bleach
kinetics measured at 510 nm. (c) Normalized TA kinetics at 440 nm peak of triplet excited state for
CdSe/9-ACA only, blended, and layered films. (d) Growth of the triplet state in the CdSe/9-ACA only thin
film corresponding to the rate of triplet energy transfer from the CdSe NC to the bound 9-ACA ligand.
Transient absorption kinetics were analyzed at 440 nm after subtraction of early 0-20ns CdSe only

component.

Equation 4.1 below relates the overall photon upconversion efficiency to the

efficiencies of intermediate processes that occur:

brTa
buc = Prer1Prer2 S bppa

(4.1)

where ¢ 1S the efficiency of TET from CdSe to bound 9-ACA ligand, ¢rgr, is the

efficiency of TET from the 9ACA transmitter to DPA, ¢pp,4 IS the fluorescence quantum
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yield of DPA. ¢4 is the efficiency of TTA and is divided by two in order since the
convention is that the maximum ¢4 = 1, because TTA is a two-to-one photon
conversion process. Thus, we adopt the convention where the maximum ¢ = 0.5 here.

To quantify the DPA fluorescence QY, we used the integrating sphere to
characterize this 20 wt % DPA in PVK thin film prepared and sealed in an air free
nitrogen glovebox, excited at 365 nm. The resulting ¢pp4 Was 66 %, which is lower than
the ¢ppa = 90% in toluene. This decrease in fluorescence efficiency could be due to
aggregation of DPA in the polymer matrix. Evidence of this aggregation is also observed
in the red shifted photoluminescence of DPA in the blended and layered thin films
compared to DPA in solution as shown in Figure 5.16.

We next sought to understand TTA efficiency by comparing the triplet lifetime in
the CdSe/9-ACA thin film, which would not have any TTA, to the triplet kinetics in the
blended and layered film morphologies. The blended and layered films both contain
significant amounts of DPA, which is not present in the CdSe/9-ACA film. The
trajectories of the anthracene triplet excitons in all three films were isolated after
subtraction of the CdSe component dominant at early times in the TA measurements (see
Figure 5.17). As can be seen in Figure 4.2c, the anthracene triplet decays faster when
DPA is present in the films. Since DPA is more rigid, the non-radiative decay rate, K,
should be lower than the corresponding rate for 9-ACA, meaning that the DPA triplet
lifetime should be as long as the less rigid 9-ACA, if the DPA molecules were
electronically isolated. Depletion of DPA triplet excited states may through triplet-triplet

annihilation, triplet-charge annihilation,%® phosphorescence or triplet excimer formation.
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In order to extract the DPA triplet lifetimes, the blended, layered, and CdSe/9-ACA in
PVK films were globally fit at 440 nm, which is the peak maxima corresponding to the
excited state absorption of anthracene. This fit assumes that 9ACA and isolated DPA
decay with the same lifetime, and the aforementioned process quench the DPA triplet
state. From these global fits, the 9-ACA/ isolated DPA lifetime decreased from 61.4 us to
5.2 us and 6.5 ps in the blended and layered films, respectively (Figure 4.2c). Assuming
that triplet-triplet annihilation is dominant decay process for DPA, and statistically 1/9 of

these collisions result in bright singlet states,% therefore given by equation (4.2)

Grrs =1/9 (1 - T/To) (4.2)

where 1o is the lifetime of the 9-ACA on CdSe (61.4 ps), and 7 is the triplet lifetime of
DPA in the blended and layered films (5.1 us and 6.5 ps respectively). From equation 2
we can see the TTA efficiencies for blended and layered morphologies are 10.2% and
9.9% respectively.

The efficiency of the first triplet energy transfer term depends on the rate of triplet
energy transfer from the CdSe NC to the bound 9-ACA ligand. We have shown that with
smaller size CdSe NCs, the driving force for triplet energy transfer from the CdSe to the
bound 9-ACA ligand is larger, minimizing back transfer from the ligand to the NCs.% %
This allows for the assumption of unidirectional TET1 from NC to transmitter.*” From the
isolated 9-ACA triplet kinetics obtained from the TA spectra of the CdSe/9ACA in PVK
sample, we were able to monoexponentially fit a triplet rise of 35.6 ns after subtracting the

CdSe component from early times (0-20 ns). The results are shown in Figure 4.2d (and
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Figure 5.18). In toluene, the corresponding TET1 time constant is 112.5 ns.® This makes
sense given that mid-size green absorbing CdSe NCs are used in this work.® 4 From
biexponential fits to the CdSe/OA in PVK sample at the same wavelength, we calculated
the amplitude averaged lifetime of CdSe/OA according to equation 3, Tcgse—oa =
154.2 ns (see Table 5.8). From these time constants where t;z71=35.6 ns, we can then
calculate the efficiency of TET1 using equation 4, where ¢rgrq = 0.813.

Equation (4.3). Amplitude averaged lifetime

YiAixT;

T=Tyoa (4.3)

Equation (4.4). ¢rgr, Efficiency of triplet energy transfer from CdSe NC to 9-ACA

transmitter ligand

1
/ TTET1

brers =

1 1 4.4
/ TTET1+ / Tcdse-04 (4.4)

We can calculate ¢4, from equation (4.1 after measuring ¢yc, ¢rer1, drraand
dppa- Solving for ¢przr-, the efficiency for triplet energy transfer from the 9-ACA to DPA
ranges from 6.1% on average to 24.5% at best (on the edges) for the blended film. ¢ 57, is
lower in the layered film ~4.2 - 10.0%. The average values for ¢z, about the same for
both films (Table 4.1). We note that back transfer in the blended film is expected to be
worse than in the layered morphology due to the closer proximity of CdSe to DPA. Lin et
al reported that using a layered morphology, back transfer in their molecular films

decreased to 8% from 60.3% compared to a blended structure.®® One possible reason for
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this disparity may be the inhomogeneous distribution of CdSe/9-ACA in the final films.
The current drop casting technique is not sufficient to evenly distribute CdSe/9-ACA
throughout the final film. While the CdSe/9-ACA does not appear to be visually excluded
from the center of the films when examined by eye (Figure 4.3a inset), nanocrystals are
concentrated in the edges of the film that dry first. PL mapping experiments confirm that
the CdSe is concentrated at the edges of the final film and that clusters of emissive CdSe
NCs are non-uniformly distributed in select spots in the middle of the blended film (Figure
4.3b). These spots appear to correspond to the areas of highest upconversion, and therefore
higher ¢;zr». The DPA within the films is more uniformly distributed, as PL mapping
exciting with 405 nm light shows uniform DPA emission throughout the center of the film

(Figure 4.3c).
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Figure 4.3 Upconversion spectra of blended film excited with 532 nm CW laser (a), photo of blended film
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In order to address these deficiencies introduced by drop-casting, spin coating
techniques can be used to increase uniformity through the films, as well as better control
over the final thickness. Clearly, increasing ¢z, provides the greatest opportunity for
increasing the upconversion QY for these films. In solution, TET2 is usually diffusion
limited when DPA is available in millimolar concentrations at its solubility limit. In the
final PVK thin films, the DPA concentration is at least two orders of magnitude higher at
0.5 M (Table 5.6), and these high concentrations of DPA should favor TET from
photosensitizer to annihilator. The long oleic acid chains on CdSe quite possibly form a
tunneling barrier to TET2. Finally, ¢y,-can also be improved by increasing the
photoluminescence QY of the thin film by including singlet traps as dopants. This strategy
by Ogawa et al will reduce FRET-based back transfer from DPA to the nanocrystal.®®

Here we have shown initial success transforming our nanocrystal sensitized TTA

based upconversion system from volatile organic solvents to a thin film with upconversion
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quantum yields on par with the best organic TTA-based thin films. The use of PVK allows
a high concentration of DPA to be incorporated while eschewing phase separation of the
photosensitizer and annihilator. The key bottleneck in these thin films is the second step of
triplet energy transfer, which may be addressed with transmitter ligands that facilitate
triplet energy transfer via a hopping mechanism,® or with shorter solubilizing ligands on
the NCs.3® Our current upconversion efficiencies of 0.015 out of a maximum of 0.5 can be
significantly improved by increasing the DPA fluorescence QY and modifying our
fabrication techniques to produce more uniform thin films. Better control over the
distribution of CdSe/9-ACA within the films will enhance TET2 and therefore the overall
upconversion efficiencies of these films. With future improvements and the viability of
environmentally friendly, non-toxic InP or silicon based light absorbers,?* these films may

yet find use in practical solar or biomedical applications.
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Chapter 5 Supporting Information
51  Chemicals

Cadmium oxide (CdO, 99.99%), oleic acid (OA, tech. grade, 90%), and 1-
octadecene (ODE, 90%) were purchased from Aldrich. Selenium (Se, 99.9%) was
purchased from Strem Chemicals, and toluene was purchased from Fisher and dried and
degassed using JC Meyer’s solvent purification system.
5.2 Instrumentation

Linear absorption spectra were recorded on a Cary 5000 UV-Vis absorption
spectrophotometer. Photoluminescence (PL) of CdSe nanocrystals (NCs) were recorded on
Spex Fluorolog Tau-3 fluorescence spectrophotometer. Photoluminescence quantum yield
was obtained with the standard of rhodamine 6G in ethanol.
5.3  Synthesis of CdSe NCs

2.3 nm diameter zb-CdSe NCs were synthesized following the modified method
of Zhang et al:%” 230 mg CdO, 1.6 mL oleic acid and 14.25 mL 1-octadecene were added
into a 50 mL 3-necked round bottom flask and heated at 120 °C for 1 hour under vacuum.
The flask was then filled with argon. The flask was then heated to 270 °C and once the
solution turned clear, the temperature was set between 270 °C and 290 °C depending on
the desired final size of the nanocrystal. Once the injection temperature was reached, 2.5
mL of a 0.4 M suspension of Se powder in ODE was injected and the reaction flask was
cooled to room temperature with compressed air for the smallest particles and allowed to

cool naturally for large sizes. Nanocrystals were washed two times by
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precipitation/redispersion with ethanol/hexane and washed a final time in hexane/acetone.
Cleaned particles were re-dispersed in toluene and stored in the dark.

5.4  Preparation of samples for transient absorption and upconversion
measurements

Ligand exchange reactions are performed by mixing CdSe NCs with 9-
anthracenecarboxylic acid (9-ACA) at different concentrations in THF, as described in
Table 5.1, and then stirred overnight. Total volume of ligand exchange solution is 190 pL.
After ligand exchange, 1 mL acetone was added as a bad solvent to precipitate out the
nanocrystals, and the CdSe/9-ACA complex was precipitated by centrifuging for 10 min
at 7830 rpm. The clear supernatant containing excess 9-ACA ligand was discarded.

For upconversion measurements, the CdSe/9-ACA pellet was re-dispersed in 3 mM
DPA/toluene solution and then transferred to a 1 cm path length Starna cuvette. For
transient absorption measurements, the pellet was re-dispersed in toluene to make a
solution with optical density = 0.3 at the excitation wavelength in a 1 mm path length
airtight cuvette. All samples were prepared and sealed in a nitrogen glovebox.

Table 5.1 Extinction coefficients for CdSe samples and 9-ACA ligand exchange conditions

Wavelength (nm) e(M* «cm’™®) [CdSe]inligand  [9-ACA] in ligand

exchange (uM) exchange (mM)

CdSe A 505 53886 105 400
CdSe B 511 57566 105 6.28
CdSe C 523 66666 105 11.51
CdSe D 552 105132 105 2.09
CdSe E 591 250596 105 2.09
CdSe F 612 445819 105 3.66
CdSe G 615 486396 105 1.09
9-ACA 389 7800 - -
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Figure 5.1 Optimization of upconversion quantum yields against the concentration of ligands in ligand

exchange solution for 9-ACA for (a) CdSe C and (b) CdSe G. (c) Absorbance spectra of CdSe NC ligand
exchanged with 9-ACA.
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5.5  Upconversion and photoluminescence measurements

Upconversion fluorescence spectra were recorded from the right angle to the
excitation with an Ocean Optics Inc. Maya Pro 2000 spectrometer. The 532 nm excitation
produced by Ti:Sapphire laser (Coherent) focused to a spot with diameter of 120.9 um
resulting in flux of 12.7 W/cm?. In front of the detector, a 532 nm, 25 nm bandwidth notch
filter (part number NF01-532U-25) has been used to block residual excitation light. The
upconverted signal was collected in perpendicular geometries and focused into a PAF-
SMA-11-A (Thor Labs) fiberport through an Ocean Optics QP400-2-SR fiber connected
to the Maya Pro 2000 spectrometer system. All samples were prepared in air tight Starna
cuvettes with screw tops in a nitrogen glove box. The upconversion quantum yields were
calculated using rhodamine 6G as standard with the 532 nm laser.
5.6  Upconversion quantum yield calculations

The photon upconversion (UC) QY, ®uc is defined as:

(photons absorbed by reference) 5 PL signal (UC sample)

Dyc =2x Dyep x -
(photons absorbed by UC sample)  PL signal(reference)

(5.1)

where ®rer is the photoluminescence QY of the rhodamine 6G reference, which is 95% in
ethanol. The equation can be further broken down to better represent how these

measurements are taken by equation (5.2).

Tllz)pA [Area]ppa 1 — 10~4ReG

2 —A
Ngee |Arealgeg 1 — 107 “sample

¢UC == 2 X Q)R6G X (52)
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Where the nppa and nrec represent the refractive indices of the solvents in the sample and
reference cuvettes, which are toluene and ethanol, respectively. The [Area]opa and
[Area]rec are the integrated areas of the fluorescence peaks of the DPA signal from the
upconversion sample and the R6G signal from the reference sample. The absorbance of
the upconversion and R6G samples at the wavelength of excitation is represented by
Asample and Arsa.

5.7  Upconversion spectra of CdSe/9-ACA and CdSe/2-ACA with octylamine
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Figure 5.2 Photoluminescence spectra of photon upconversion with CdSe NC’s functionalized with (a) 9-
ACA and (b) 2-ACA bound on the surface in increasing concentrations of octylamine. Samples are
dissolved in toluene and excited with 488 nm laser. All signals normalized by absorption at 488 nm.
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5.8  Photoluminescence and upconversion spectra of CdSe/2-ACA with

propylamine
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Figure 5.3 Photoluminescence (PL) spectra of photon upconversion (UC) with CdSe NC light absorbers
functionalized with 2-ACA bound on the surface in increasing concentrations of propylamine. Samples are
dissolved in toluene and excited with 488 nm laser. All signals normalized by absorption at 488 nm. All
signals normalized by absorption at 488 nm. The photon upconversion and photoluminescence quantum
yield vs concentration of propylamine is plotted on the right.
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59 Measuring Transient Absorption Data

Nanosecond transient absorption measurements were performed using the
enVISion spectrometer from Magnitude Instruments using 532 nm excitation pulses, with
repetition rate varying from 1kHz to 10kHz, depending on the time window. The excitation
energy density was 87 pJ/cm? for a 10 kHz repetition rate.

Ultrafast transient absorption experiments were performed using the Ti:Sapphire
chirped pulse amplified system SpitfireACE Spectra Physics, Newport Corp, 6 mJ @ 800
nm, 100 fs, 1 kHz) and Transient Absorption Spectrometer (TAS, Newport Corp.). The
amplifier system is pumped using an Empower® Q-switched DPSS laser and seeded by a
Mai Tai SP oscillator (90 fs, 80 MHz). The outcome of the regenerative amplifier was
split in multiple paths. One beam was coupled to optical parametric amplifiers (OPA,
Lightconversion TOPAS™) to generate a pump pulse at 540 nm (100 fs pulse duration).
A small portion of the fundamental 800 nm beam was picked off and sent through a delay
line and then focused into a 2 mm CaF2 crystal to generate a white light continuum. The
generated supercontinuum is then focused onto the sample and overlapped with the pump
beam. The transient spectra were detected with fiber-coupled CCD-based monochromator

(Oriel, Newport).
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Figure 5.4 The emission intensity of five different CdSe NCs with decreasing absorption maxima at their
individual wavelengths versus the excitation power obtained from the transient absorption setup. The laser
power of 90 nJ was used to excite all samples to avoid exciton-exciton annihilation processes observed at
higher powers. Samples were dissolved in toluene and excited with a corresponding wavelength pulsed
laser at room temperature.
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5.10 Transient absorption traces of CdSe and CdSe/2-ACA in varying

concentrations of propylamine
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Figure 5.5 (a) Transient absorption (TA) traces at the isosbestic point (420 nm) showing contribution of
TET to bound 2-ACA in samples 2 and 3, (b) Ground state recovery (GSB) at 433 nm, illustrating relative
quenching of CdSe NC in the presence of both surface-bound 2-ACA and high concentrations of amine. (c)
Excited state absorption (ESA) at 511 nm corresponding to the contribution of the trap state. All
normalized by OD of nanocrystal at 487 nm for TA fits as opposed to Figure 2.4 (b)-(d) which is
normalized by the time.
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5.11

Biexponential equation for NC only, two lifetimes, 1o and 11:

](t) = A, * e~ (t=to)/To + Aq * e~ (t—to)/T1

Global fitting graph and fitting parameters of transient absorption traces

(5.3)

Biexponential equation for NC with amine introducing additional decay components: tno,

TN1, TN2:

I(t) = Ay * e[_<(E

1 1
Hm

))(t—to)]
+A;xe

(@)

(5.4)

Equation for CdSe NC with amine and 2-ACA transmitter ligand resulting in triplet energy

transfer, tret:

1)

el

M|, , .

{

1 1
b

_t-tg
TTET

)

(5.5)

Table 5.2 Global fitting parameters of the kinetics at 433 nm from transient absorption for samples 1-5
using equations 1-3. All samples are corrected for time zero. Ao, A1, and T, 11 are the amplitudes and
lifetimes of the decays of the NCs at 433 nm. A2, tno, Tni, Tne, and Trer are the amplitudes and lifetimes of
the decays from the contribution of the amine and TET.

4: 2- 5 2-
CdSe 1: OA 2: OA 3: OA ACA+OA ACA+OA
Propylamine
[mM] 0 10 90 10 90
Ao 95.2+0.1%  93.8+0.1%  19.0+0.3% 26.2+0.3% 31.8+0.4%
As 4.8+0.1% 6.2+0.1% 18+0.3% 18.1+0.2% 35.2+0.4%
Az - - 63+0.3% 55.7£0.3% 33.0+0.4%
To (NS) 11.09+0.08 11.09+0.08 11.12+0.04 11.09+0.08 11.12+0.04
0.177+0.00 0.177+0.01
71 (NSs) 9 0 0.179+0.006  0.177+0.009  0.180+0.006
Tno (NS) - -36.3£1.3 0.294+0.011  0.296+0.007  0.239+0.008
0.0269+0.001  0.0200+0.005 0.0188+0.004
i (NS) - -1.55+0.89 0 6 6
Tnza (NS) - - 12.9+0.4 - -
TreT (NS) - - - 6.57+0.12 4.94+0.17
PLQY (%) 0.23 2.01 5.96 0.68 1.60
Trap QY (%) 0.80 4.33 2.35 0.71 0.68
Upconversio
n QY (%) 0 0 0 2.89 2.71
DPTET (%) - - - 1.18 1.57
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Figure 5.6 Analysis of the trap state from transient absorption data from samples 1-5. The trajectories at
511 nm are graphed with sample 1 in black, sample 2 in red, sample 3 in wine, sample 4 in blue, and
sample b in light blue. Global fitting results are shown, with residual traces plotted at the top.

Table 5.3 Global fitting parameters for the kinetics of the trap state, measured at 511 nm for samples 1-5
from transient absorption, as described in equations 1 and 2. All samples are corrected for time zero. Ao,
Ay, and 1o, T1 are the amplitudes and lifetimes of the decays of the NCs at 511 nm. Tno, Tn1, and T, are the
lifetimes of the decays from the contribution of the amine and TET.

CdSe 1: OA 2: OA 3:0A 4: 2- 5 2-
ACA+OA ACA+OA

Propylamine 0 10 90 10 90

[mM]

Ao 93.5£0.5% 10.1+1.1% 60.2+0.5% 66.4+0.3% 40.6+0.4%

T 0 (NS) 13.1+0.4  13.1+0.4 13.1+0.4 13.1+0.4 13.1+0.4

A1 6.5£0.5% 89.9+1.2% 39.840.5% 33.6+£0.3% 59.4+0.4%

T 1 (NS) 0.365 + 0.365 + 0.365 + 0.365+£0.04 0.365+0.04

0.04 0.04 0.04

T No (NS) - 0.669 + -394+8 8.73+£0.3 3.83+£0.1
0.09

T N1 (NS) - -0.369 + 0.432 + 0.217+0.02 0.112 +
0.04 0.06 0.005
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Figure 5.7 Ultrafast transient absorption spectra of six zb CdSe nanocrystals with diameters ranging from
2.5 —5.3 nm and first excitons from 511 nm to 615 nm. Dotted lines show ground state bleach (GSB) and
430 nm corresponding to the growth of the 9-ACA triplet.
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5.12 Global fitting equations and fitting parameters of transient absorption traces

Biexponential NC fitting with two lifetimes, t1 and 12:

t—t t—t
I(t) = Ayexp (— - ") + Ayexp (— - ") (5.6)
1 2

NC with transmitter ligand (9-ACA) introducing additional triplet decay component: trer

- to) + Azexp (— - t0> (5.7)

TTET

to

I(t) = Ajexp (— ! ) + Ayexp (—

1 Y]

where to is a time offset of 2 ps, Az is the maximum absorption of the 9-ACA triplet, t1 and
T2 correspond to the intrinsic decay of the NC, and tret is the net transfer of excited state
energy between the nanocrystal and the 9-ACA ligand. Using a global fit allows the

intensity of absorption to vary with wavelength, while linking the lifetime components.
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Table 5.4 Fitting parameters for picosecond transient absorption data where global fits of the GSB of the
CdSe nanocrystal and ESA of the NC and triplet energy transfer to the 9-ACA at 435 nm were performed.

CdSe B CdSe B CdSe C CdSe C CdSe D CdSe D
GSB ESA GSB ESA GSB ESA

A1 | -2.01x10° 6.68x10* -2.65x102 4.81x103% -1.88x103 -1.14x103
A1 %* 18.1 20.8 33.7 8.3 20.0 10.0
1 (ps) 126.7 126.7 34.7 34.7 10.5 10.5
A> | -9.13x10% 2.29x10% -522x102 7.19x103% -752x10% -3.61x103
A2 %* 81.9 71.4 66.3 12.4 80.0 31.6
12 (pS) 5.90 x 103 5.90 x 103 9.02 x 102 9.02 x 102 1.46 x 103 1.46 x 103
As - 2.50 x 104 - 459 x 102 - 6.67 x 103
Az %* - 7.8 - 79.3 - 58.4
TTeT (PS) - 6.60 x 101 - 1.12 x 10° - 5.36 x 106

Cdse E Cdse E Cdse F CdSse F Cdse G Cdse G

GSB ESA GSB ESA GSB ESA

A1 | -3.17x10% 424x10% -3.13x10° -3.30x10° -1.43x102 1.11x10*
A1 %* 22.1 3.1 19.9 0.2 334 0.3
1 (ps) 48.6 48.6 66.6 66.6 72.7 72.7
A> | -1.12x 102 1.68x103% -1.26x 102 2.06x10°% -2.85x102 1.78x 1073
Az %* 77.9 12.4 80.1 14.3 66.6 49
t2(ps) | 3.31x103 3.31x10% 3.52x103 352x10% 3.21x10% 3.21x108
As - 1.14 x 102 - 1.23 x 102 - 3.43x10?
As %* - 84.4 - 85.5 - 94.8
TTET (PS) - 8.18 x 10¢ - 1.77 x 107 - 1.48x107

*Values for Az, A2, and As normalized to 100%
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Figure 5.8 Global fitting results (red) for ultrafast transient absorption traces of six CdSe/9-ACA samples in
toluene. The 433-435 nm traces show the 9-ACA triplet (blue), while the ground state bleach (GSB, green)
of each CdSe nanocrystal was measured 30 nm blue of the excitation wavelength at the first excitonic peak

of the NC.
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5.13 Amplitude and intensity averaged lifetimes for CdSe G

Equation for amplitude weighted averaged lifetime

Yidi*T
YiAi (5.8)

T=

Equation for intensity weighted averaged lifetime

- YiAi* 1}
YA 9

Table 5.5 Amplitude and intensity weighted lifetimes of CdSe-G NCs with and without 9-ACA, tc-an and
16 respectively, as monitored by the recovery of the CdSe NC ground state bleach at 605 nm, excited at
532nm, measured with ns-TA.

Lifetime (ns)

A us) A 12 (nS) Amplitude  Intensity
CdSe G-AN ‘ -0.00476 6.3 -0.00175 34.6 13.9 25.3
CdSe G ‘ -0.0125 49 -0.00307 27.3 9.3 17.9

5.14 Ligand loading and fabrication of thin film samples for upconversion,
transient absorption, and upconversion measurements

Ligand exchange reaction was performed by mixing CdSe NCs with 9-ACA at
different concentrations in THF and then stirring overnight. Total volume of ligand
exchange solution is 190 pL. After ligand exchange, 1 mL acetone was added as a bad
solvent to precipitate out nanocrystals, and the CdSe/9-ACA complex was precipitated by
centrifuging for at least 10 min at 7830 rpm. The clear supernatant containing excess 9-
ACA ligand was discarded.

To test for optimal loading, an upconversion measurement was performing by

redispersing the CdSe/9-ACA pellet in 2 mL 3 mM DPA/toluene solution and then
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transferred to a 1 cm path length Starna cuvette. The ligand loading which produced the

highest upconversion QY was then used throughout the rest of the thin film fabrication

experiments.
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Figure 5.9 Ligand loading optimization for CdSe nanocrystals. (a) Upconversion signal for three different

ligand loading concentrations. (b) Upconversion QY vs concentration of 9-ACA ligand in ligand exchange
solution.

Thin film samples were drop casted from a 20 wt% DPA in PVK solution in 1,2-
dichlorobenzene. 0.4 mL of each solution was dropped onto a uniform cleaned glass
coverslip and allowed to completely dry overnight. Dry samples were sealed onto a clean
glass microscope slide using UV curing epoxy.

R6G reference thin film was fabricated by adding R6G to a sample of 8 mg PVK
dissolved in 1 mL 0-DCB in a nitrogen glovebox. 400 uL of the final solution was drop
casted onto a 25 mm glass coverslip. R6G concentration was designed so that the resulting
thin film absorbance was within 0.05 of the absorption of the upconverting thin films at

532 nm.

All samples were prepared in a nitrogen glovebox.
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5.15 Profilometry experiments

Profilometry experiments were performed using a Dektak8, Bruker profilometer
using a standard scan and 5 micrometer radius stylus. Twenty second scans were
performed for 17-22 nm depending on the sample with a force of 5 mg and a

measurement range of 655 kAngstrom.
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Figure 5.10 Profilometry of layered thin film morphology showing glass slide, bubbles formed on edge of
first layer, large edge of the second CdSe containing layer and middle of the completed layered film.
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5.16 Concentration of DPA and CdSe in blended and layered film morphologies

Concentration of DPA and CDSe/9-ACA in PVK was determined by Beer’s law.

A=¢e*xC+x*t (5.10)
Where A is the absorption of the film, € is the molar absorptivity, and t is the thickness of

the film in cm.

Table 5.6 Summary of thickness, molar absorptivity, and concentration of DPA and CdSe/9-ACA in both
layered and blended film morphologies. The molar absorptivity of DPA at 372.5 nm is 1.40 x10* cm-1/M
and molar absorptivity of CdSe at 523 nm is 6.67 x10*cm™/M.

Thickness

() [DPA] [CdSe] DPA/CdSe
Layered 757 x10™* 230x10"' 205x10"® 56.8
Blended 5.84x107* 574x107! 1.05x1073 546.1

5.17 Upconversion quantum yield measurements for thin films

The photon upconversion (UC) QY, ®uc is defined as:

(photons absorbed by reference) 5 PL signal (UC sample)

Oyc =2xDgp X :
(photons absorbed by UC sample)  PL signal (reference)

(5.11)
where ®rr is the photoluminescence QY of the rhodamine 6G reference, which is 95% in
ethanol.

The quantum vyield is defined as the ratio of emitted photons to absorbed photons,
meaning that the theoretical maximum quantum efficiency of upconversion materials is
defined as 50%, because the absorption of a minimum of two photons is required to
generate one upconverted photon. All upconversion measurements were performed with
an incident laser power in the linear regime for photon upconversion, meaning that triplets

could be formed faster than they were depleted by TTA or other decay processes.
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The PL quantum yield of the reference R6G in PVK thin film was measured using
an absolute quantum yield measurement using a Labsphere RT-060 integrating sphere,
exciting with a CW 532 89.5 um beam radius laser, and detecting with a Maya Pro 2000
spectrometer detector.5®

5.18 Beam radius and power dependence measurements

161 radius: 89.5 um 4 -400
] || [ |
141 4,532 nm o T [ 350
12 F300 S
< 104 L 250 &
E Z
= 8- 200 5
s 61 150 %5
Q4] 100 3
1 =
2 50 ©
0- L0
2 .50

46 47 48 49 50 51 52 53
Distance (mm)

Figure 5.11 Laser intensity (black squares) decreases as the razor blade blocks the excitation source. The
first derivative of the laser intensity (red squares) with respect to distance, d(power)/d(distance). The radius
of the excitation light is obtained with a Gaussian fit (red curve).

To verify that the measurements were performed in the linear regime without
multiphoton annihilation occurring in the NCs the power dependence was measured.
Figure 5.12 shows that the upconversion signal versus excitation power shows a linear
trend in the whole excitation interval indicating that no multi-photon annihilation occurs at

the excitation power used in our experiments.
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Figure 5.12 Power dependence on best upconverting spot (a) and alternate spot (b) of blended thin film
morphology. Thin film excited with 532 nm CW laser, and signal monitored by front face detection and
integrating the upconversion signal from 380-513 nm.

Figure 5.13 Photo of set up for beam diameter measurement with beam path of 532 nm laser labeled in
green.
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5.19 Transient absorption spectra of thin films
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Figure 5.14 Transient absorption spectra for thin films of (a) CdSe/OA, (b) CdSe/9-ACA, (c) blended, and
(d) layered morphology using 532 nm pulsed pump and xenon lamp probe light source on the envision
transient absorption instrument.
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Figure 5.15 Transient absorption spectra for thin films of (a) CdSe/OA, (b) CdSe/9-ACA, (c) blended, and
(d) layered morphology from 545nm to 800 nm.
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5.20 PL spectra for blended film upconversion spots vs DPA in toluene
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Figure 5.16 Normalized PL emission spectra for DPA in toluene (black trace) compared to the best,
average, and low upconversion spots on the blended film morphology.
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5.21
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Figure 5.17 9-ACA triplet peak from the transient absorption data of (a) CdSe/9-ACA thin film, (b)
blended thin film, and (c) layered thin film after subtraction of CdSe component from 0-20 ns.
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5.22  Fits of transient absorption data and extraction of ¢TeT!
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Figure 5.18 Fit of 9-ACA triplet rise on CdSe/9-ACA thin film with 0-20 ns CdSe component subtracted.

&rer1is the efficiency of transfer from the CdSe NC absorber and the bound 9-ACA ligand.
The lifetime of triplet transfer from CdSe to 9-ACA can be seen in Figure 5.18. The lifetime
of CdSe/OA is taken from the amplitude weighted lifetime of the global fit of the CdSe/OA

sample at 440 nm.

Table 5.7 Global fitting results from CdSe/OA transient absorption kinetics at 440 nm.

CdSe/OA
Al tl/ ns A2 t2/ ns
0.000784 335 0.000118 058.5
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Table 5.8 Amplitude weighted lifetime of CdSe/OA thin film at 440 nm and time constant of KTET1 in
CdSe/9-ACA thin film with resulting ®rer: value.

Amplitude weighted lifetime (ns) 1 154.2
KTET1 (ns) 1 35.6
DTETL 0.813

5.23 Global fitting equations and fitting parameters of transient absorption traces
for thin film samples

NC with transmitter ligand (9-ACA) introducing additional triplet decay
component: T2

t —to t —to
I(t) = Agexp (— . ) + Ajexp (— )

1 T2 (5.12)

where to is a time offset, A is the maximum absorption of the 9-ACA triplet, T1 corresponds
to the intrinsic decay of the NC, and 1 is the net transfer of excited state energy between
the nanocrystal and the 9-ACA ligand (trert1). Using a global fit allows the intensity of

absorption to vary with wavelength, while linking the lifetime components.
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Figure 5.19 Global fitting of CdSe/9-ACA only film, layered film, and blended film at 440 nm showing the
triplet lifetimes of each.

Table 5.9 Triplet lifetime data from global fitting results of thin films compared to triplet lifetime of
CdSe/9-ACA measured in toluene solution.

Sample Triplet lifetime (us)
9-ACA in solution 260

9-ACA only film 61+1.7

Blended film 51+0.12

Layered film 6.5+ 0.15
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5.24 Photoluminescence mapping of blended and layered films
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Figure 5.20 PL mapping from blended thin film with 405 nm excitation (a) mapping DPA distribution
within the film, and 532 nm excitation (b) mapping CdSe distribution within the film. PL mapping from
layered thin film with 405 nm excitation (c) showing DPA distribution and 532 nm (d) showing CdSe
distribution within the film.
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