ABSTRACT

ZHANG, XINGAO. Interaction of InP Quantum Dots with Carboxylic Acid Adsorbates (Under
the direction of Prof. Felix N. Castellano).

Quantum dots (QDs) are novel, nanomaiged semiconductor crystals featuring tunable
bandgaps. The bandgap of any specific QD can be modified by changing its size as a function of
synthesis conditions. In addition, QDs also feature properties including large molar extinction
coefficientsandsmall singlettriplet gaps, to name a few. Duethese unique optical properties,

QDs are poised for many potential applications including, but not limited to, uses in displays,
lighting, solar energy conversion, microscopic imaging, and most relevant to the current work as
photosensitizers. Most ofelcurrent research on QDs as sensitizers has primarily focused on
(I1)-basedand PI(Il)-basednanomaterials. However, future applications of these QDs appear to
be limited due to the existence of heavy metals. The direct bandgap InP QDs represeisiagro
low-toxic alternative with respect to numerous toxic metals containing QDs. In the research, we
investigate the interactions between these freshly prepared InP QDs with numerous carboxylic
acids containing surfadeound small molecules and molecutaromophores.

In the Chapter 2, we demonstrated a postsynthetic surface passivation utilizing benzoic
acid (BZA) as an Xype surface ligand to selective passivate electron trap states in InP QDs. To
understand how BZA impacts their electronic structwe,conducted spectroscopic studies on
InP QDs with various surface modifications, including in situ fluorination and postsynthetic BZA
treatment. A comparison of a variety of thresolved spectroscopic techniques reveals that BZA
can selectively removdeztron trap states in InP QDs by passivating unsaturated indium atoms at
the QD surface. When the BZA treatment is used in combination with astablished fluoride

treatment, the PLQYs of these unshelled InP QDs exceeds 20%. This research advances our



understanding of the function of-ipe ligands at the InP QD surface and their role in the
passivation of unsaturated indium atoms to reduce electron trap states.

In the Chapter 3, we presented newly conceived blemitting TADPL-producing
nanomaterialgeaturing lowtoxic InP QDs interfaced with-;and 2naphthoic acid (NA and 2
NA) ligands. These constitutional isomers feature similar triplet energies but disparate triplet
lifetimes, translating into InfBased TADPL processes displaying two distinarage lifetime
ranges upon cooling from 293 K to 193 K. The
22NA decorated I nP QDs while further expanding
1-NA ligated InP materials, representing a 46Id time window. The resulting loAlved excited
states enabled facile bimolecular triplet sensitizatiotOafphosphorescence in the néRrand
promoted sensitized tripkttiplet annihilation photochemistry in 2diphenyloxazole (PPO).
In the researchf InP QDs TADPL material, we notice that the electron trap states inherent in InP
QDs inhibited the observation of TADPL emerging from the bright states of InP Qigs.
challengewas addressed i@hapter 4 by employing the heterocyclic aromatic compouid
qguinolinecarboxylic acid (QCA)whosetriplet energy isstrategically positioned to bypass the
electron trap statem InP QDs Transient absorptioand photoluminescencgpectroscoies
revealedhe generation of brighstate TADPL from QCA functionalized InP QDs resulting from
a near quantitative Dextéike TTET from photoexcitedinP QDs to surface anchored QCA
chromophores followed breverse tripletriplet energy transfer frorthese bounanolecuks to
thelnP QDs.This modification resulted in a 14®Id increase in PL intensity lifetime with respect

to the assynthesized InP QDs.
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Chapter 1 Selected Fundamentals of Quantum Dots and Photophysical

Processes

1.1 Quantum Dots (QDs)

Light absorbing properties pertinent to semiconductors have led to numerous technologies.
The ability to absorb a photon is an important attribute of the semiconductor which arise from the
width of the bandgap between the valence bands (VB) and condbetras (CB). When a
semiconductor absorbs a photon, an electron is excitedfi@u#B to the CB, creating an exciton
in the semiconductor during the process lnilk semiconductor, an exciton is free to move within
the semiconductor, and the width of bgap is a fixed, intrinsic property of the material which
limits the scope the application. In contrast, the semiconductor crystallites with at least one of its
dimensions smaller than the natural length scale of the elduterpair (Bohr radius), thexeiton
is confined by the boundaries of the material. This exciton confinement transforms fixed VB and
CB to discrete, size tunable energy levels, as illustrated in Figure 1.1. This effect is also known as
guantum confinement and the spherical semiconductgstallites which experience three
dimensional quantum confinement are often called quantum dots {®Dkg particle in a box
model offers a good approximation for estimating the energy levels of @Itkin the particle
in a box model, the bandgap of QDs are siegpendent, where the small QDs have a larger
bandgap, and bigger QDs havenaaller bandgap. Consequently, the photoluminescence, a reverse
process of absorption, of QDs is also influenced by changing their sizes. These unique, size tunable
optical properties make the QDs suitable for many potential applications. QDs have already
demonstrated success in numerous device applications, such as light sources, display panels, and

biology labels®



In addtion to luminescence matersalQDs potentially could serve as surrogates to the
molecular triplet photosensitizer. Photosensitizers are a type of ogganarganianolecule that
are capable of generating long lived triplet excited stafeaditional organic photosensitizers are
often complicated to synthesize, haveetixenergy level, and possess relatively small molar
extinction coefficients. Besides these notable drawbacks, they also have large and energy
consuming singletriplet energy gap®ll these aforementioned problems can be circumvented by
using the QDs. QDare trivial to synthesize, provide increased photostability, possess tunable
energy levels, exhibit large molar extinction coefficients, haweeilined spin quantum numbers,
and small, closely spaced-{5 meV}*® excited state energy levels. Usually, thesely spaced
excited state energy |l evels are called “brigh
singlet state and triplet state in molecules, respectivalthough QDs have so many potential
applications, the prerequisite for high performance in appbicatis the synthesis of high quality

QDs.
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Figure 1.1 Schematic diagram showing quantum confinement anedeigendent bandgap of

guantum dots (reproduced from the Sigma website).



In the past severakedades, many types of QDs have been successfully synthesized. Most
of the research groups have focused on growyl ligroup IlI-V, and perovskite quantum dots.
Their common composition and properties are summarized in Tdbl&Among the three types
of QDs, the group HVI QDs like CdSe are most thoroughly studied, because of the well
established synthetic route. Whikeetl-VI QDs have well behaved optical properties and narrow
size distributions, unfortunately1 QDs contain toxic heavy metals, due to the Restriction of
Hazardous Substances (RoHS) policies, these types of QDs are usually prohibited or have limited
usage in commercial products. In the past several decades, researchers found that the\group |l
QDs of InP can be a good candidate to substitute for CdSe''Qibey havesimilar optical
properties to CdSe QDs, and it does containa toxicmetal. However, due to the higher covalent
character of InP QDs compare to the CdSe QDs, the synthesis @fuatity InP QDs, compared
to CdSe QDs, still remains a challerigé®

Table 1-1 Types of different types of QDs

Group (V1) and Group (II+ Group (I-VI) and Group Lead halide

(11-V) core/shell perovskite
V) core-only nanocrystals
nanocrystals nanocrystals
Composition CdSe, InP CdSe/CdS, InP/ZnS (CS’CF:'IA\)BP?)S (X=
Entire visible (406700 nm) Entire visible (406

Spectral rangg Limited (516-650 nm)

for II-VI and limited for InP 700 nm)
PL QY Low (0-10%) High (up to 95%) High (up to 99+ %)
PL FWHM Narrow for IFVI, but limited for InRbased Narrow over entire
visible range
RoHS Limited but higher

Limited for CdSebased; unlimited for ItBased

compliance than for CdSe base

Due to the sizelependent bandgap, the size distribution is the most important parameter
for QDs.Electron microscopy is a common technique used to determine the averagd Qbes.

To obtain theapproximatesize distribution of QDs igolution analtemative methogssessethe
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shape othe absorption and photoluminescence aatkthe QDs fromtheir relevantspectra. In
homogeneasisolution,when thesizes of the particlesaresimilar, the bandgaps of each QDs are
also similar, and the resultant absorption and photoluminescence peaks of theasasiyep.

On the contrary, in an inhomogeneous QDs solution where the size of particles varies significantly
leading to a broad disbution of bandgap, the peaks of absorption and photoluminescence
significantly broad@. Thus, the full width at half maximum (FWHM) e absorption and
photoluminescence spectra of Qepresent &ast and reliable approachrmughlyassess the size
distribution of QDs samples. The FWHM of absorption and photoluminescence spectra of an ideal
QD sample should be narr@as a resulf< 0.15 eV)!?

Early efforts in CdSe syntheses reported rather broad size distributiobs of gMer and
Dinegar outlined different stages in the formationth@fseQDs in solution, which revealed that
temporal separation dhe nucleation and growth of QDs in solution is of vital importance in
producing nearly monodisperse QB3 his QD formation mechanism is called the LaMer model,
and the overview of this mechanism is illustrated in FigLi2® During the initial phase (1), the
anion and cation precursors tife QDs react with each other to form monomers. Once the
concentration of the monomexceedshe critical concentration, the nucleation phase (I1) will take
place, bllowed by the phase (lll) growth process. In the model, the nucleation and growth
processes are in competition. Based on this model, the homogeneous nucleation process with a
slow growth process is desired to produce QDs with a narrow size distribubicachievethe
aforementioned condition, a special synthetic method called hot injection was devéfgped.
Under this approach, the precursorstf@QDs are injectethto the solvehat high temperature
to trigger the nucleation stage. Subsequetthkytemperature is decreaseshablingslow growth

process to dominate.
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Figure 1.2 Schematic showing the formation of Cd3Bs in solution. Adapted from reference
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The LeMar method has been successfully exploited to control size distriburtidime
synthesis of CdSe QDs. Therefore, researchers implemented the hot injection method for the
synthesis of InP QDs in the initiattempts. However, the hot injection method produced InP QDs
with a broad size distribution, as shown in Figure'#}8In the past several decades, researchers
expendedplenty of efforts to optimize synthesis based on the hot injection method in order to
improvethe quality of theresultaninP QDs. To name a few, these approaches include changing
to precursors with lower activif§f,changing the type of solvefitand adding surfactaiit Despite
theseefforts, it was difficultto generate monodisperse InP QDs via hot injection method. In 2015,
theCossairt groupliscoverednagic sized clustes(MSCs) as intermediatén the synthesis of InP
QDs from InP monomers. Later, it was suggested that this is a possible reason alg/lgmging
to synthesize nearly monodisperse InP QDs using the hot injection nféfhloe. MSCs are a
cluger of a special number of INP monomers. MSCs are different from other ultrasmall clusters in
that MSCs have remarkable thermodynamic stability compared with other similarly sized clusters.

This stability leads to quantized growth of InP QDs from one t@zenother size instead of



continuous growth (Figure 1.432* Then, the Cossairt group explored thethod to synthesize

InP QDs by using MSCs of InP as a single precursor. The research showed that synthesizing InP
QDs from InP MSCs favored obtaining monodisperse InP ®Bbsowever, while the size
distribution of InP QDs was significantly impred when formed vithe MSCs method, it was

still not satisfactory. A possible reason is that they used a hot plate as timg hesthod to
synthesize InP QDs. The hot plate cannot provide uniform heat for the solution, which leads to the
formation of atemperature gradient in the flask, resulting in gradient growth rate of InP QDs in

solution.
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Figure 1.3 Absorbance and photoluminescence spectra of CdSe QDs (left) aQDmRight).

Adapted from references Hnd16.
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Figure 1.4 Reactionpathways fronmolecularprecursors to InP MSCs and QDs. Adapted from
reference23.

In addition to controlling size distribution, reducing the number of unsaturated surface sites
is another challenge in InP QD synthesis. Due to the large surface to volume ratio compared with
bulk semiconductor crystals, a large fraction of atoms (indieinpdosphorus) ithe QD crystals
arelocatedon the surface. When these atoms are not fully coordinated, they are also called surface
dangling bond$® These surface dangling bonds can generategagidstates within the bandgap
of InP QDs that trap excited electrons or holes from the bright state in conduction band or ground
state in valence band of InP QDs, which elicit trap state PL reducing the bright state PL of InP
QDs?% Theoretically, three types of trap state PL can be generated dueexidtemce othese
trap states (Scheme 1). However, only one or two of the types of trap state PL can be observed in
the PL spectrum because of spectral ovetias usually thought that indium dangling bonds
generate electron traps and phosphorus danpglonds generate hole traps, but the attribution is
still ambiguoug’?8Thus, passivation of these dangling bonds leads to improvement of the bright
state PL quanim yield. The common methods used to remove dangling bonds are coating the InP
QDs with shells or doping catiof$29?8 etching InP QDs surface by hydrofluoric acid (HF) or

ionic liquid with F.183031The coating and doping processes are complicated, and average size of



InP QDs can change during the coating process. In addition, the coatidtpiog ions also
introduce new ions or layer into InP QDs, which poses additional complication to the research on
InP QDs. Moreover, HF acid is a corrosa@d,and the operation of HF is dangerous and not eco
friendly. lonic liquids (IL) with Fare thaught to be a reasonable substitution for HF, but a recent
publication by Siramdas reported that the InP QDs synthesized with IL yielded poor size
distribution®! Owing to these reasons, the 8yesis of higkquality (monodisperse and few traps)
InP QDs is still quite challenging.
1.2 Photophysical Processasd Sectroscopy
1.2.1 Ultravioletvisible absorbance spectroscopy
Light absorption is the starting point of all interesting phenomenon occurtbd olissertation.
Light energy is temporary stored in compounds due to absorption. When light passes through or
is reflected by compounds, lightinbe absorbed & selected wavelength followintipe Bohr
equation, Eq 1.1. Due to the absorption, electiorompounds are excited from ground states
(So) to excited states gSwhere n>0).
M O ©O Eq1.1

Where hv is the energy of phot stant,68626810r bed |
“m*kgl/s, v is f andRgaethe gnergyfof ekciteg state, andEround state of the
compound respectively.

Based on the principle of absorbance, scientatsconfirm what wavelength of light
compounds absorb and absart@of compounds. The wavelength of light can be used to calculate
the energy gap in compounds. Absorbac&ebe used to calculate concentration of compounds

since it is proportional to the concentration of compounds as written inLBedert law, Eq 1.2

b aé - a w Eq 1.2



Here, A is absorbance, ik the initial intensity of light from light source, | is the intensity
of I'ight received by det e cidtlercyvette paih engtmand ais e x t
the concentration of compounds. The concentration of compound can be easily confirmed though
the equation.

In the absorption measurements, the samples are illuminated with a beam of light, and the
transmitted light igeceived and recorded by detector. Then the transmitted light is converted to
absorbance via Eq 1.2. The absorption spectrum is obtained eventually via plotting the intensity
of absorbance as a function of the examined wavelength. There are two commgenaerats for
commercially available ultraviolatisible spectrophotometer, single and dual beam. In a single
beam spectrophotometer, the reference standard and samples are analyzed separately. The typical
reference standard is empty substrate used t@fipkes or solvent used to dissolve the samples.

By contrast, in a dual beam spectrophotometer, the incident light is split into two beams and then
the reference standard and samples are illuminated and analyzed simultaneously.
1.2.2 Steadystate photolumirgcence spectroscopy

Photoluminescence (PL) is the light emission from the compounds in excited states after
absorbing photons. Due to the nature of excited states, it can be divided into two categories
fluorescence and phosphorescence.

In excited singlestates, the excited electron is paired with the second electron in ground
states in the opposite spin direction. The return of the excited electron to ground state is spin
all owed and occur rapidly to rel easdypicalylbboruor esc
the order of nanoseconds or less. By contrast, the phosphorescence is generated by the electron in

triplet states, in which the electron has the same spin direction with the electron in ground state.



The return of the excited electron t@ognd state is spin forbidden. Thus, the lifetime of
phosphorescence is usually over time periods on the order of microseconds to seconds.
Spectrofluorometer was designed and developed to detect and record the PL from

compounds. Most of spectrofluan@terscanrecord both excitation anemissionspectra. The
emissionspectrum is the wavelength distribution and intensitgrafssionmeasured at a fixed
excitation wavelength. The excitation spectrum is the intensity of femesionwavelength
measured in various excitation wavelength. In both measurements, the compound is illuminated
with a beam of light, and the intensity erhisson and theemissionspectrum are recorded. From
the resulting spectrum, many valuable data including PL quantum yield (PLQY), full width at half
maximum (FWHM)canbe extracted, which yields the qualitative information on the nature of the
PL excited stat efficiency of PL, siz@istribution etc.
1.2.3 Transient Absorption Spectroscopy

Not all of recombination process in compounds generate PL. Light absorption always
excites electron from the ground state to the any higher excited states. However, based on the
Kasha’s Law, PL is wusually generated from the
released as vibrational relaxation. Due to the existence of thead@tion (nr) process, steady
state absorbance and PL spectroscopy are not enougvestigate all excited state dynamics.
Transient absorption (TA) spectroscopy provides a useful tool to analyze the migration of excitons
in higher excited states as well as wriadiation process by monitoring the absorbance of excited
excitons. In a typiddransient absorption spectrometer set up, a laser pump pulse is used to excite
compound followed by a probe pulse with a specified delay time used to monitor the absorbance
of the excited compound. To obtain different time resolution, the time delaysislled by

different system as demonstrated in Figurel.5. For the resolution in nanosecond scale or longer,
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time delays are controlled by electronical system. Moving to the resolution in femtosecond, it is
necessary to use mechanical delay line to obnlre time delay. Then the absorbance of the
compound in recorded and analyzed as a function of wavelength following Eq 1.3
3 AOT OAAT ABT OAREBRDO B! AOT OARA ARAORPEq1.3

Where AAbsorbance (AA) rovgncee @nstieenTA spectrien, f i n a
Absorbance (after pump) represents the absorbance after excitation and Absorbance (before pump)
represents the absorbance before excitation o
can benegativeor positive including ground state bleaching{ A yhich refers to depletion of

the ground state electrons to excited stategvulated emissiord A) resul ting from t

of incoming photons with excited excitoosa b s or bance of wexcited state

- ==

Photomultiplier (PMT)

Shutter

Shutter

Lamp

A4
Figure 1.5 Simplified schematic of the nanosecond transient absorption spectrometer (top) and the

ultrafast transient absorption spectrometer (bottom)
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1.2.4 Time-Resolved Photoluminescen8pectroscopy

As mentioned above, PL lifetime is an important prop&tycompoundgo distinguish
fluorescence and phosphorescentdewever, the steadstate PL spectrum only demonstrates an
average of the timeesolved PL over the intensity decay of Hanple. It cannot detailly reflect
the PL lifetime or the change of PL as a function of time. As an alternativerdsubed
photoluminescence spectroscopy (TRPL) is an extension of sseatdyPL spectroscopy which is
able to monitor PL as a functior ttime after excitation. In TRPL experiments, the compound is
excited by a laser pulse or flash lamp while the gated intensified CCD detector is maintained at
the off state. Then the excitation is terminated. Next, the detector is switched to on state with
expected time delayed and to off after the collection of data. The process should be repeated for
many times to collect enough data for expected PL and increase thetsigoae ratio. Finally,
the PL lifetime can be acquired via plotting the iniignsf PL at various time delayed as a function
of time. In addition, the change of PL across examined time can also be observed. Instead of full
PL spectrum, the TRPL for a fixed wavelengtimbe acquired by photomultiplier tube (PMT)
detector. Timecorrelated single photon counting (TCSPC) is another technique used to acquire
PL lifetime of compounds. In the TCSPC, the compound is excited with a pulsed laser with high
repetition rate. Then a single photon is detected and the arrival time with regjhecexaitation
pulse is recorded. The PL lifetime is able to be obtained from plotting of number of photons
detected by detector as a function of arrival time.
1.2.5 Jablonski Diagram

The migration processes of electrons occurred in absorptioRlaace usuall illustrated
by Jablonski Diagrams. A typical Jablonski Diagram is presentéigume 16. The 9, S, & and

Shrepresent the singlgbund first, second and nth electron states respectively. The triplet states
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are depicted as:To Tn. Each of theselectron energy level has various vibrational energy levels

which are named as 1,2,3 etc. The diagram illustrates processes which are usually occurred after
absorption. Following absorption, electrons in compounds is excited from ground sgates (S

excited states with the same multiplicityn(8>0). Then, the electrons normally relax to the lowest
vibrational statesofs¥y i a i nternal conversion as described
able to return ground states with fluorescence. Electrotiie S can also transit toslwith a spin
conversion. The conversion from ® T is called intersystem crossing. The PL fromid
phosphorescence which possessed longer lifetime than fluorescence ifreimces that the

transition from T to Sis spn forbidden.

F 3
Sn
E _ I
% FT——
I Internal
I Conversion
S, _z
Absorbance Fluorescence
Phosphorescence
So v -

Figure 1.6 A generalized Jablonski diagram representing common photophysical processes.
1.2.6 Dexter Energy Transfer
Dexter energy transfer occurs via the interaction betweerated molecule (donor), and

a ground state molecule (acceptor) as illustrated in Figur& 6 Dexter energy transfer, the
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energy is transferred between the two molecules through concerteelewimon exchange
mechanisnt® This form of energy transfer requires the overlap of wavefunction of two molecules

or entities to facilitate the exchang®pess. Hence, the Dexter energy transfer rate constant relies
strongly on the distance between two molecules, and the energy transfer process typically occurs
over short distance$ This is also the reason why, in my research, organic molecules will be used
to replace the native ligands at the surface of QDs. Moreover, the exchange mechanism is built on
the spin conservation rule. Therefore, the Dexter energy transfer pcacemsdorse either singlet

singlet energy transfer or triptaiplet energy transfer (TTET) as shown in Figurg 1.

Singlet-singlet Dexter energy transfer

+— 4= —
BT RS SR
HHENA+—_ - —+
[ S N

Triplet-Triplet Dexter energy transfer

Figure 1.7 Simplified schematic diagram of Dexter energy transfer mechanism (D and A represent
donor and acceptor in ground stat@.and'A” represent donor and acceptor are in singlet excited
statesD" and®A” represent donor and acceptor are in triplet eddtates)

The TTET process is an underlying principle in a number of interesting photophysical
processes including triplet sensitization, delayed photoluminescence, and-tripfgét
annihilation (TTA). In the triplet sensitization, the donor is reféri@ as a sensitiz€rwhere

relaxation of the triplet states in acceptor molecule is accompanied by phosphorescence. On
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occasion, the accepton iits triplet state can incorporate thermal energy and undergo reverse
intersystem crossing, converting it back to a single state of the donor, subsequently generating
thermally activatelelayed photoluminescence (TADPL), Figur®f.In a system exhibiting TTA
behavior, when two triplet excitestate molecules eounter, they can react with each other and
result in one excited molecule in their singlet excited state, provided that energetic requirements
are satisfied. Subsequently, the resulting singlet state relaxes, leading to fluorescence in the system,

Figure1.8. The process is called tripigiplet annihilation (TTA)3®

TTA

Isc

51
Isc T

PL TADPL Phosphorescence

+
PL

SO \ 4 A 4 v

Donor Acceptor

Figure 1.8 Simplified schematic diagram of TADPL and TTA Plsdlrepresents intersystem
crossing)

Due to the tunable bandgap and large molar extinction coefficients of QDs, there is a
plethora of research on understanding and controlling the optical properties of both CdSe and InP
QDs. In contrast, significantly less attention has been given to thermkg TTET from QDs to
molecules. Recently, the Castellano group demonstrated that soofaded molecules can be

utilized to extract excited triplet excitons from Q#$2By combining CdSe QDs with a suitable
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surface ligand such asathracenecarboxylic acid andpyrenecarboxylic acid, thBexterlike

TTET from CdSe QDs to the surfab®nded molecules can be examined directly using ultrafast
transient absorption spectroscopy. In addition, the Castellano group reported that TTET and
TADPL can occur in CdSefiyrenecarboxylic acid (PCA) compositésSimilarly, Wu and ce
workers have shown that TTET and TADPL can occur between perovskite QDs and-surface
bonded molecule¥*! Moreover, the Weiss groufemonstrated that utility of the energy transfer
process can be further extended to organic synthesis to improve the vyield of the product by
enhancing the efficiency of the reactiBnAll these reports demonstrate immense potential and
practicality of using QDss a photosensitizer in place of an organic molecule. However, these
efforts exploit QDs that incorporate heavy metals. As mentioned previously, heavy metals in QDs
are the biggest obstacle in broadening the scope their application. In this regard, W4 and
workers demonstrated the occurrence of TTET from Cuha®Bocrystal to the surfa@nchored
9-anthracenecarboxylic acid (ACA). However, the PL in the CulisSoriginated from the
recombination of excitons in conduction bands anddCalized trap holedeading to the energy
waste in the TTET process. Tang and Roberts recently demonstrated rTTET from PCA to
environmentallyfriendly silicon nanocrystat¥, the TADPL process was not observed in this
indirect semiconductor nanomaterial. Wu andwaokers also demonstrated TTET from long
wavelength emitting_em= 585 nm) InP/ZnSe/ZnS QDs to surfdueund 9anthracenecarboxylic

acid (ACA) molecules, but were unable to identify the specific TTET mechaisforeover,

ITTET was not observed in these materials even though the triplet energy separation was 0.35 eV,
whereas, by contrast, CdSe QmDslecule composites with similar triplet energy gaps have

previously been siwn to produce TADPE? All these results demonstrate thag imderstanding
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of the TTET from lowtoxic QDs to the surfaeanchored molecules is still lacking and need to be
further explored.
1.3 Research Overview
In the research presented herein, the goal is to provide comprehensive, systematic
interrogation of the interaction between InP QDs and sutfaceed ligands. In order to facilitate
this systemic study, it is necessary to establish a synthetic methaelihbly produces high
guality (monodisperse and few traps) InP QDs. Then, the combination of InP QDs with various
bandgaps in conjunction with organic molecules enables systematic investigation of the interaction
between InP QDs and surfabended moledes. This project aims to explore two distinct
directions utilizing the InP QDs and surface bonded molecular composites. First is to optimize
surface passivation, and second, to monitor energy transfer between InP QDs and surface bonded
molecules and takese of the process further to engineer the optical properties of InP QDs.
In Chapter 2, we examine the influence of-type ligands in the surface modification of
InP QDs and their impact on the optoelectronic properties. We synthesized InP QDs and InP/F
QDs from magiesized clusters (MSCs) via a microwave method, and these samples were then
passivated with benzoic acid (BZA) serving as atype ligand. The high quality of each sample
was evaluated with steadyate absorption and PL spectroscopies, whiéehorphology was
confirmed with transmission electron microscopy (TEM). Furthermore, -raseaved
spectroscopic analysis showed that BZA ligands are able to passivate electron trap states at the QD
surface by interacting with unsaturated indium atome @ uhe elimination of electron trap states,
the baneedge PLQYs of InP QDs was improved and the trap state PL of InP QDs was reduced.
In Chapter 3, we provide ultrafast transient absorption evidence that ttipdét energy

transfer proceeds rapidlplfowing selective excitation of the InP QDs at 400 nm to sufface
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anchored 1and 2naphthoic acid ((NA and 2NA) ligands consistent with a direct Dexléwe

TTET mechanism. These particular constitutional isomers were purposefully selected as we
hypothesized behavior akin to-land 2bromonaphthalene and And 2chloronaphthalene,
wherein the triplet state energies are nearly identical but the associated lifetimes are disparate,
rendered much shorter in thes@bstituted isomer8:*® Time-resolved PL spectra andténsity

decays universally demonstrate temperatgpendent TADPL emanating from theahd 2NA
decorated InP QDs whose triplet energy separation was measured as 0.10 and 0.13 eV,
respectively. The small triplet gaps along with significant differennethé molecular triplet
lifetimes resulted in two segregated average lifetime ranges measured in these materials on cooling
from 293 K to 193 K: 4 . 4 t o-NAcadd ENA furstiormlized 8 4 . 2
InP QDs, respectively. Finally, thesenbylived excited states enabled facile bimolecular triplet
sensitization of!O, phosphorescence in the ndBr and promoted sensitized tripleiplet
annihilation photochemistry in 2@iphenyloxazole (PPO), yielding visibte-UV upconversion.

In the research of InP QDs TADPL material, we notice that the electron trap states inherent
in InP QDs inhibited the observation of TADPL emerging from the bright states of InPIQDs.
Chapter 4, we demonstrate brigtgstate TADPL from coréype InP QDs using the texocyclic
aromatic ligand &uinolinecarboxylic acid (QCA). Transient absorption data provide direct
experiment al evidence frrorr= 9590 dom InPQDCs otsurfacat 1 v e
anchored QCA, where selective excitation of the InP QDs at 40@yenerating a longved

exciton the @CA maeleaules The longlived triplet exciton stored in QCA readily
sensitizesO, phosphorescence from dissolv¥&# molecules in solution. The brigltate TADPL

( forL = 3.6%) having average lifetime$ microsecondo tens of microsecondsgas observed
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in time-resolvediemperaturalependenphotoluminescence spectra resulting from rev@BET

from QCA totheInP QDs.
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Chapter 2 Passivation of Electron Trap States in InP Quantum Dots with

Benzoic Acid Ligands

The chapter has been previously publisiédgao Zhang, Margaret H. Hudson, and Felix N.
Castellano*J. Phys. Chem. €021, 125, 33, 18&2-18371. DOI: 10.1021/acs.jpcc.1c05594
Author Contributions: Margaret H. Hudsooontributed on th& EM measuremenisnd data
analysis.
Abstract: Low toxicity indium phosphide (InPquantum dots represent an attractive alternative
to heavymetatbased quantum dots (QDs) in numerous applications including lighting, displays,
and photosensitization. However, low photoluminescence quantum yields (PLQY) resulting from
a high density o$urface trap states ultimately limit the applications efyaghesized InP QDs in
commercial products. Postsynthetic treatment witiige ligands (tweelectron acceptors) is often
used to passivate the surface traps of the InP QDs, while approacheXgpe ligands (one
electron donors) are less prevalent due to the lack of understanding of howybe jands
function to passivate the surface traps. In this study, we report a postsynthetic surface passivation
utilizing benzoic acid (BZA) as an-¥/pe surface ligand. To understand how BZA impacts their
electronic structure, we conducted spectroscopic studies on InP QDs with various surface
modifications, including in situ fluorination and postsynthetic BZA treatment. A comparison of a
variety of tmeresolved spectroscopic techniques reveals that BZA can selectively remove
electron trap states in InP QDs by passivating unsaturated indium atoms at the QD surface. When
the BZA treatment is used in combination with a vesitablished fluoride treatmenhe PLQYs
of these unshelled InP QDs exceeds 20%. This research advances our understanding of the function
of X-type ligands at the InP QD surface and their role in the passivation of unsaturated indium

atoms to reduce electron trap states.

25



2.1 Introduction

Quantum dots (QDs) are novel, nasiped semiconductors with a sizagable bandgap due to
the quantum confinement effect. This tunable bandgap makes QDs suitdbiea wide range of
applications including lighting, displays, solar cells, biological labeling, triplet sensitization, and
photocatalysi$:*° High-quality QDs with high photoluminescence quantum yields (PLQYSs) and
narrow PL linewidths are a prerequisite $oiccess in these optoelectronic applications. Due to the
large surfacdo-volume ratio compared to bulk material, a large fraction of atoms reside on the
surface of the QDs and may not be fully coordinated with surface capping ligdhdsese
unsaturatedtoms can generate trap states within the bandgap of the QDs, which capture electrons
or holes and quench the PL of the GP$ Thus, passivation of the unsaturated surface atoms is
critical in order to improve the PLQYs from the dots.

Over the past few decades, the surface passivation-adr@ddPbbased QDs has bestudied
using both experimental and computational methods, leading to significant advancements in the
preparation of higlguality Cd and Pbbased QD$>¢1° Unfortunately, the toxicity of Gdand
Pb-based QDs often limits the utility of these QDs in consumer de¥iés reent years, indium
phosphide (InP) has rapidly gained attention as atoxio alternative to Cdhased QD$1??
However, assynthesized InP QDs have a large density of trap states originating from unsaturated
surface atoms, resulting in low PLQYs!315A common method to passieasurface trap states
is the growth of a widdandgap shell at the surface of InP GB% However, the presence of the
shell creats an energetic barrier at the surface of the QDs, hampering the use of these materials as
photosensitizers for charge and energy transfer applicdfiéwssan alternative, researchers select
ligands that bind to unsaturated surfatmes, reducing the number of surface traps states. Based

on the nature of the bond formed, the ligands are defined &sahd Ztype ligands, a convention
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originally proposed for metairganic complexes and applied for Qi9- and L-type ligands

donate one electron (Carboxylates (RCD&nd anionic (C} F) ligands) and two electrons
(Amines (RNH), phosphines (&®)), respectively, while Zype ligands amept two electrons
(CdCk, InCly).

Based on DFT calculations from a previous study, only unsaturated anions at the QD surface
are expected to generate riidndgap trap states that affect the PLQYs of &0O%us, Ztype
ligands can passivate these surface trap states and enhance the PLQY s,amdilet{pe ligands
should not have direct influence on the passivation of QD trap $t&esently, studies by Hughes
et al. and Kirkwood et al. provided evidence to support this theory, where thesyrdhetic
addition of Zri#* or Cd* ions increased the PLQYs of CdTe and InP QDs by actingtgpeZ
ligands to passivate surface anion sites”(T).162’ Further experimental work needs to be
pursued to understand if->and L-type ligands can improve the PLQYs of InP QDs and the
mechanism by which they passivate trap states. The study by Kirkwood and coworkerggresent
that the tetrabutylammonium chloride (TBACI) as ay)e ligand can passivate trap states in
CdTe QDs, but for the InP QDs, ligand treatment with TBACI gave no increase in the PL.QYs.
One study by Nenon et al. revealed thatye ligand can passivaseirface halide vacancies of
CsPbXx (X = ClI, Br, I) nanocrystals to enhance PLQYs, but we note that the size of these
nanocrystals is larger than the Bohr radius of CsRK< ClI, Br, 1), suggesting they were bulk
like nanocrystalg®?° The energy levels of QDs are usually different from the bulk akrgite to
the quantum confinement effécBo, their conclusion may not be expanded to the InP QDs.
Treatment with a source of fluoride ions under various conditions has been shown to improve the
PLQYs of InP QDs, but several different theories have been sugtestqalain this phenomenon.

The ability of postsynthetic HF etching to enhance the PLQY's of InP QDs was first introduced
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by Mici¢ in 1996, yet the mechanism for HF etching remains ambiglid®sme research has
shown that Fions are able to remove anionic trap states via reacting WittaRgling bons to
convert P to PR.331However, recent studies suggested an alternative mechahisra Fions
act as an Xype ligand to passivate unsaturated indium surface8ité$hese studies suggest
that X-type ligands may in fact play an important role in the passivation of InP QD surfaces, but
additional studies are necessary to develop a more thorough understanding.

In this work, we examine the influence oftyjpe ligands irthe surface modification of InP
QDs and their impact on the optoelectronic properties. We synthesized InP QDs and InP/F QDs
from magiesized clusters (MSCs) via a microwave method, and these samples were then
passivated with benzoic acid (BZA) servingaamsX-type ligand. The high quality of each sample
was evaluated with steadyate absorption and PL spectroscopies, while the morphology was
confirmed with transmission electron microscopy (TEM). Furthermore, -tasaved
spectroscopic analysis showedttBZA ligands are able to passivate electron trap states at the QD
surface by interacting with unsaturated indium atoms. Due to the elimination of electron trap states,

the bandedge PLQYs of InP QDs was improved and the trap state PL of InP QDs wasdreduce

2.2 Methods

Materials. All the chemicals used are commercially available and were used without further
purification. Anhydrous toluene (99.8%) was purchased from Alfa Aesar. Indium acetate
(In(OAC)3, 99.99%iIn) and tris(trimethylsilyl)phosphine (P(TM&min. 98%, 10 wt% in hexanes)

were purchased from Strem Chemical$dexyl-3-methylimidazolium tetrafluoroborate (HMIM

BF4, > 97.0%) , Benzoi c-nectylphdsphind® @@P, 97%hitrésBniut %) |, tr

tetrafluoroborate (NOBE 95%), benzylaminex(9 9 ) Q %pal mi ti ¢ aci d (PA,
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chl oroform (=2 99.8%), anhydrous dichl orometha
and acetone (HPLC grade, = -Adéch@Rémical Cemaparg. pur c h
Indium Palmitate (InPA). InPA was syrtesized according to a procedure adapted from
references 32 and 3333A threenecked 50 mL rountiottom flask (RB) was used as the reaction
vessel. A sample of 0.564 g (2.20 mmol) PA was addedthe RB flask. Then, it was attached

to a Schlenk line and fitted with a condenser. The flask was evacuated and refillec: foith N
multiple cycles. Next, the solution was heated in an oil bath at 105°C for 10 minutes under vacuum.
After cooling the PAmixture back to room temperature; Was backfilled into the apparatus and

then 0.207 g (0.710 mmol) In(OAolas added to the flask. The system was placed under vacuum
and the flask was heated in an oil bath at 150°C for 1 hr. All of the solid that formed on the walls
of the flask was then melted using a heat gun, returning all of the precipitates back tiotime bo

of the flask. Then 0.92 mL (~ 2.13 mmol ) TOP was injected under nitrogen flow, and kept 150°C
for another 10 minutes. Finally, the reaction temperature was decreased to 110°C, and 25 mL
anhydrous toluene was added. The solution was kept heateckfctem®

Synthesis of InP MSCs. The MSCs were synthesized according to the procedure adapted from
reference 344 A 1.15 mL (0.388 mmol) sample of (TM&) was dispersed in 5 mL of anhydrous
toluene drawn into a syringe and sealed with a rubber stopper. When the toluene in InPA flask
started to reflux, the (TM&p solution was injected into the flask sson as possible. The
formation of the InP MSCs was monitored by taking aliquots from the reaction and measuring the
absorption. When the absorption spectrum of the aliquots no longer changes, the formation of InP
MSCs is complete.

Preparation of the InP MSCs stock solution. After InP MSCs formation was confirmed, the

solution was transferred to 6 centrifuge tubes. Acetonitrile was added to each centrifuge tube to
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precipitate the InP MSCs. The suspension was centrifuged and the supernatant was discarded.
Then the InP MSCs were dissolved into a small amount of toluene. The precipitation and
centrifugation procedure was repeated. Next, the InP MSC solid was transferred into the glovebox
and 3mL decane was injected into each centrifuge tube to dissolvels it MSCs. The InP

MSC solution in decane was collected into a-naeked 50mL rountbottom flask. Finally,

another 32 mL decane was injected into the flask, and the total volume of the InP MSC stock
solution was 50 mL.

Microwave-Assisted InP/F QDs Synthesis. The microwave parameters are adapted from
references32and35®I n t he gl ovebox, 3 mL of the I nP MS
BFs (In:F = 1:10) were combined in a CEM 10 mL glass microwave reaction vessel containing a
micro stir bar. In the reaoin, HMIM BF4 ionic liquid is the source of fluorine. The vessel was
capped, transferred out of the glovebox, and placed into a CEM Discover SP microwave equipped
with an IR temperature sensor. The reaction solution wamix&d for 1 min under stirringral

then heated to 240°C at 300W microwave power for 25 mins and then cooled to 50°C using
compressed nitrogen gas. Then the vessel was taken out of the microwave and put on a rack until
its temperature returned to room temperature. The final cooled InBo@ining solution was
precipitated with acetone two times. During this process, the InP QD solution was first transferred
to a centrifuge tube, and 7 mL acetone was added, followed by shakihghe solution was

cloudy. Then,he solution wasentrifugedat 5800 RPM for 5 minuteéfter 5 mins, there was a

clear indication of InP QD precipitate on the walls of the centrifuge tube. The supernatant solution
in the tube was then discarded. Then several drops of toluene were added to the tube to resuspend
the InP QDs. After this, 10 mL acetone was added, and the solution became cloudly once again.

This solution was centrifugeat 5800 RPM for 5 minute3'he supernatant liquid in the tube was
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discarded, and the precipitate on the walls of the tube was eeslespin chloroform for future

use.

Microwave-Assisted InP QDs Synthesis. The InP QDs without fluoride ionic liquid (as
synthesized InP) were synthesized at 240°C 300W for 15mins. The other steps were the same to
the synthesis of InP/F QDs with ionic ligu

Removal of surface indium atoms and native palmitate ligand. The surface treatment procedure

is adapted from references 36 andf8¥.A portion of200 pl of benzylamine (97%) or 200 pl of

0.01 M NOBHF solution in DCM was added into 1 mL InP QDs solution in chloroform (O.D. =
0.5). Each solution was sonicated under nitrogen for 20 ntingcan temperature. The samples

were not washed for further measurements.

BZA passivation. 8mg BZA (0.066 mmolBZA : InP QDs= 225:1) was added into ehloroform

solution of InP QDs (OD = 0.5). The titration experiments demonstrate that 8mg BZA is able t
maximize the banédge PL of in both InP QDs and InP/F QDs (Figh). The solution was
sonicated under nitrogen for 20 mins at room temperature. The sample was not washed for further
measurements.

Spectroscopic measurements. Optical samples were sumpded in chloroform for all
spectroscopic measurements. Absorbance spectra were collected using an Agilent Cary 60 UV
Vis spectrometer. Steady state photoluminescence spectra were taken using an Edinburgh
Instruments FR20 photoluminescence spectrometer. Temperaturaependence
photoluminescence spectra and kinetics were measured with the same instrument coupled with an
Unisoku cryostat-80°C to +100°C). Absolute photoluminescence quantum yields were measured
with an Edinburgh Instruments FS5 spectroftroeter equipped with an integrating sphere.

Nanosecond transient absorption measurements were performed usin§2M ftd Edinburgh
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Instruments with a Vibrant 355 Nd:YAG/OPO laser system (OPOTEK) as an excitation source.
In the nanosecond transient atpgmn measurements, an Andor Technology iStar ICCD camera
was used to collect transient difference spectra, while the kinetic traces were collected using a
R928 Hamamatsu PMT. TEM images were taken using a ThermoFisher Talos F200X microscope
at an operatig voltage of 200 kV at the North Carolina State University Analytical

Instrumentation Facility.

2.3 Results and Discussion

Optical properties and transmission electron microscope (TEM) images. To examine the
effect of different surface treatments on their optical properties, InP QDs with four unique surface
conditions were directly compared. The samples examined in this work aresyalassized InP
QDs, (b) InP/F QDs, (c) InP/BZA QDs and) (tiP/F/BZA QDs. Assynthesized InP QDs were
prepared via a microwave method using InP MSCs as a precursor, and InP/F QDs were prepared
using a similar synthetic procedure in the presence of a fluoad&ining ionic liquid (see
Methods)3?3435Subsequently, these InP and InP/F QDs were treated with BZA, according to the
procedure outlined in the Methods sectitm produce InP/BZA and InP/F/BZA, respectively.
Once the four different InP QD samples were prepared, TEM images were collected to estimate
the size and size distribution of each sample. The TEM images and size distribution histograms of
all four samplesare presented in Figur25 The average size of InP, InP/F, InP/BZA and
INP/F/IBZA QDs are2.3 +0.2¢ ¢ 2.4 +0.2¢ & 2.5 +0.2¢ ¢ and 2.5t 0.2¢ @ respectively.
These sizes are equivalent within the measurement ieitarating that the sizena polydispersity

are not significantly affected by the fluoride in the synthesis or thesyaghetic BZA treatment.
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To understand the impact of the various surface treatments on the InP QD electronic structure,
we measured the steadiate optical prperties of our samples. The absorption and PL spectra of
InP QDs, InP/BZA QDs, InP/F QDs, and InP/F/BZA QDs are shown in Figuw and B,
respectively. The first excitonic absorption peak e$wsthesized InB)Ds is centered at 535 nm.

As we change the surface chemistry of the QDs, this excitonic peak shifts to higher energy; the
first absorbance feature blue shifts to 510 nm for InP/BZA, to 495 nm for InP/F, and to 478 nm
for InP/F/BZA. This blue shift doesoh correlate with a decrease in QD size because TEM
measurements reveal very little variation in the size with changes in surface chemistry (Figure
2.5). Therefore, this shift in the InP QD absorbance must be attributed to changes in the electronic
structue induced by the surface chemistry. Previous work has suggested that such a shift in the
first excitonic absorption peak is expected upon changes to the surface chemistry because the band
edge state energetics in InP QDs are strongly influenced by faeesligands?

The baneedge PL peak positions feature a similar shift as a function of surface passivation,
where the asynthesized InP QDs have a basithe PL maximum at 575 nm and the badde
PL features for INP/BZA, InP/F, andP/F/BZA successively shift to higher energy (FigRidB).
Interestingly, these samples exhibit not only badde PL but also lower energy features that can
be attributed to emissive trap states. For example, thgrdlsesized InP QDs exhibit a broaait
state PL feature from approximately 650 nm to 800 nm. Comparison with the sefaesl InP
QD samples suggests that this broad PL feature may be composed of two separate spectral features
corresponding to two distinct types of trap states. FormuostdnP/BZA exhibits reduced trap state
PL at higher energy but retains strong trap state PL centered at approximately 750 nm. The PL
spectrum of InP/F shows reduction of trap state PL at all energies, and the spectrum for InP/F/BZA

demonstrates furtheeduction to the point that trap state PL is nearly undetected. Both unsaturated
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cations and anions at the QD surface are capable of generating trap states, resulting in trap state
PL at distinct energie$.Here we highlight that fluoridgepresses both trap state PL peaks at 620
nm and 725 nm, while BZA selectively reduces the trap state PL near 620 nm. This observation
suggests that fluoridend BZA serve different functions in the passivation of InP QDs surface
traps, interacting with unoccupied sites of different atoms. These two treatments work collectively
to nearly eliminate tragtate PL in the InP/F/BZA sample.

In concert with decreaginthe relative intensity of tragtate PL, surface treatment of InP QDs
with fluoride and/or BZA dramatically improves the PLQYs (FigareC, D). Upon treatment
with BZA, the PLQYs of the asynthesized InP QDs is enhanced from 0.8% to 3.4%, while
synthegs of InP QDs in the presence of a fluordantaining ionic liquid (InP/F) results in QDs
with a PLQY's of 8.4%. Further treatment of the InP/F sample with BZA increases the PLQYs to
a maximum of 22.3%. This trend in increasing PLQYs as a function otsurizatment supports
our hypothesis that fluoride and BZA indeed serve different functions in the passivation of the QD
surface to depress trapate PL and increase baedge PL. The PL spectra normalized to the
PLQYs of InP QDs with different surfaceraditions are presented in Figuzes.

To determine which surface sites BZA passivates, liganpped InP QDs were prepared and
characterized. We stripped the QDs by treatingyeshesized InP QDs with either benzylamine
or nitrosonium tetrafluoroboraf®OBFs), as outlined in the Methods section. The benzylamine
treatment removes surface indium atoms along with palmitate ligands, leaving undercoordinated
phosphorus aton. In contrast, NOBE selectively removes the native palmitate ligands,
exposing both indium and phosphordasnas at the QD surfacé>%4°Subsequently, we predict
that the major trap state in benzylamineated InP corresponds to unsaturatéavRile NOBF-

treated InP possesses trap states due to both unsatutagedi|F-. After ligandstripping the InP
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QDs, BZA was added to passivate open sites at the QD surface. We compared the PL spectra of
the benzylamineor NOBFR-treated InP QDs to &hspectra of stripped QDs repassivated with BZA
(Figure2.7). The addition of BZA does not affect the bagdbe PL of the benzylamisieeated

InP QDs; however, the BZA treatment improves the beaigk PL of NOBEtreated InP QDs.

Taken together, these olpgations suggest that the BZA ligands fill unsaturated indium surface

sites orthe InP QDs.
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Figure 2.1 (A) Absorption and (B) PL spectra of InP QDs, InP/BZA QDs, InP/F QDs and
InP/F/BZA QDs upon excitation at 415 nm. (C) Photographs under room light (top) and UV light
(bottom), highlighting the effect of different surface conditions on the QDs PL. (D) BlaQd
FWHM of all four samples (FWHM was calculated by fitting the first excitonic peak in each
absorption spectrum with a Gaussian function). All samples were prepared as solutions in

chloroform.
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Time-resolved optical studies. As discussed above, changes in the stestale PL properties
of InP QDs as a function of surface chemistry suggest that BZA improves the PL by passivating
unsaturated cations at the QD surface. We seek to further understand this surface passivation effec
and its associated electronic trap states by examining the atergg kinetics of these systems
with time-resolved absorbance and PL spectroscopies. Both unsaturated cations and anions at the
QD surface are able to generate trap states, and thegiffeent charge carriers (electrons and
holes, respectively). By comparing the transient absorption (TA) and PL kinetics, we can collect
information regarding the kinetics of excited electrons and holes in each of our gteéded InP
QD samples.

The groundstate bleach (GSB) signal in the TA experiment reflects depletion of the ground
state carriers with respect to excited states generated. Thered8®Eery kinetics track the
relaxation of excited carriers (electrons or holes) from fdyk excitedtates to either the ground
state or miegap trap states. Previous experiments have demonstrated that the contribution of holes
to the GSB is negligible due to the degeneracy of valence band (VB) states and the large effective
mass of the hol& Therefore, the GSBecovery kinetics can be selectively attributed to the
depopulation of excited electrons from the conduction band (CB) edge to the grdermt stad
gap trap states. Tirmesolved PL measurements, in contrast, monitor both excited electrons and
holes, either at the band edge or in emissive trap states. Thediga&@L decay kinetics track the
radiative relaxation of electremole pairs in tb lowest energy CB and VB states, while the trap
state PL decay kinetics reflect radiative recombination resulting from one or both carriers

occupying lower energy trap statég?
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Careful examination of the GSicovery kinetics obtained with TA spectroscopy in
combination with PL kinetics for both bamdige and trapelated PL allows us to émntify what
type of trap states exist in each sampke,electron or hole traps) and how the changes in surface
chemistry may heal these trap sta&teBhe possible electrehole recombinatin pathways which
can generate baretige PL or trap state PL are illustrated in Sch2heBandedge PL (1) directly
results from the recombination of electrons and holes in CB and VB states. Hence, teddmnd
PL kinetics should correlate with GSBcovery kinetics because both rely on the depopulation of
electrons from the lowest energy CB state. In contrast, the trap state PL decay kinetics are more
difficult to attribute to specific banddge or trapped carriers. There are three possible electron
hole recombination pathways that generate trap state PL: the recombination of electrons in the CB
and holes in hole trap states (HTs) (2), electrons in electron trap states (ETs) and holes in the VB
(3), or electrons in ETs and holes in HTs¥@nly recombination route (2) between electrons in
the CB and holes in HTs, corresponding to the green line in Schdmshould exhibit decay
kineticsthat correlate with GSBecovery kinetics because this is the only trap PL that reflects the
population of charges in the CBTherefore, we can use the combination of G8&bvery
kinetics awnl trap PL kinetics to identify the type of trap states in each of our InP QD samples. If
the GSBrecovery kinetics match the trap PL decay kinetics, the trap PL results from type (2)
recombination, indicating the presence of hole traps. Alternativelye iSBrecovery kinetics
diverge from the trap PL decay kinetics, the trap PL results from recombination of type (3) or (4)
and indicates the presence of electron traps. Assuming that holes contribute very little to the GSB
signal, we cannot distinguish teeen carrier recombination of types (3) and (4) using this data

set.

37



Scheme 2-1 The possible chargearrier processes in IM@Ds. Filled blue circles represent
electrons and unfilled circles represent holes. The different colored lines represent the different
recombination pathways for electrons and holes. The blue line representdgandL (1). The
green (2) and orange lind3)(4) represent trap state PL. The kinetics of recombination processes
represented by the blue (1) and green line (2) should trackr&@Bery kinetics. CB =

Conduction band, VB = Valence band, ETs = Electron trap states, HTs = Hole trap states.

The roomtemperature GSBecovery kinetics, banddge PL decay kinetics and trap state PL
decay kinetics for InP QDs, InP/BZA QDs, InP/F QDs, and InP/F/BZA QDs are presented in
Figure 22. The GSBrecovery kinetics were extracted from the bleach maximsndegermined
from the spectraliresolved TA data (Figur2.8). For ease of comparison, all G8&overy
kinetic traces are inverted. Kinetic traces of the baage and trap state PL decays were measured
at the maximum of the steadyate bangedge PL andrap state PL spectra, respectively. All
kinetic traces are normalized to an intensity of one at t = 0. Ther&&®ery kinetic traces and
bandedge PL kinetic traces were fit to a biexponential function, Eq. S3. Because all unsaturated
surface atoms cagenerate trap states and the decay rates may3the/frap PL kinetics were fit
to a stretched exponential function, shown in Eq. S5. A summary of the fitting parameters for the
GSB-recovery kinetics, banrddge PL kinetics, and trap state PL kinetics aogiged in Table2-

l.Inthefitforthe GSB ecovery, t he f asg)isatsiliutedit@ticeagmbicatomp o n e n
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of electron trapping process and InP QDs bardige PL, and the g)isow dec
from the hole trap PL of InP QD382"*Inthebanee dge PL f i tting, tihe f ast
reflects the bangdge PL, and the slodhe c ay c o p)petteatetimetdelayed baretige PL
via shallow surface trap states as discussed further in the tempeleperedent studies described
below34°

Time-resolved absorption and PL measuremtortthe assynthesized InP QDs reveal kinetics
that can be attributed to both trapped electrons and trapped holes. For the InP QDs;¢dgdéand
PL decay kinetics and GSi®covery kinetics have a similar decay/recovery in the initial 10 ns
correspondinga fast, baneedge radiative recombination; however, they diverge at longer time
scales. This divergence suggests the loss of -bdgd holes through heteapping which
decreases the badlge radiative recombination, while the baauifje electron populatigpersists,
as measured by the GSB signal. These empirical observations are supported by the weighted
average lifetimes measured by these two techniques, with acbgedPL lifetime of 44 ns and a
GSB-recovery time constant of 60 ns, the fitting paransedee provided in Tab@ 1. The lifetime
for the trap state PL of the-agnthesized InP QDs is significantly longer, exhibiting an average
lifetime of 119 ns. This londjved trap state PL suggests persistent electron and/or hole traps with
a relativelyslow rate of radiative recombination. The divergence of the-@&8Bvery and trap
state PL traces at early times (<10 ns) suggests that emissive electron traps are populated at a faster
time scale than can be resolved with this measurement and radiageembine through the
pathway (3) or (45/44At long times, we attribute theaip state PL to radiative recombination with
trapped holes through pathways (2). These data support the claim thaymtltessized InP QDs
we have both electron and hole trap states, suggesting undercoordinated cations and anions at the

QD surface?®
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The timeresolved spectroscopic data for BArkated InP QDs suggests that BZA selectively
passivates electron traps at the QD surface. The-&dgel PL kinetics remain the fastest
recombination process with an average lifetime of 39 ns, suggestingsthitabi@atrapping persists
in INP/BZA QDs. However, the divergence between G@&®&very and trap state PL decay
becomes smaller at early time scales (<10 ns), indicating that part of fast electron trapping has
been eliminated through treatment with BZA. 8asizing InP QDs in the presence of fluoride
(InP/F QDs) reduces the number of both electron and hole trap states. For the InP/F QDs, in the
initial 50 ns the GSBecovery, bangtdge PL decay, and trap state PL decay all follow a similar
trace, and the lma-edge PL decay average lifetime increases to 68 ns, indicating the passivation
of electron traps as compared tesgathesized InP.

The kinetic traces suggest further passivation of surface trap states when the InP/F QDs are
treated with BZA. For the INP/BZA sample, all three kinetic traces decay with a similar time
constant in the initial 50 ns, and the G&®overy kinetics and baratige PL decay follow each
other closely, with average time constants of 60 ns and 57 ns, respectively. The corregpondenc
between the GStBecovery and banddge PL decay indicates that for the InP/F/BZA QDs very
few electrons occupy electron trap states, and Jedigeé PL is the major decay pathway for
electrons in the CB. This hy pshighbasbdge PLQYs. f ur t h
We also noted that the GSBcovery kinetics average time constant of the InP/F QDs decreases
from 77 ns to 60 ns which is close to badhe PL decay time constant after being treated with
BZA. By contrast, the GSBecovery kinetis average time constant of the InP QDs increases from
60ns to 66ns which moves closer to trap state PL decay time constant after being treated with BZA.

The results suggest that €&an also passivate hole traps. The low trap state PL intensity as
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comparedo the baneedge PL intensity for the InP/F/BZA sample suggests that the majority of

surface trap states are healed from the combined chemical treatments ZHiBire
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Figure 2.2 Roomtemperature GSiBecovery (black lines, inverted for comparison with other

data), baneedge PL decay (red lines) and trap state PL decay (blue lines) for (A) InP QDs, (B)
InP/BZA QDs, (C) InP/F QDs and (D) InP/F/IBZA QIBxcitation wavelength = 415 nm). All
time-resolved spectra were collected on QD solutions dispersed in chloroform and normalized at
t = 0 for comparison. The GSi&covery kinetics were measured at the bleach maximum. The
kinetics of the bane&dge PL decagnd trap state PL decay were measured at the maximum of

the steadystate bangkdge PL and 700 nm, respectively.

Temperature-dependent PL studies. To further investigate how electron trap states affect
the PL properties of InP QDs, temperatdependentPL (TDPL) and TDPL kinetics were

measured. Previous studies have suggested that electron trap states in InP QDs are shallow states
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(i.e., energetically close to the conduction batid¥, so we expect the electron trapping process

to correlate with temperature. At high temperatures, the trapped electrons can repopulate the lowest
energy CB statdeading to thermally activated fluorescence (TAF) from bedde states. TAF

in InP QDs with shallow trap states should result in stronger-bdgd PL and a longer PL lifetime

as a function of increasing temperature (Sch&fp >4 However, InP QDs without shallow
electron trap states should not exhibit the TAF.

Scheme 2-2 Scheme depicting the thermal activation of trapped electrons to the conduction band
andthe resulting thermally activated fluorescence (TAF) from the {ealge states (CB =

Conduction band, VB = Valence band, ETs = Electron trap states, HTs = Hole trap states).

Temperaturelependent PL spectra and TDPL kinetics for the four InP Qplesnare presented

in Figure2.3 and2.9, and fitting parameters for the TDPL kinetic traces are reported in Z&ble

For the assynthesized InP and InP/F QD samples, the {mfye PL intensity and weighted
average banédge PL lifetime do not monotonigadecrease with increasing temperature. The
bandedge PL shows an initial increase upon heating from 213 K to 253 K due to a TAF process
where trapped electrons are likely repopulated to the conduction band. Above 253 K, nonradiative
recombination overtas the TAF process, and the bautje PL intensity decreases as a function

of temperature from 253 K to 293%* These trends are reflected in an initial increase followed
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by a decrease in the bardge PL lifetime as a function of temperature for theyashesized InP

and InP/F QD sampld§&igure2.3F).
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Figure 2.3 TDPL spectra of (A) InP QDs, (B) InP/BZA QDs, (C) InP/F QDs and (D) InP/F/IBZA
QDs. All data were collected from 213K to 293K in chloroform solvent. (Excitation waytelen

= 415nm) Arrows and arrow colors in spectra show the trends ofdmgel PL intensity change
along with temperature change. (E) Integrated badgk PL (Normalized to each baedge PL

at 213K). (F)Weightecverage PL decay kinetics measured as aifumof temperature for InP

QDs (black square), InP/BZA QDs (red circle), InP/F QDs (blue diamond), and InP/F/BZA QDs

(green triangle).
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The BZAtreated samples should not exhibit TAF from electron trap states because we have
shown that BZA passivates thesites at the QD surface. In the TDPL data, the InP/BZA and
InNP/F/IBZA bandedge PL spectra demonstrate a uniform decrease in intensity with increasing
temperature, due to increasing nonradiative recombination. The weighted averageldpairL
lifetime refects a similar trend. This confirms that the BEAatment passivates shallow electron
traps in InP QDs. In the future, we would like to study these samples in a different solvent system
or as a film and extend the range of accessible temperatures.

All above results demonstrate that the InP QDs passivated withBZA is less prone to
electron trapping and has higher PLQYs tharprapared InP QDs with pristine palmitate,
indicating both BZA and thave better ability to passivate electron traps at the surface of InP QDs
than PA. Due to the passivation of both electron and hole traps, InP/F exhibits higher PLQYs than
INP/BZA. BZA is able to increase PLQYs from 8.4% to 22.3% in InP/F, as a commgsfrom
0.77% to 3.42% in aprepared InP QDs, suggesting electron traps in InP/F are more accessible
than in asprepared InP QDs. The conclusion is consistent with the mechanism thatbfe to
react and remove®Rdangling, leading to an drich suface3! We also tried to add additional PA
into the solution of both InP QDs and InP/F QDs, but the enhancement of PLQYs in each sample
was not observed, suggesting not alty)de ligand is able to passivate electron traps in-post

synthetic treatmd.
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Scheme 2-3 Summary of the effect of various surface treatments on the density of both electron
and hole trap states at the InP QD surface. (Blue lines represent PL. The thickness of the lines
descrbes the relative intensity of each transition. CB = Conduction band, VB = Valence band,

ETs = Electron trap states, HTs = Hole trap states)

InP-BZA-F QDs

2.4 Conclusions

In summary, InP QDs and InP/F QDs were synthesized from MSC precursors through a
microwave metbd and then each sample was treated with BZA. Trieselved PL and TA
spectroscopies and temperatdependent PL measurements revealed that BZA selectively
passivates electron trap states. Ligand stripping and surface reconstruction experiments
demonstrad that electron traps were eliminated due to the passivation of unsaturated indium
atoms at the surface of InP QDs by thé¢yKe ligand BZA. Due to the removal of electron trap
states, the trap state PL of InP QDs was reduced, and thetigadPLQYs ofiP QDs and InP/F
QDs treated with BZA were improved from 0.77% to 3.42% and from 8.4% to 22.3%, respectively.
Our results also suggest that fluoride can passivate both electron and holes traps, indicating that

for our QD system fluoride works in both menksms proposed by previous studies. A summary
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of these findings is illustrated in Scher@&. Overall, we demonstrated that peghthetic
treatment of InP QDs with BZA selectively passivates electron trap states at the QD surface and
enhances the baratige PLQYs. Compared with previous payinthetic methods to increase the
performance of InP QDs, including treatment witltyge ligands and HF etching, the BZA
treatment is green, safe, and easy to use. This research advances our understanding adrthe functi
of X-type ligands as passivants for unsaturated indium atoms for theymbisetic treatment of

InP QDs.
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2.6 Supporting Information

2.6.1 Titration experiments
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Figure 2.4 PL spectra of BZAreatednP QDs A) InP QDs, B) InAF QDs in toluene solvent at
increasing the ratio of BZA to InP QDs from 0 to 282. The PL spectra demonstrate that 8mg
BZA (BZA: I nP QDs = 225: Zdge PLof irabbth IeP QDsanana x i mi z

InP/F QDs.
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2.6.2 TEM images and size distribution
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Figure 2.5 TEM images and size distribution histogram for TEM images of A) InP @Dg,54
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histogram. Each Size distribution histogram is fitted by Gaussian function shown as red line in

each graph.
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2.6.3 Normalized PL spectrum of InP QDs
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Figure 2.6 PL spectrum of InP QDs with different surface conditions normalized to each PLQY.

The value represents PLQY of each sample. All data were collected in chloroform solvent.

(Excitation wavelength = 415 nm)
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2.6.4 PL spectrum of InP QDs with different surface conditions
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Figure 2.7 PL spectra (Excitation wavelength = 415nm) of (A) InP/Benzylamine and
InP/Benzylamine with BZA and (B) InP/ NOBEBEnd InP/NOBE with BZA. All data were

collected in chloroform solvent.

2.6.5 TA spectrum
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Figure 2.8 Normalized TA spectra of InP QDs, InP/BZA QDs, InP/F QDs, and InP/F/BZA QDs

in chloroform measured at Or(E&xcitation wavelength415nm; 1 mJ)
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2.6.6 Temperature-dependent PL Kinetics
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Figure 2.9 TDPL kineticsof (A) InP QDs, (B) InP/BZA QDs, (C) InNP QDs and (D)

InP/F/IBZA QDs. All data were collected from 213K to 293K in chloroform solvent. (Excitation

wavelength = 415m) Arrows and arrow colors in spectra shows the trends ofdédael PL

kineticschange along with temperature change.

2.6.7 Data analysis

Calculation of InP QDs concentration

The concentration of the InP QD solution was calculated from the first excitonic absorption peak

intensity and position and using the empirical funcfiamd BeerLambert law. The diameter was

calculated from TEM images. Assuming each QD is a perfect sphere (see TEM images in Figure

2.5).

- on®e O "xXeuao®

vV poxpmu O"yYBPowp T S2-1
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~

dboi - a @ S2-2
where- is the correlation molar extinction coefficient of InP QDs, Abs is absorbance, D is the
diameter of InP QDs, | is the optical path length in cm and c is the concentration of the InP QD
solution.
GSB-recovery, PL and trap PL kinetics data fitting
GSB-recovery and PL kinetics of InP QDs, InP/BZA QDs, InP/F QDs, and InP/F/BZA were fitted

by biexponential eq&3.

60 6 zC 0 zC S2-3
Weighted lifetimes were calculated bg-8.

B
B

T S2-4

TheT is the weighted lifetime, Aand Aar e amp |l i t ud e s iafnodaretifetimel. | i f et
All unsaturated surface atoms can generate trap states. Thus, the decay rates may be various. Trap
PL kinetics were fitted by stretched exponential function 2&.SThe weighted lifetimes were

calculated by 3-6.

0O 0zQ " S2-5

The average weighted lifetinfe was calculated from the followingjeation,
T - w- S2-6

Where A and 1T are the amplitude and the stret

exponent.
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Table 2-1 Fitting parameters for GSBecovery bandedgePL and trap PL kinetics of

representative samples.

GSBrecovery
Kinetics 11 (NS) A1 T2(NS) Az tns) R-square
InP 16.8 0.55 114.2 0.43 60 0.998
InP/BZA 17.3 0.47 109.6 0.53 66 0.998
InP/F 22.6 0.47 127.1 0.52 77 0.998
InP/F/IBZA 28.2 0.67 125.1 0.33 60 0.979
Bandedge PL Kinetics| T11(ns) A1 T2(ns) Az t(ns) R-square
InP 17.0 0.66 94.7 0.35 44 0.999
InP/BZA 18.1 0.6 66.5 0.44 39 0.999
InP/F 255 0.43 99.5 0.57 68 0.999
InP/FIBZA 33.6 0.53 81.6 0.49 57 0.999
Trap PL Kinetics 1(ns) B T (ns) R-square
InP 86.9 0.65 119 0.992
InP/BZA 74.5 0.62 108 0.993
InP/F 70.6 0.55 120 0.999
InP/FIBZA 71.6 0.59 110 0.999

PL Kinetics of InP QDs data fitting
Decay kinetics of InP QDs, IHBZA QDs, InP/F QDs, and InP/F/BZA are fitted by biexponential

eq 2-3. Weighted lifetimes were calculated by S2-4.
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Table 2-2 Fitting parameters for TDPL kinetics

Sample ;I'}?)mperature A1 Ti(ns) | Az T2(ns) | 1(ns) R-square
213 0.88 15.2 0.19 97.0 30 0.999
233 0.67 18.7 0.35 112.0 |51 0.999
InP 253 0.60 19.7 0.40 109.0 |55 0.999
273 0.66 18.9 0.36 102.1 |48 0.999
293 0.66 17.0 0.35 94.7 44 0.999
213 0.46 184 0.54 74.0 48 0.999
233 0.53 22.5 0.49 76.3 48 0.999
253 0.55 21.2 0.48 72.8 45 0.999
InP/BZA 273 0.56 19.3 0.46 69.9 42 0.999
293 0.60 18.2 0.44 66.5 39 0.999
213 0.48 20.7 0.53 106.6 66 0.999
233 0.41 29.7 0.58 111.6 78 0.999
InPIE 253 0.43 30.3 0.57 107.8 |74 0.999
273 0.43 28.5 0.57 103.3 71 0.999
293 0.43 255 0.57 99.5 68 0.999
213 0.41 45.5 0.59 97.9 76 0.999
233 0.44 43.2 0.56 94.6 72 0.999
INP/F/IBZA | 253 0.44 38.7 0.56 89.0 67 0.999
273 0.46 34.6 0.56 89.2 65 0.999
293 0.53 33.6 0.49 81.6 57 0.999
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Chapter 3 Engineering Long-lived Blue Photoluminescence from InP

Quantum Dots using Isomers of Naphthoic Acid

The chapter has been previously publisiédgao Zhang, Margaret H. Hudson, and Felix
N. Castelland. J. Am. Chem. So2022 DOI: 10.1021/jacs.1¢c12207

Author Contributions: Margaret H. Hudsonontributed on the TEMheasurements
Abstract: Leveraging triplet excitons in semiconductor quantum dots (QDs) in concert with
surfaceanchored molecules to produce Idifgtime thermally actiated delayed
photoluminescence (TADPL) continues to emerge as a promising technology in diverse areas
including photochemical catalysis and ligigneration. All QDs presently used to generate
TADPL in QD/molecule constructs contain toxic metals includdd{ll) and Pb(ll), ultimately
limiting potential realworld applications. Here, we report newly conceived {goetting TADPL-
producing nanomaterials featuring InP QDs interfaced witmdl 2naphthoic acid ((INA and 2
NA) ligands. These constitutionalommers feature similar triplet energies but disparate triplet
lifetimes, translating into IfBased TADPL processes displaying two distinct average lifetime
ranges upon cooling from 293 K to 193 K. The
22NAdecorated I nP QDs while further expanding b
1-NA ligated InP materials, representing a 46ld time window. The resulting lorkived excited
states enabled facile bimolecular triplet sensitizatiotOafphosphorescence in the néRrand
promoted sensitized tripkttiplet annihilation photochemistry in 2diphenyloxazole (PPO). We
speculate the discovery of new nanomaterials exhibiting TADPL lies on the horizon as myriad
QDs can be readily derivatizedsing isomers of numerous classes of surfauwehoring

chromophores yielding precisely regulated photophysical properties.
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3.1 Introduction

Over the past 5 years, research involving quantum dot -@@@3nic molecule hybrids has
exploded due to the realiran that selective excitation of the QD rapidly transfers triplet excitons

to the surfacéoound chromophores with high efficiency in a concerted Ddikteror sequential
triplet-triplet energy transfer (TTET) proces$® The realization that the photon energy absorbed

in the QD can ultimately be expressed as a pure molecular triplet excited state has significant
implications in photochemical synthesis, photoredox catalysis, singlet oxygen generation, and
photochemical upconversidfi?! Although numerous organic and transitimetal compounds
feature electronic structures similar to QDs, as triplet sensitizers, QDs featudeperalient
bandgaps with closelypaced singletriplet gaps?>23 These unique characteristics render QDs of

a given composition suitable for interfacing with various chromophoric ligands thereby
eliminating the need for extensive synthesis or materials discb¥&By. strategically controlling

the triplet energy gap maintained between the QDs and thacearfchored molecules, the
excitons stored in the molecular triplets can thermally repopulate the QD excited state through
endothermic reverse TTET (rTTET). This back transfer producesliled thermally activated
delayed photoluminescence (TADPL) emiamgfrom the QD which is potentially beneficial for

light generation, QEbased PL sensors, and photochemical cately8fS:2425

Over just the past three years, TADPL resulting from endothermic rTTET has been discovered and
investigated in hybrid materials daming Cd(ll}based QDs and Pb@bhased perovskite
QDs#16:20.24.23gwever, the presence of poisonous heavy metals often prohibits the use of these
classes of QDs in consumer devices due to the potentially adverse effects on health and the
environment®?” Although Tang and Roberts recently demonstrated rTTET from perylene to

environmentallyfriendly silicon nanocrystal®, the TADPL process was h@bserved in this
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indirect semiconductor nanomaterial. However, direct bandgap InP QDs represent a promising
lower toxicity alternative with respect to numerous toxic metal containing QDs featuring high
quantum vyield (QY) photoluminescen@? In this regard, Wu and eworkers demonstrated
TTET from long wavelength emitting ¢m = 585 nm) InP/ZnSe/ZnS QDs to surfameund 9
anttracenecarboxylic acid (ACA) molecules, but were unable to identify the specific TTET
mechanismt/ Moreover, rITTET was not observed in these materials even though the triplet energy
separation was 0.35 eV, whereas, by contrast, CdSen@xule composites with similar triplet
energy gps have previously been shown to produce TABDRANe therefoe questioned the nature

of the mechanism of the TTET in the functionalized InP QDs and whether an endothermic rTTET
process could be enabled in these materials.

The strategy implemented to discover ldivgd blueemitting InRbased TADPL materials is
presented in Figurg.1l. This schematic elucidates all relevant photophysical processes and
associated energy levels used to facilitate both TADPL and ultimately the desired bimolecular
TTET processes. As a departure point, we provide ultrafast transienmptidas evidence that
triplet-triplet energy transfer proceeds rapidly following selective excitation of the InP QDs at 400
nm to surfaceanchored 1and 2naphthoic acid (INA and 2NA) ligands consistent with a direct
Dexterlike TTET mechanism. Thesepiaular constitutional isomers were purposefully selected

as we hypothesized behavior akin tafhd 2bromonaphthalene and &nd 2chloronaphthalene,
wherein the triplet state energies are nearly identical but the associated lifetimes are disparate,
rerdered much shorter in thes2ibstituted isomer®:3! Time-resolved PL spectra and intensity
decays universally demonstrate temperati@eendent TADPL emanating from theahd 2NA
decorated InP QDs whose triplet energy separation was measured as 0.10 and 0.13 eV,

respectively. The small triplet gaps along with significant differences in the molecular triplet
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lifetimes resulted in two segregated average lifetime ranges measured in these materials on cooling
from 293 K to 193 K: 4 . 4 the@NAcadd ENA furstiorsmlized 8 4 . 2
InP QDs, respectively. Finally, these lelinged excited states enabled facile bimolecular triplet
sensitization of'O, phosphorescence in the néBr and promoted sensitized tripleiplet

annihilation photochemistry iB,5-diphenyloxazole (PPO), yielding visibte-UV upconversion.

E

A
upconversion }

Tinp-pL = NS

Valence band/Ground state

Figure 3.1 Strategy used for generating letiged blue TADPL from 1 and 2NA decorated InP
QDs and a general illustration of TTET and rTTET processes occurring at the hnfbl@Eule
interface, the TADPL processes in functionalized InP QDs, and the associatedlenelgand
various decay and quenching pathways investigated in the work. (TTA:-triplet

annihilation)

3.2 Results and Discussion

Blue-emitting InP cores were synthesized using microwave mefid@isSpecific details

regarding these preparations are described in tigpd@ting Information. All spectroscopic
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measurements performed on the isolateddaged QDs in this study were recorded in deaerated
toluene. The average diameters for the InP QDs were measured using transmission electron
microscopy (TEM) to be approxirtedy 1.4 nm (Figure3.6) which is in good agreement with the

1.23 nm diameter estimated from BXfs spectroscopy, please see the Supporting Information for
complete detailé® The first excitonic absorption peak of the InP QDs wadered at 410 nm
(Figure 3.2a, molar extinction coefficient at 410 nm, 34859 &M1).>° The InP QDBbased PL
features a brighstate emission peak at 461 nm along with a weak and broad trap state PL centered
near 5 66 1526t), Figore.2b. The InP QDs possess nanosecond timescale-stagbt

PL in toluene fdbwing 400 nm pulsed laser excitation having an average lifetime of 76.9 ns from

a biexponential fit, Figure3.7, please see the Supporting Information. Theafd 2NA
functionalized InP QDs were prepared using the-pgsthetic modification protocols tiled in

the Supporting Information. In the electronic spectrum of tfamd 2NA functionalized InP QDs,
characteristi¢' -“ * absorption features from each molecule were observed between 300 nm and
350 nm, Figure3.8 These spectra confirm that seleetiexcitation of the QDs is readily
accomplished using 400 nm light. Th&A and 2NA ligands displayed similar surface coverages

as determined through W¥is data and the appropriate molar extinction coefficients for these
molecules. The final ratio of-llA and 2NA chromophores to the InP QDs were determined as
~37:1 and ~33:1 respectively, Figure8 81d3.9. Please note that this ratio reflects the number

of 1- and 2NA chromophores with respect to the dots and is not necessarily the true surface
coverage. In other words, the proportions determined byMi#vare not the absolute number of

the surface anchored ligands but rather represent the total number of ligands distributed between
the solution and the QD surface in these sampliggire 3.2b presats representative static PL

spectra (ex = 400 nm) that demonstrate botNA and 2NA strongly quench the bright state PL
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effectively in both classes of QDs, presumably through TTET which is calculated to be exothermic
by at least 0.10 eV, ascertainedm the PL spectra of the InP QDs and the 77 K PL spectra of 1

and 2NA chromophores measured in toluene.
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1.5 2 —— InP/2-NA
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Figure 3.2 (a) UV-Vis spectra of pristine InP QDs; &nd 2NA functionalized InP QDs QDs,
and the 1 and 2NA acceptors measured in toluene. (b) PL spectra of InP,-afdnd 2NA
functionalized | nP &0 nme Bhe RLisgedraofthe MAol uene (A

functionalized QDs are scaled-fdld to reveal their relative spectral shapes.

To glean insight into the nature of the PL quenching process on the surfaces of these InP
nanocrystals, ultrafast transient absorption (UFTA) spectroscopy was employed to interrogate
these samples. These experiments selectively excited the InP QDs sisdaker pulses at 400

nm at 0.2 pJ/ pul se i n a powe r-phadnsxoitatiprtbehavwor r e gi r
across all samples, Figug103.12 In the UFTA difference spectrum of the pristine InP QDs

(Figure 33a), the depletion signal ebrved at 410 nm is attributed to the ground state bleach

(GSB) of the lowest energy QD exciton band. There is a corresponding broad excited state
absorption in these samples with a peak at 460 nm extending into the red region of the $pectrum,

and features an isostiee point centered at 438 nm. All these absorption features symmetrically
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recover during the 6 ns time window of this experiment and this difference spectrum persists into
the 100 nanoseconds timescale as observed using conventional laser flash phooolyisient

with the average lifetimes determined by TR®E’In the surfaceanchored 1and 2NA InP QD
samples, significantly accelerated recovery of the InP GSB was observed, occurring within 2 ns in
bothinstances, concomitant with the growth of the characterisaod 2NA T1- T, absorptions

near 430 nm, overlapping with the HpRAsed isosbestic point at 438 nm (Figure3b 3and
3.3c).383%9As a result, the molecular triplet formation kinetics were monitored at 438 nm and fitted
using a stretched exponentiahction as described in the Supporting Information. The calculated
average TTET rate constant from InP tblA using the GSB recovery kinetics was determined to

be 6.71x18s? (Figure 33d) which is quantitatively similar with-NA triplet absorption gswth

rate determined using the kinetics at 438 nm (7.3%4.FFigure 33e). The combined data suggest

that triplet energy transfer from the InP QDs to the surfamdored ANA molecules corresponds

to a direct Dextelike TTET mechanism since there wag evidence of any stepwise process.
Similarly, TTET also occurs from the energized InP QDs to sudachored 2NA molecules

having an average rate constant of 6.08s1QFigure 33f). The both QY for TTET from InP to
surface anchored-MIA and 2NA were determined to be 98%, please see the Supporting
Information for details. Nanosecond transient absorbance experiments indicated that the InP
sensitizeddand2NA tr i pl ets have average | ifetimes of
respectively(Figure3.13. The persistence of these lelinged surfacebound molecular triplets is

a prerequisite for enabling any possible endothermic rTTET process to the nanocrystals.
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Figure 3.3 UFTA difference spectra of (a) pristine InP QDs, (b) IRRA QDs and (c) InP/2

NA QDs measured in toluene at room temperature following selective excitation of InP QDs
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aser

$de Singlé wate@ngth kineticsvdi the,

pristine InP QDs GSB recovery in the presence and absence of the-sundhoeed INA

0.

ligand. (e) Single wavelength kinetics for thé&lA triplet formation at 438 nm (Inset: kinetics at

438 nm after baseline subtramt). (f) Single wavelength kinetics of the InP QDs GSB recovery

in the presence and absence the swéaohored NA ligand. <k>np, <k>inp/1-na @and <kSmpr2

NA Fepresent the average InP QD GSB recovery rate constant determined from nonlinear least
squars fitting; <k>rret cairepresents the calculated TTET rate constant from the GSB recovery

of both pristine InP QDs and NA functionalized InP QDs; sk#ritrepresents the fitted TTET

rate constant using the kinetics measured at 438 nm.

2

Given the small (6.10 eV) triplet energy gap between the InP QDs and the surface anchored 1

and 2NA chromophores, we employed transient PL experiments in the hopes of observing long
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lived emission emanating from the InP QDs resulting from the rTTET process. Bigpresents
time-resolved PL spectral data obtained from the IA¥PAL materials while the identical
experiments corresponding to the INRIR samples are provided in Figur8sl4 The prompt

signal recorded for INP/AIA yielded an emission peak centered at ABil(Figure3.4a), assigned

to the banekdge PL of the InP QDs with a tail stretching well into the red portion of the spectrum
consistent with low energy trap state emission. After a 100 ns time delay, the main emission peak
position shifts to 549 nm asesein the normalized spectra reported in Fiddda. Quantitatively

similar emission profiles were obtained for pristine InP QD samples measured at 77 K'at a 10
delay under otherwise identical experimental conditions. InP samples were also decdhated w
benzoic acid ligands (InP/BZA) to model the naphthoic acid surface interactions while suppressing
all possible interfacial energy transfer processes. In these materials, the transient PL spectrum
measured at 77 K yielded quantitatively similar restaltthe pristine InP sample, namely a peak
centered at 549 nm measured at ad0me delay, Figur8.4a. Since BZA is known to selectively
passivate the surface electron trap states in InP3QMe, broad peak at 549 nm universally
measured in all samples in Figudla is therefore assigned to hole trap state PL in these
materials***°Figure3.4b presents the normalized transient PL spectra recorded for theNAP/1

QDs at a 50@is delay time, compared to the spectrum measured at 100 ns along with the static 77
K PL spectrum of molecular-llA in toluene. Two unique emission features are revealed in the
500 ns spectrum having peaks at 503 nm and 584 nm which coincide with teeopdak 77 K
phosphorescence spectrum of thBIA chromophore. Figur8.4c presents the normalized PL
spectra recorded at 500 ns and 1 ps after the
to evolve and on this time scale, botiNA phosphoescence and InP hole trap state emission

continue to be observed. Over the next several microseconds, the longer wavelength PL associated
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with the hole trap state emission feature largely decays away due to ithv@tbnature while the
original peak 503 nm progressively shifts to shorter wavelengths (Fi@ud)3*3" The
persistent high energy PL feature continuesto-bllei ft unti |l approxi mately
ultimately remains fixed at 483m(2.57 eV) for the remainder of its excited state decay, Figures
3.4e and3.4f. These observations are consistent with the production of higher energy mP QD
localized PL resulting from the rTTET process, wherein triplstAt is converted into energized

InP QDs displaying extremely lodtyed PL at room temperaturrevious research demonstrates

that the TADPL in quantum dots is based on the equilibrium among TADPL of QDs, TTET,
rTTET and phosphorescence of surfaoehored ligand®?**The rTTET quenches the
phosphorescence of NA and provides excitons for TADPL. Thus, the peak position shifts from the
phosphorescence of NA to the TADPL peak observed in the TRPL spectra. Once equilibrium is
achieved, the TADPL observed decays symmetrically with no further changes in peak band
position. We are confident that the establishment of the TADPL equilibrium isadise likely

reason for the peak shift variation measured as a function of time. However, there may be other
phenomena contributing to the observed spectral shifts, including contributions from
inhomogeneities in QD size and therefore energy gap. Sinagenaterested in correlating the
average lifetime of TADPL decay with the average energy gap in these materials, this is best
accomplished once equilibrium becomes established. Therefore, to qtlaatifyTET sensitized

InP PL decay kinetics, theintehsy of the 483 nm PL was plotted
was set as the time origin of the experiment since this is when the room temperature-PL blue
shifting ceased, Figurg5a squares. We note that the delayed emission observed from €sPbBr
nanocystals was also kinetically analyzed using a-merotime origin?° The PL intensity decay

was fitted using a stretched expahal function (see Supporting Information for details), yielding
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an average | ifetime of 84. 2 pus. This t-i me co
sensitizedANA tri pl et | ifetime of 100.2 pys measur ed
substantially longelived than the InP brighstate PL lifetime of 76.9 ns. The combined data

support the hypothesis that the proposed rTTET process is solely responsible for the blue TADPL
emanating from these InRKNA dots. Since the pure molecular teplifetime of ENA is 55 ms,

which was measured in a polymer matrix at room temper&ufi&[ET serves as a thermally

activated quenching process with respectbAlL now attenuated to the observed average lifetime

of 84.2 pys and manifested as del aysadadbemMR i n t

localized.
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Figure 3.4 Transient PL spectroscopy evidence for the formation of rTTET process from

surfaceanchored ANA to InP QDs upon selective excitation InP QDs with a 2 mJ, 400 nm laser
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Figure3.5 presents comprehensive experiments targeting manipulatitve GGADPL intensity

decay kinetics in both series of hybrid InFNA and InP/2NA nanomaterials through variation in

temperature, which can be used to either slow or accelerate the rTTET process. Selective excitation

of the InP QDs at 400 nm resulted imdplived blue emission centered at 483 nm in both series

of dots. Light emission from the INRNLA 1o at RT = 3.1%) composite ranges from the

microseconds to the milliseconds time scale at temperatures between 293 and 193 KB.3;igure

71



whose average i f et i mes range from 84. 2 jeopdinbwagd 33 . 2
changed from 50 ps to 350 puys across thi-s temp
shifting observed with decreasing temperature, consistent with a slower apurélaeiTADPL
equilibrium.Additionally, rTTET is an endothermic process, so lower temperature retards the rate
of repopulating the excitonic states of the InP QDs to approach the TADPL equilibhus) the
observed time point for establishing TADPL edwilum changes systematically as a function of
temperatureSimilar TADPL effects were detected in the IMN2A o at RT = 1.9%)
composites but featured average lifetimes bracketed to a much shorter time window, ranging
bet ween 4. 4 hssametenp&atube ramge, Fiofbde Remirkably, these broadly
tunable, yet segmented average lifetime responses were achieved by simply changing the NA
constitutional isomer used as the triplet reservoir. The fitted average lifetimes Bfableere

modeled using the simple twsiate model presented as Equati® ) 42>

o N 0 AgbwO TQY
p AGPwO TQY

In this model, the TADPL average decay rate constanbgk = 1/<t>tappL) IS correlated to the

energy gap (Egap) between the InFQDs and the respective NA constitutional isomer triplet
energies along with their phosphorescence decay rate conStgi®.& s* for 1-NA and 3125 s

Lfor 2-NA)*2*3and Rine (1.3x10 s?). Figure3.5¢ presents the Arrhenius plots derived from the
temperaturaependent PL intensity decays using Equadidn y i e | ggof i eVAakd 0.13

eV for INP/ENA and InP/2NA, respediely. These values are in reasonable agreement with the
energy differences between the 483 nm (2.57 eV) TADPL peak observed in each sample and the
I-NAand 2NA triplet ener gyp= 1 E®VvEL1 seV 2a g 0.20Y)7 A&V,
measured by lowtemperature phosphorescence, Fig8r5.2° We note that there is also a
significant 0.12 eV shift between the InP brigiiite PL peak and the observed InP TADPL
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emission peakFigure 3.5d), suggesting the TADPL emanates from 4gagh excitonic states in

the InP dots, which are combinations of dark and trap states in these météfidighe
possibility of any daristate PL can be eliminated becausebtight to dark state energy separation

in InP QDs should be less than 15 nfé\Wut the energy gap expected between the bright state
and electron trap states (> 0.1 eV) is in line with the experimentally measured eneréfyirshift.
this regard, it is reasonable to assume that InP electron trap states are likely involved in the TADPL
processes observed in these matetilaéseby limiting the QY of the TADPLSome prior research
has demonstrated that shelling InP QDs with a wide band gdipssicl as ZnS is able to
effectively passivate trap states at the surface of InP“®Bsn future work, we will attempt to
prepare higheQY InP QDs through shelling while maintaining the excitonic band gap of the QDs
used in this work. Using these more luminescent materials, we believe that tifel@YT ADPL

process with INA and 2NA will be increased substantially.
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Figure 3.5 Temperaturalependent transient PL kinetics of functionalized InP and revised
Boltzmann plots and InP PL and functionalized TADPL spectra. (a) and (b) PL decay

kinetics and fitting of InP TADPL in InP/NA and InP/2NA respectively which are plotted by
extracting the PL intensity decays from the corresponding TADPL spectra between 193 K to 293
K as presented in Figures S11 &1 (black squares:293 K, red circles:273 K, blue

triangles:253 K, green triangles:233 K, purple diamonds:213 K, brown triangles:193 K). (c)
revised Boltzmann plots derived from the PL decay kinetics fitting results in different

t e mp er a tgprepessnts the &fective InP QDs and2tNA triplet energy difference). (d)

InP PL and TADPL spectra observed from IrRVA and InP/2NA recorded at early delay
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The NAfunctionalized InP QDs were used to sensitize freely diffusing triplet energy axapt

the bulk solution. Singlet £(*0,, Er = 0.98 eV}® phosphorescence centered 27 nm in the

nearlR was readily detected in all aerated toluene solutions of INR/and InP/2NA QDs, by
contrast, asynthesized InP QDs was unable to sensitize sing|dtiQure3.19. Sensitized triplet

triplet annihilation of 2,&iphenyloxazole (PO) (& = 2.3 eV, E= 3.5 eV}* was also readily
detected in INPENA solutions containing PPO (FiguBe20) following near diffusioncontrolled
triplet-triplet energy transfer from InPMA to PPO (kter = 1.2 x 16 M™* s%) upon selective
excitation of the InP QDs, generatifB P O* f | u 0 nuers T 279} ia thé WV. The
maximum (linear regime) normalized upconversion photoluminescence quantum yield measured
in these samples was 3.7%, Fig8r20 The promotion of bimolecular reactivity from the triplets
photogenerated at the surfaces of these nanomaterials promises broad application of guantum dot
molecule hybrids in photochemical synthesis, kgabheration, wavelengtbhifting technologies,
andPL-based sensor materials. More importantly, excited state decay engineering can be readily
achieved using a single class of blue emitting InP quantum dots in conjunction with select isomers
of chromophoric ligands that present distinct triplet lifetimes.

3.3 Conclusions

We demonstrated that the triplet excitons generated from energiz€D&re readily transferred

to surfaceanchored naphthoic acid ligands consistent in a concerted BietdiTET process.

The x and 2naphthoic acid constitutional isomers feature nearly identical triplet state energies
yet distinct triplet lifetimes, Wich was used as a control element to modulate temperature
dependent blueolored TADPL emanating from these constructs. More precisely,-foldb#me
window (4.4° s to 733 s) was successfully engineered in a single InP nanomaterial using only

two didinct constitutional isomers of naphthoic acid. The associated lifetime extension achieved
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with respect to the pristine InP dots facilitated bimolecular TTET reactions with freely diffusing
molecular acceptors. Specifically, sensitizatioh@fphosphoresence in the nedR and visible

to-UV photochemical upconversion from PPO were both realized. We believe that the discovery
of nanomaterials featuring TADPL lies on the horizon as myriad QDs can be readily derivatized
using isomers of numerous classessoffaceanchoring chromophores, ultimately yielding
precisely regulated photophysical properties using combinations of energy separation,
temperature, and appended chromophore triplet lifetime.
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3.5 Supporting Information

3.5.1 Sample Preparation, Characterization and Data Analysis

Sample Preparation

Materials. All the chemicals used are commercially available and were used without further
purification. Anhydrous toluene (99.8%) was purchased from Alfa Aesar. Indium acetate
(In(OAC)3, 99.99%In) andtris(trimethylsilyl)phosphine (P(TMS)min. 98%, 10 wt% in hexanes)
were purchased from Strem ChemicalsButyl-4-methylpyridinium tetrafluoroborate (BMPy

BF;, = 97.0%), palmitic acid (PA, =>HPOgade deca
> 9 9 ), 9-Aaphthoic acid ((NA, 96%), 2naphthoic acid (NA, 98%) and acetone (HPLC

grade, = 99. 9%), weAldach ghemicallCanspang. f r om Si g ma
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Indium Palmitate (InPA). InPA was synthesized according to a procedure adaptedthrem
literature®334 A threenecked 50 mlroundbottom flask (RB) was used as the reaction vessel. A
sample of 0.564 g (2.20 mmol) PA was added into the RB flask. Then, it was attached to a Schlenk
line and fitted with a condenser. The flask was evacuated and refilled wfith Mdultiple cycles.

Next, the solution was heated in an oil bath at 105°C for 10 minutes under vacuum. After cooling
the PA mixture back to room temperature,vis backfilled into the apparatus and then 0.207 g
(0.710 mmol) In(OAcwas added to the flask. The system wasgdainder vacuum and the flask

was heated in an oil bath at 150°C for 1 hr. Finally, the reaction temperature was decreased to
110°C, and 15 mL anhydrous toluene was added sdiutionwas maintained &t10°C forthe

next step.

Synthesis of InP Magic Sized Clusters (MSCs). The MSCs were synthesized according to the
procedure adapted fronhe literaturé®® A 1.15 mL (0.388 mmol) sample of (TM&) was
dispersed in 3 mL of anhydrous toluene drawn into a syringe and sealed with a rubber stopper.
When the toluene ithelnPA flaskbegarto reflux, the (TMSJP solution wagnmediatelyinjected

into the flask The formation of the InP MSCs was monitoredrbynovingaliquots from the
reactionmixture and measuring tlireabsorptionspectra When the absorption spectrum of the
aliguotsceased t@hange, the formation of InP MS@ms consideredomplete.

Preparation of the InP MSC Stock Solutions. After theInP MSC formation was confirmed, the
solution was transferred to 6 centrifuge tubes. Acetonitrile was added to each centrifuge tube to
precipitate the InP MSCs. The suspension was centrifuged and the supemaatahscarded.

Then the InP MSCs were dissolved into a small amount of toluene. The precipitation and
centrifugation procedure wabkenrepeated. Next, the InP MSC solid was transferred into the

glovebox and 3nL decane was injected into each centrifuge tube to dissolve all of the InP MSCs.
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The InP MSC solution in decane was collected into ammuked 50mL roundbottom flask.

Finally, another 32 mL decane was injected into the flask, and the total volunmeloPtiMSC

stock solution was 50 mL.

Microwave-Assisted InP QDs Synthesis. The microwave parametersere adapted from
literature preparation®3*1 n t he glovebox, 3 mL of the I nP
BMPy BF; (In:F = 1:10) were combined in a CEM 10 mL glass mi@ee reaction vessel
containing a micro stir bar. The vessel was capped, transferred out of the glovebox, and placed
into a CEM Discover SP microwave equipped with an IR temperature sensor. The reaction solution
was premixed for 1 min under stirring antién heated to 280°C at 3¥0 microwave power for

5 mins and then cooled to 50°C using compressed nitrogen gas. During the ramping process, when
the microwave vessel pressure reach8 psi, the microwave powewas decreased to 10%/
manually. The cooledvessel wasemoved from themicrowave and lacedon a rack until its
temperature returned to room temperature. The final cooled InRoQfaining solution was
precipitated with acetone two times. During this process, the InP QD solution was first transferred
to a centrifuge tube, and 7 mL acetone was added, followed by shakihghe solution was
cloudy. Then, e solution wasentrifugedat 5800 RPM for 5 minuteéfter 5 mins, there was a

clear indication of InP QD precipitate on the walls of the cargéftube. The supernatant solution

in the tube was then discard&veral drops of toluene wetleenadded to the tube to resuspend

the InP QDs. After this, 10 mL acetone was added, and the solution became cloudly once again.
This solution was centrifugeat 5800 RPM for 5 minute3 he supernatant liquid in the tube was
discarded, and the precipitate on the walls of the tube was resuspended in toluene for future use.
Ligand Exchange with NA Chromophores. 1-/2-NA solids(1 mg, 5.8mmol) wereadded inta

200pL t ol uene s ol uzx0.5p The miked solutidon Wadsenicht€d Eor 40 utes
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at room temperaturenderthe protection ofN> atmosphereAfter this time peroid, the solution

was drawn into a syringe, and then 3 mL methanaldvawn into the same syringe. After a short
periodof shaking, the solutiobecamec | oudy. Then a 0.1 pym syringe
the syringe and theontentspassedhrough the filter. The colorless solution was discarded, and
the precipitate watrapped in the filter. In a new syringe, 3 mL toluene was drawn for nanosecond
TA experiments and 0.61L toluene was drawn for ultrafast TA experimeatslthe previous
syringerfilter disk was attachetbr final sample preparatiohe toluenavaspassd through the

filter and theresuspended materials waslected forspectroscopic experiments.

Characterization

Sample Preparation. Samples for nanosecond TA experiments were prepared by transferring
washed samples from ligand exchange to a specialigros 1cm quartz optical cellith a
sidearm roundottom flask (OD= 0.5 atthefirst excitonic absorption peak). Then, three freeze
pump-thaw degas cycles were performed on the optical cell to remove all dissolved oxygen.
Samples for ultrafast TA&xperiments were prepared by transferring washed samples from ligand
exchange with NA procedure to arn path length quartz cuvettes (@D.5 atthefirst excitonic
absorption peak)

Transmission electron microscopy (TEM) images. TEM images were taken g a
ThermoFisher Talos F200X microscope at an operating voltage of 200 kV at the North Carolina
State University Analytical Instrumentation Facility.

Steady-state Spectroscopic Measurements. Electronicspectra were collected using an Agilent
Cary 60 U\AVis spectrometer. Steadyate photoluminescence spectrahavisible range were
measuredising an Edinburgh Instruments FS5 spectrofluorom@erspectra in th&lIR were

acquiredusing an Edinburgh Instruments FS920 spectrofluorometer equipped NifR single
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photon counting detector. The excitation light source for Hatrimeterswas a 450 W Xe arc

lamp equipped with a monochromator. Absolute photoluminescence quantum yields were
measured with an Edinburgh Instruments FS5 spectrofluorometer eduifibean integrating
sphere.

Nanosecond Transient Absorption Spectroscopy Measurements. Nanosecond transient
absorption measurements were performed using a@20Plaser flash photolysis system from
Edinburgh Instruments equipped walpulsed 450 W Xe adamp. An Andor Technology iStar

iCCD camera was used to collect transient difference spectra, while the kinetic traces were
collected using a R928 Hamamatsu photomultiplier tube. The laser pump light source was a
Vibrant 355 Il Nd:YAG/OPO laser systenofn OPOTEK operating at 1 Hz«B ns fwhm).
Time-Resolved  Photoluminescence  Spectroscopy  Measurements.  Time-resolved
photoluminescence experiments were performed on the same instrumerih@sanosecond
transient absorption spectroscopyeasurementsTemperaturedependen photoluminescence
spectra were measured with the same instrument coupled with an UnisokR0B$RB/ostat -

80°C to 20°C).

Ultrafast Transient Absorption Spectroscopy. Time-resolved transient absorption (TA)
measurements werperformed at the NCSU Imaging and Kinetic Spectroscopy Laboratory
(IMAKS LAB) in the Department of Chemistry. Sydicosecond absorption transients were
detected using a Helios transient absorption spectrometer from Ultrafast Systems. A portion of the
outpu from a 1 kHz Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 100 fs fwhm at 800
nm) was split into the pump and probe beams. The pump beam then was tuned by an optical
parametric amplifier (Coherent OPerA Solo) to generate desired excitati@ewgth (400hm)

while the probe beam was delayed in a 6 ns optical delay stage. The relative polarizations of the
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pump and probe beams were set at the magic angle of 54.7°. Both pump and probe beams were
focused and overlapped at the same spot on thelsamptained in a 2 mm path length quartz
cuvette. Each sample was stirred continuously throughout the duration of the measurement. The
transient spectra and kinetics were obtained after averaging at least three scans and using 2 s of
averaging atachtime delay.
Data Analysis
All kinetic datawvere analyzed using Origin 2021
Size and extinction coefficient of InP QDs. The estimated size of InP QDs is calculated from
establishecempirical Eq S3-1.The molar extinction coefficient of InP QDs is estimaexn
establishe@mpiricalEq S3-2.3°

d=0.1456 x® 00522 S3-1

e = 0.¥¥92 x d S3-2
where d is the diameterof InPQDsand i s t he mol ar extinction coe
Coverages of the 1-NA and 2-NA Chromophores at the Surfaces of the InP QDs. For InP/t
NA, the OD at 324m (Figure3.8) and the corresponding molar extinction coeéfidifor ENA
in toluenecalculated from Figre 3.9 ( #®4nm = 3583 Mlcm?) were used to determine the
concentration of INA at the surface of InP QDs. The concentration-dbfRat the surface of InP
QDs for the InP/2NA was determinedisingthe same procedr essendg=£1606 Micm?). The
molar extinction coefficient of InP QDs wag4859 M!cmfrom Eq. $-2. Finally, the ratio ofi-
NA and 2NA surfaceanchored ligando InP QDswere determinedto be ~37:1 and ~33:1
respectively by Eq. $3. At present, data regarding small sized InP quantum dots (QDs) prepared
from ionic liquids remains lacking, and it is still quite challenging to get accurate absorption

coefficient numbers. Additionally, inup procedure for preparing the InP/ naphthoic acid (NA)
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samples, we used a syringe filter disk to separate the solid from the solution, and some of solution
that contains free NA molecules were inevitably trapped in the filter disk. This was then likely
incorporated into the final samples, leading to the import of freely diffusing NA molecules. Using
the absorption method reporteereto determine the amounts of NA molecules and QDs, we were
only able to determine the relative amounts of the two specisslution. The proportions
eventually determined by UVis are not an absolute number of the ligands at the surface but

representhetotal number of ligands distributed between the solution and the QD surface.

T 7 S3-3
T

PL Intensity Decay Kinetics. The PL kinetics ofthe InP QDs were fittedising abiexponential

function, B S3-4,

With averagdifetimes calculatedisingEqg. S3-5.

Z = S35

Here,T is theaveragdifetime, Ay and A are amplitudes for both lifetimés; andt.) resulting
from the biexponential fit. Frorhe fitting resul$, the fasintensitydecay componergt:) was
attributed to the brighstate PLwhereaghe slover intensitydecay componerft.) wasattributed

to bandedge PLresulting fromshallow surface trap state®!

TA Kinetics. The ground state bleagbcovery kineticsvere monitored at the center of the signal
Triplet absorbance growth kinetics of surfamechoredhe 1-/2-NA ligands were monitored at
438nm whichoverlgs theisosbestic point in thdifferencespectra opristinelnP QDs. Thus, all

transientfeaturesmeasuredat the wavelengthare exclusively attributed to the tripletriplet
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absorption ofhesurfaceanchored ligandS hese data were adequately modeled ussigeéched

exponentiafunction(Eq. $B3-6), with averagdifetimes(T calculatedusingEqg. S3-7.

/I'$ 1V zA~ S3-6

7 - 3- S3-7
Where A and 1 are the ampl it wegresenssnhd widthhoéthel i f et
lifetime distribution

To calculate rate constafor the TTET processsoccurringfrom the InP QDs tothe surface

anchoredl-NA and 2NA chromophoresEq. S3-8 was used.

E So&3

Here, krrer ( 1rfef) is the averagerate constant fothe T T E T  p r g-Ga gepresents the
average lifetime aotheInP QDs containing 1and 2NA, a n @pisthe averagkfetime ofthelnP
QDs in the absence tifesurfaceanchorecchromophoric ligands, determined using E&7S

The TTET and rTTET quantum yield was calcuthtssing Eq 3-9 and 3-10'7,

pxt
Tt 0%
& So' Tt
pxt 5

Here, kna ( 1ada)is the average rate constant for the tripletagieaf NA ligand and kappL
( 1tAoA) represents the average the decay rate of the TADPL in functionalized InP QDs
Temperature-dependent Time-resolved PL Intensity Decays. The PL intensy decayswere
obtained from the corresponditimme-resolved PL spectra shown in BigsS3-11 andS3-12 with

single wavelength tracgsotted as a function of tim@ime-zero in each case represents the point
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at which the timaesolved PL spectrum ceased blefting. Each PL intensity decayas fitted
usingEq. -6 with average lifetimscalculatedusingEq. S3-7.
Upconversion photochemical quantum yield (UCPL QYs). UCPL QYs were calculated relative

to the oumarin 10Xtandard in ethanol (QYs = 0.80xccording to the following equation:

~ ~ o,

YO owwi ¢ S3-11

whereUCPL QYs AucrL, lucpL and rrovenerepresent the upconversion quantyieid, InP QDs
absorbance at05 nm, integratedPL intensity and refractive index of theluene respectively.

The corresponding ter ms d¢oomarintl0pantsim dognterat tipet “ st
correspondig excitation wavelengthilThe refractive index of the solvents used welaene =

150 andethanol= 1.36 at 20°C. The factor of 2 is included iBq S3-11 because two incident
photonsare requiredo produceonehighly energizeghotonin upconversiorPL >3

Quantum yield measurements. Absolute PL quantum yields of InP QDs were measured with an
Edinburgh Instruments FS5 speclooffometer equipped with an integrating sphere. TADPL
guantum yields of InPENA and InP/2NA were calculated relative to the absolute PL quantum

yields of InP QDs according to the following equation.

S3-12

T
w h e rr@eL, Pnidps Ainp gbs Ainpii-Na or 2NA, ITappL @andline gpsrepresent the TADPL quantum
yield, InP QDs quantum vyield, absorbance of InP QDs at 400nm, absorban¢¥laefmand
INP/2NA at 400nm, integrated PL intensity of TADPL and integrated PL intensity of InP QDs

respectively.
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3.5.2 TEM image and size distribution histogram

Frequency

T T
1 1.1 1.2 1.3 1.4 15 1.6 1.7
Diameter (nm)

Figure 3.6 a) TEM images and) thesize distribution histogram fehe TEM images of InP QDs,
CE 1.4 + 0.1¢ & 100 particles were measured for the histogram. The size distribution histogram
wasfitted using aGaussian function.

3.5.3 The lifetime of InP QDs
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a
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F — Fit 25
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Figure 3.7 PL decay kinetics od) pristinelnP QDs in toluene upon excitation at 490. Time
resolved PL spectra &) InP QDs in toluene upon excitation at 4@@. The single wavelength
tracewas fittedusing abiexponentiafunction (Eg.S2) with the fitting resuls presented in Table

3-1.
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3.5.4 UV-Vis absorption spectra

12
——InP
10 —— InP/1-NA
—— InP/2-NA
81 1-NA
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()]
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Wavelength (nm)

Figure 3.8 UV-vis spectra othe pristinelnP QDs, NAfunctionalized InP QDs anithe 1-/2-NA

acceptos measured in toluene.

3.5.5 Absorption spectra and Beer-Lambert law plots
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Figure 3.9 Absorption spectra af) 1-NA andb) 2-NA measured as fanction ofconcentration
in tolueneo establish their molar extinction coefficients in tolugiveset:BeerLambert law plots

measured at 32dm for 2NA and 336nm for 2NA).
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3.5.6 Ultrafast TA difference spectra
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Figure 3.10 Ultrafast TA difference spectra of InP QDs in toluene uponrd@ulsed laser
excitation (100fs fwhmas a functiorof pulse energya) 0 . 1pd ., 1 5)02d Jd)0. 25 pJ
with experimentatime ddays spanning from 2.0 ps to 6.0 fiie depletiorsignalobservedt
410nmis attributed tathe GSB of the lowest energy QD exciton bafidhere is a corresponding

broad excited state absorption in these samples with a p4éR amextending into the red
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region of the spectrum, featuring an isosbestic point cented&8atm e) The intensity othe

InP QDs ground state bleasignal takerfrom the ultrafast TA difference spectra apg 10ps

and 100pslelayplotted as the functioof laser pulsenergy The linear relationshipn this

regimeindicates that no multiphoton annihilati@occurring in the InP QDs
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Figure 3.11 Ultrafast TA difference spectra afrepesentativénP/1-NA samplein toluene upon

selective excitation aheInP QDsusing400nm pulsed laser excitation (180fwhm)measured
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delays spanning from 2.0 ps to 6.0 &)sThe intensity othe InP/1-NA ground state bleadlaken

from thedifference spec#rat 2ps 10ps and 100pgdotted asa function of laser pulsenergy

The linear relationship indicates that no multiphoton aratiloihis occurring in the INPENA

QD samples.
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Figure 3.12 Ultrafast TA difference spectra afrepresentativenP/2NA samplein toluene upon

selective excitation aheInP QDs at 40Gimwith apulsed laser (103 fwhm)measured as a
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delays spanning from 2.0 ps to 6.0 &)sThe intensity othe InP/2-NA ground state bleadlaken
from thedifference spectra atfZs 10ps and 100pdotted asafunction of pulseenergy The

linear relationship indicates that no multiphoton annihilatsarccurring in the INR-NA QDs

f) Kinetics ofthe 2-NA triplet absoption at 438nm afterbaselinesubtraction

3.5.7 Nanosecond transient difference spectra and kinetics
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Figure 3.13 Nanosecond transient difference spectra)dhP/1-NA andb) InP/2NA upon
selective egitationof thelnP (400nm, 1mJ,5-7 ns fwhm time delay = 10ths) measureadn
degassed toluene at 2B3TA single wavelengtldecay kinetics at 435 nm) InP/1-NA and d)

InP/2NA. The fitting parameterare givenn Table3-4.
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3.5.8 Transient PL spectra
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Figure 3.14 Transient PL spectroscopy the InP/2NA materials pon selective excitatioof

InP using a2 mJ, 400nm lasempulse (7 ns fwhmin toluene a) INP/2NA PL at Onsand50 ns
delayalong with the stati@-NA PL spectrum measuret 77K. b) InP/2NA PL at 50ns and

100ns delayc) InP/2-NA PL at 100ns andb00ns delayd) InP/2NA PL at 500ns and 1y s
delay.e) InP/2-NA PL rangingbetweenl p s t (o sf).lP/BNA PL rangingbetweer2.5us t o

35us.
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3.5.9 PL spectraat 77K
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Figure 3.15 a) PL spectaof 1-NA and 2NA measure@t 77K int o | u en 320 (m)b) PL
spectaof InP/1-NA andInP/2-NA measuredt 77K int o | u e 400 r(m).

3.5.10 Time-resolved PL spectra
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Figure 3.16 Time-resolved photoluminescence spectra of IARALupon selective excitation of
InP at 400hm (1mJ,5-7 ns fwhn) measuredn degassed toluene from 1830 293K: a) 293

K, b) 273K, ¢) 253K, d) 233K, ) 213K, andf)193K.
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Figure 3.17 Time-resolved photoluminescence spectra of IFIRARuUpon selective excitation of
InP at 4000m (1mJ,5-7 ns fwhn) in degassed toluene from 1B3o 293K: a) 293K, b) 273

K, ¢) 253K, d) 233K, €) 213K, f)193K.
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3.5.11 PL spectraand PLQY
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Figure 3.18 PL spectraand PLQYof InP, InP/ENA andInP/2-NA materialsa) InP and InP/1

NA, b) InP andinP/2-NA using400nm excitationunder air FPT conditions in toluene at room

temperature.

3.5.12 Free energy acceptor sensitization
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Figure 3.19 Singlet oxygen phosphorescence upon seleetiegationof InP, InP/1-NA and
INP/2-NA sampleausing400nm excitationunder air saturated and degasdaeéézepumpthaw,

FPT) conditions in toluene at room temperatajdnP andInP/1-NA andb) InP/2NA.
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Figure 3.20 a) Upconverted PL from 2;8iphenyloxazole (PPQpeasuredn degassed toluene
sensitized by INPANA upon selective excitation dfie InP QDs bya continuouswave405nm
laserdiode Excitation power densitwasfrom 0.17W/cn¥ to 3.98W/cn¥. b) Double

logarithmic plot oftheupconverted integrated PL intensities of PPO as the functimeident
laserpower density demonstratitgpth strong glope = } andweak §lope = 2 annihilation

regimes The threshold between these two regiong is 0.67W/cn?. ¢) Upconversion quantum
yield measured fot.5mM 2,5-diphenyloxazoléPPO)sensitized bynP/1-NA (OD410nm= 0.3)

in deaeratetbluenesolutions as a function of excitation powensigy at405nm.d) Stern-
Volmer analysis of dynamic tripletriplet energy transfer quenching betwéeRF1-NA"
(ODa410nm= 0.3) andPPOin degassed toluene at room temperature, using transient absorption

kinetics a435nm following a400nm laser pulse2(mJ).
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3.5.13 Supplementary Tables
Table 3-1 Biexponential itting parameterg§Eqgs. $-4 and S-5) for the longlived pristinelnP

QDsPL at room temperatureeasuredn toluene

Band-edge PL
Kinet?cs 71(ns) As 2(Nns) Az | Wns)

InP 32.6+0.5| 0.35| 100.1+0.5] 0.67] 76.9

Table 3-2 Fitting parameters fahe UFTA ground state bleacig kineticsat 410 nnof the InP
QDs in the presence or absence of surkaaehoredNA ligands andthetriplet-triplet absorbance
of theNA ligand measuredt the isosbestic poi@#38 nm)upon selective excitation tfie InP
QDs at 400hmusing0.2p J | a sséFigurg8.8) hceceding tahe stretched exponential

function in Egs. 3-6 to S3-8.

Monliorlng Samples T (ps) ] W(ps) <k> <K>t7ET
410 nm InP 116198 445 | 0.41m 001 | 93235 | 1.07x10 s°
a10nm | | 6783 19.1 | 0.47a 001 | 1467.0] 6.82x105 | 671x10s’
438 nm 40720 12 | 0400 002 | 1353.3| 7.39x10s®
410 nm 10745 10 | 0.60c 0.01 | 1617.3| 6.18x16 s
INP/2-NA 08x16 s
438nm | "7 986,70 14 | 0.608 001 | 14835 6.74x165. | 008<10s
Orret
INP/LNA 0.98
INP/2NA 0.98
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Table 3-3 Stretched exponentialtting parametergEqs. $-4 to S3-6) for thePL intensity

decays measured a$umction oftemperature ranging from 1%3to 293K using the data from

Figures S10 and S11.

Temperature (K) T (ns) B W(us)

293 75.1+ 1.6 0.81+0.02 84.2
273 106.4+ 2.6 0.75+ 0.02 126.8
InP/1-NA 253 185.9+ 4.5 0.79+ 0.02 213.1
233 293.2+ 6.3 0.81+ 0.02 331.1
213 337.4+ 10.2 0.84+ 0.03 413.7
193 635.2+ 30.8 0.78+ 0.04 733.2

Temperature (K) T (1s) B W(ps)

293 4.0+0.1 0.84+ 0.02 4.4

273 5.9+ 0.2 0.81+ 0.03 6.6

InP/2NA 253 9.3+0.2 0.79+ 0.02 10.6
233 12.0+ 0.8 0.69+ 0.03 154

213 25.1+ 1.3 0.81+0.01 28.2

193 52.8+ 3.1 0.82+ 0.04 59.2

Table 3-4 Fitting parameterfor the conventional laser flash photolysis data obtained fdt-the
NA and 2NA triplet-triplet absorption decafrom each InP/NA composite at room temperature

measuredh toluenewith the data from Figurg.13

Samples T (ns) B W (us)
INP/1-NA 84.2+ 1.2 0.75+£ 0.01 100.2
InP/2-NA 3.7+ 0.02 0.56+ 0.01 6.2
@rrreT
INP/1-NA 0.84
INP/2-NA 0.71
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Chapter 4 Thermally Activated Bright State Delayed Blue Photoluminescence

from InP Quantum Dots

The content of this chapterasrecently submittedXingao Zhangand Felix N. Castellano*
The Journal of Physical Chemistigtters

Abstract: Thermally activated delayed photoluminescence (TADPL) generated from organic
chromophore functionalized quantum dots (QDs) is potentially beneficial for persistent light
generation, QBEbased PL sensors, and photochemical synthesis. Vyindeious research
demonstrated that naphthoic acid functionalized InP QDs can be employed as low toxicity, blue
emissive TADPL materials, the electron trap states inherent in these nanocrystals inhibited the
observation of TADPL emerging from the higHeing bright states. Here, we address this
challenge by employing the heterocyclic aromatic compougdiolinecarboxylic acid (QCA),
whose triplet energy is strategically positioned to bypass the electron trap states in InP QDs.
Transient absorption and @ioluminescence spectroscopies revealed the generation ofdtatgt
TADPL from QCA functionalized InP QDs resulting from a near quantitative Déked TET
from photoexcited InP QDs to surface anchored QCA chromophores followed by reverse triplet
triplet energy transfer from these bound molecules to the InP QDs. This modification resulted in a
119fold increase in PL intensity lifetime with respect to theswasthesized InP QDs.
4.1 Introduction

Investigations regarding the monodirectional migrationiplet excitons both to and from
semiconductor quantum dots and surface anchored organic chromophores through concerted
Dexterlike or sequential tripletriplet energy transfer (TTET) mechanisms has garnered
significant attention since these hybrid matsriaverage the photophysical characteristics of both

molecules and nanomateriat¥? As a result of this union, the applications of QDs have expanded
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to include photochemical synthesexploiting TTET, photoredox catalysis, singlet oxygen
photogeneration, as well as photochemical upconvet$itinBidirectional TTET in these
constructs can be designed akin to metgknic chromophore$;2® resulting in programmasl
long-lifetime thermally activated delayed photoluminescence (TADPL) being generated from
these chromophotieinctionalized QDg$:1%:2731

Over the past few yearsidirectional TTET based TADPL has become well established in
Cd(I)-based QDs and Pb@tontaining perovskite QD%22730 meanwhile, revers&TET
(rTTET) has been reported to proceed from perylene to Si QDs without the concomitant detection
of TADPL.2! Previous work from our laboratory established deterministic TADPL decay kinetics
from InP/% and 2naphthoic acid (NA and 2NA) constructs’? Unfortunately, the electron trap
states in these hybrid nanomaterials effectively trapped the triplet excitons, leading to the
observation of TADPL emanating from low energy trap states having energies below than that of
the band dge bright state. We therefore questioned whether it was possible to generate bright
state TADPL from InP QDs by circumventing population of these electron trap states. The design
element necessary for testing this supposition is the selection of a samtau®ed triplet acceptor
whose energy lies in the middle of the electron trap and bright states of the InP QDs, ranging
between ~2.57 to 2.69 eV. Therefore, a suitable chromophoric ligand containing a carboxylic acid
moiety needed to be identified outsidf the typical library of aromatic hydrocarbons and we
guestioned whether heterocyclic aromatic compounds would be suitable for enabling all the
necessary photofunctionality.

In this report, we demonstrate briggteite TADPL from corg¢ype InP QDs usig the

heterocyclic aromatic ligand@uinolinecarboxylic acid (QCA). Transient absorption data provide

direct experiment al e Vv i dergr e ID%)fromm INPRQDsto sudagea nt i t
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anchored QCA, where selective excitation of the InP QD&atnm, generating a lodiyed

exciton reservoir?” i nlived thipet eQoioh stonad ineQCA reaslity . The
sensitizesO, phosphorescence from dissolv¥& molecules in solution. The brigstate TADPL
( forL = 3.6%) having averagédtimes of microseconds to tens of microseconds was observed

in time-resolved temperatugependent photoluminescence spectra resulting from reVeéEse

from QCA to the InP QDs.

4.2 Results and Discussion
4.2.1 Design of constructs

The palmitate (PArapped InP Qs used in our previous study was selected as the triplet
energy donof? QCA was deliberately selected as the energy acceptor since its lowest triplet state
(Er = 2.62 eV, Figure S4.1) is positioned in between the InP Q@refetrap states and bright
states, potentially eliminating the involvement of electron traps in the rTTET process.-A post
synthetic ligand exchange process was required to replace some of the native PA ligands with
QCA chromophores following the protocalescribed in the SI. The resulting InP/QCA
nanomaterials were washed usingrecipitationcentrifugatiorresuspensionycle, with the final
QCA functionalized InP QDs being resuspended in deaerated toluene for further measurements.
The generic strategynplemented in the current investigations is presented in Figure 4.1, including
all relevant photophysical processes and associated energy levels used to facilitate interfacial

TTET and TADPL, and ultimately bimolecular TTET processes with O
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Figure 4.1 Schematic representation of the INP/QCA constructs, including all relevant

photophysical process and corresponding energy levels enabling TADPL in these nanomaterials.

4.2.2 Optical properties

Blue-emitting InP QDs were synthesized from a magized cluster of InP, applying the
microwave method described in the SI. The first excitonic absorption band of the InP QDs is
centered at 410 nm, Figure 4.2A. The photoluminescence (PL) spectrum of thesesI(fRgR2
4.2B) displaysabrigrd t at e PL p e ak 152%) albrgy With m meak atdd broad trap
state PL centered at longer wavelengths with a shoulder near 560 nm. The average lifetime of these
pristine InP QDs in toluene was estimated to be @4 fiom a biexponential fit of the PL intensity
decay following 400 nm pulsed laser excitation (Figure S4.2, see Sl for fitting details). The
absorption spectrum of the INP/QCA material exhibits* absorption features localized on QCA
between 300 nnmot340 nm with features from excitonic transitions in the InP QDs positioned at
longer wavelengths, Figures 4.2A and S4.3. These spectra demonstrate that the InP QDs can be

selectively excited using 400 nm light in these InP/QCA samples. The ratio of Q@autes to
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the InP QDs was approximated as ~1lhbwever, this value reflects the number of QCA
chromophores present in the sample with respect to the InP QDs in the solution and constitutes an
upper limit on the number of ligands anchored at the surfdwe PL spectrum_gx = 400 nm)
demonstrates that the surface anchored QCA molecules effectively quench thsthtegRti of

these InP QDs, Figure 4.2B.
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Figure 4.2 (A) UV-Vis spectra of pristine InP QDs and Q@#nctionalized InP QDs measured
in toluene. (B) PL spectra of InP QDs and Q&Anctionalized InP QDs measured in toluene
( &=400 nm). The PL spectrum of the QCA functionalized QDs are scaltdd® reveal

theirrespective spectral shapes. (Insert: expanded view of the pristine InP QDs trap state PL

region)

4.2.3 Triplet energy transfer

To glean insight into the nature of the PL quenching occurring in the-fQ@zionalized
InP QDs, ultrafast transient absorption (UFTeXperiments were employed. The samples, either
INnPorQCAdecorated I nP QDs, were energized using
in a power absorption regime that ensured linearpi@ton excitation behavior across all
samples, Figures S4.0& S4.6. In the InP sample, the depleted absorption feature at 410 nm in

the UFTA difference spectrum (Figure 4.3A) is attributed to the ground state bleach (GSB) of the
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InP QDs. The broad transient absorption peak at 450 nm that extends to 550 nm has been
previously shown to originate from excited state absorptions in InP*&Eisof these absorption
features persist beyond the 6 ns delay line of the experiment since the average lifetime of the
sample is 74.5 ns. In the Q&Anctionalized InP QD samples, rapid reeoy of the InP GSB is
obvious across the 6 ns time window of the experiment, having an average rate constant of
4.16x1G s, Figure 4.3B. In addition, there is also an appearance of two new transient absorption
features located at 375 nm and 450 nm, cbest with TA T, absorptions of the QCA molecuit.

The overlaid spectra presented in Figure S4.7 illustrate that the triplet absorption features of the
QCA chromophores extend as far blue as 425 nm, encompassing the isosbestic point seen in the
pristine QDs at 430 nm, Figure 4.3A. The transient growth kimefithe TA T, absorption was
therefore monitored at 430 nm and fitted with a stretched exponential function, Eq. S4.3. The
growth rate of the 7 Tn absorption (3.91 x &) quantitatively matches the fast decay rate of

the GSB (3.97 x f0s?, Figure S4.8), indicating an energy transfer pathway from InP to QCA.
The collective results suggest that the near quantitative quenching of the PL emanating from the
InP QDs results from concerted Dexld&e TTET, consistent with what is observed with
naphthoic acid derivatized InP ddfsUsing the transient absorbance difference spectra, the
guantum efficiency for this interfacial energy transfer process was estimated as 95% (see Sl for
experimental details). The resulfimonglived surfacebound molecular triplets readily sensitize

10, phosphorescence at 1270 nm (Figure S4.11) whereas-$iyathgsized InP QDwere unable

to promote such bimolecular TTET.

109



A
»
]
[2]

I
,
|

2ps

400 450 500 550 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 4.3 UFTA difference spectra of (A) InP QDs and (B) IQZA QDs measured in toluene
at room temperature as a function of time following selective excitation of InP using 400 nm

|l aser pulses (100 fs fwhm, 0.2 pJ/pul se).

4.2.4 Reverse triplet energy transfer

Since the energized surface bound QCA triplets possessritrgy necessary for the
observation of rTTET and TADPL, we employed transient PL experiments in the hopes of
observing persistent PL emanating from the InP QD bright states. Figure 4.4 presents-the time
resolved PL spectral data from the InP/QCA malenzeasured at room temperature. The prompt
signal recorded in the INP/QCA dots generated a PL peak at 474 nm (2.62 eV), coinciding with
the high energy peak measured in the 77 K phosphorescence spectrum of the free QCA ligand.
Over t he n elkprogréssiyely shiftsttashoger wagetengths, approaching the spectrum
of the pristine InP QDs, consistent with activation of rTTET. After 5 ps, the PL spectrum stays
fixed having a peak at 461 nm (2.69 eV) for all remaining experimental delay times; this
corresponds to the brigktate PL of the pristine InP QDs (recall Figure 4.2B). Overall, these data
support the notion that rTTET serves to quench the phosphorescence of the QCA triplets through

repopulation of the InP nanocrystal excitonic states th@nately generate bright state
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TADPL.2%303236T¢ quantify the efficiency of the rTTET process, the intensity of the TADPL
extracted fromthe PLspeca ( Fi gure S4. 9A) was plotted as &
thetimezercpoi nt since this is the ti rei kdee.l’ayT lpea sd e
curve was fitted with a stretched exponential function as described in the Sl. Tégedifetime

of the TADPL at 293 K wfald enfBancément sf,decay e¢irperwatts e n 't i

respect to the pristine InP dots.
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Figure 4.4 Time-resolved PL spectra illustrating the rTTET and TADPL processes from surface
anchored QCA molecules to InP dots following selective excitation of the latter using 2 mJ, 400
nm nanosecond laser pulses/(fs fwhm) in toluene at room temperature. (A/Q@CA PL at 0

ns and 100 ns time delays. (B) I nP/ QCA PL at

(C) I nP/ QCA PL ranging across the 5 pus to 10

4.25 Modelling of temperature-dependent PL

The intensity decay kinetics of the TADPL daa further manipulated through variation
in temperature. The average lifetime of the TADPL generated in these materials range from 8.9
ps to 41.8 ps upon cooling from 293 K to 193 K. In addition, the-#sre@ point progressively
shifted to longer time diays across this temperature range as the rTTET rate decreases with
decreasing temperature, slowing the approach to equilibrium. The combined PL intensity decay

data measured as a function of temperature yielded average rate constants whose valuats were use
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to estimate the tripldriplet energy gap in these materials through thegtate model presented

in Eq. 4.12%%0

o N Q Agbg 1QY
p AP0 TQ'Y ®

Here, the average decay rate of TADPtafsL =  #adp) resulting from rTTET as a function of
temperature was correlatedi t h  t he t r i pghy)etweenmQEA ang INRusipg the A E
phosphorescence decay rate of QCR &  °,/2.15 &) and the average decay rates of the InP
QDs brightstate PL (Rne= &Y, 1.3x10 s?) ascertained from Figure S4.2. The triplet energy
gap determined from this analysis was 0.076 eV, in excellent agreement with the 0.07QygV ener
difference calculated from the InP bright states and the QCA triplet energy (2.69 eV and 2.62 eV,

respectively), strongly suggesting that the TADPL emanates from the bright states of the InP QDs,

Figure 4.5.
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Figure 4.5 Temperaturaependent PL decay kinetics of QCA functionalized InP and the
corresponding fits using Eqg. 1. (A) PL decay kinetics and fitting of InP TADPL in InP/QCA
which are plotted by extracting PL intensity from the cqroesling TADPL spectra between
193 K to 293 K as shown in Figure S4.9 (black squares: 293 K, red circles: 273 K, blue triangles:

253 K, green triangles: 233 K, purple diamonds: 213 K, brown triangles: 193 K). (B}taveo
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model fit derived fromthe PLintes i t y decay Kkinetics meagpur ed

represents the InP and QCA triplet state energy difference.

Even though our data suggest that the electron trap states are bypassed in the rTTET
process, there are additional considerations tbguire addressing. Interestingly, the TADPL
guantum vyield of InP/QCA (3.6%, Figure S4.10) is nearly double the quantum yield of our
previous INP/2NA materials, while still being well below the brigstiate PL quantum yield of the
pristine InP QDs (15%). The former can be understood by the advantageous placement of the
QCA triplet energy relative to the trap state energy, but the latter requires more nuanced
consideration. Prior research suggests thatgajul electron trap states in InP effectivelyptra
bright state excitons within 10 ns, generating electron trap state PL or decaying-véaliadine
recombinatiort®*° The weak tail from the electron trap state PL is also observed in our TADPL
spectra near ~510 n#iDue to the high efficiency (95%) of TTET, it is not likely that exciton
trapping occurs prior to this process. Thus, it is more reasonaldsuma that some portion of
repopulated excitons in the bright states of the INP/QCA materials become trapped after thermal
activation but prior to delayed light emission from the bright state, leading to the observed 3.6%
PL quantum yield. Other researchshdemonstrated that sometyfe ligands are capable of
selectively passivating electron trap states at the surface of InB*@Bayefore, the combination
of surface passivating ligands working in concert with tripletrgyaccepting ligands potentially
represents viable approach for extracting higher quantum yield TADPL from the bright states of

core type InP QDs in future work.

4.3 Conclusions
In summary, we report the first observation of brigtatte TADPL from InP QDs by

employing the triplet energy of the heateyclic aromatic compound-&uinolinecarboxylic acid,
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strategically positioned to bypass the electron trap states in the dots. The average time constant of
the brightstate PL emanating from the InP QDs at room temperature was extendietdiiBh

respet to the assynthesized InP QDs. This lifetime extension enables the realization of
bimolecular TTET reactions with freely diffusing molecules in solution; here this was illustrated

by the photosensitization &0, phosphorescence in the néBr These exgrimental findings are
consistent with the notion that heterocyclic aromatic compounds can be readily employed as
surface anchored triplet energy acceptors in conjunction with QDs, markedly expanding the list of
viable candidates for these semiconductganic hybrid materials. In terms of engineering
TADPL processes in these structures, previous results suggested that electron trap states inherent
in InP nanocrystals inhibited the observation of TADPL emerging from the Higihgrbright

states. The cuent work was successful in that these trap states were largely bypassed in triplet
triplet energy transfer both the forward and reverse directions. However, these trap states
inevitably become populated during TADPL relaxation, ultimately requiring a sogieisticated
approach that combines surface passivating ligands in conjunction with the triplet acceptor

molecules to better suppress these competitive branching pathways.
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4.5 Supporting Information

45.1 Sample preparation and characterization

Synthesis of InP QDs. Palmitatecapped InPQDs were synthesized via a microwave method
based on a procedure adapted from our previous rEgdriris(trimethylsilyl)phosphine
(P(TMS)) was injected into an indium palmitate/toluene solution at 110°C to synthesize magic
sized clugtrs (MSCs) of InP. The InP MSCs solution was then mixed with the ionic liquid
[BMPY][BF4] (In®*:[BMPy][BF 4] = 1:10) in a microwave vessel in a-flled glovebox. Next, the
microwave vessel was transferred to a CEM Discover SP microwave reactor forttiesisyaf

the InP QDs. The resulting InP QDs were washed by acetone using 3 sequential preeipitation
centrifugationresuspension cycles. The InP QDs were eventually resuspended in toluene for all
spectroscopic investigations. All experiments (ligand exgbanand measurements) were
performed on a single synthetic batch to eliminate any potential-tiatitch inhomogeneity.

Ligand Exchange with 8-Quinolinecarboxylic Acid (QCA). Briefly, QCA solids (1.0 mg, 5.8
mmol ) were added i nt mwofl@aP @8 (DgD.5 dt the firse axatonis o | ut i
absorption peak of InP QDs). The mixed solution was sonicated for 40 minutes at room
temperature under the protection efdtimosphere. After this time peroid, the solution was drawn
into a syringe, and thenrBL methanol was drawn into the same syringe. After a short period of
shaking, the solution became c¢cloudy. Then a 0
and the contents passed through the filter. The colorless solution was discardedpesuigitate

was trapped in the filter. In a new syringe, 3 mL toluene was drawn forréisodved
photoluminescence experiments and 0.6 mL toluene was drawn for ultrafast TA experiments and
the previous syringer filter disk was attached for final sam@pagration. The toluene was passed

through the filter and the resuspended material was collected for spectroscopic experiments.

115



Sample Preparation for Ultrafast Transient Absorption and Time-Resolved
Photoluminescence  Spectroscopy = Measurements.  Samples  for  timeesolved
photoluminescence experiments were prepared by resuspending washed samples from the ligand
exchange procedure described abovedstmeratetbluene inside the glovebox. The contents were
then transferred to an aght 1 cnf quartz optical cell (OD = 0.5 at the first excitonic absorption
peak of InP QDs)Samples for ultrafast TA experiments were prepared in a similar manner,
ultimately transfering the final toluene solution into 2 mm pathlength quartz cuvettes @Gt

the first excitonic absorption peak of InP QDs).

Steady State Spectroscopic Measurements. Electronic spectra were collected using an Agilent
Cary 60 U\LVis spectrometer. Steagytate photoluminescence spectra in the visible range were
measured usg an Edinburgh Instruments FS5 spectrofluorometer. PL spectra in the NIR were
acquired using an Edinburgh Instruments FS920 spectrofluorometer equipped with a NIR single
photon counting detector. The excitation light source for both fluorimeters was \&/ 4&e arc

lamp equipped with a monochromator. Absolute photoluminescence quantum yields were
measured with an Edinburgh Instruments FS5 spectrofluorometer equipped with an integrating
sphere.

Time-Resolved  Photoluminescence  Spectroscopy  Measurements.  Time-resolved
photoluminescence (TRPL) experiments were performed using ®@2QRaser flash photolysis
system from Edinburgh Instruments. An Andor Technology iStar iCCD camera was used to collect
all TRPL spectra. The laser pump light source was a Mil8%8 || Nd:YAG/OPO laser system

from OPOTEK operating at 1 Hz+8 ns fwhm). Temperatw@ependent photoluminescence
spectra were measured with the same instrument coupled with an Unisok20B$RB/ostat ~(

80°C to +20°C).
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Ultrafast Transient Absorption Spectroscopy. Time-resolved transient absorption (TA)
measurements were performed at the NCSU Imaging and Kinetic Spectroscopy Laboratory
(IMAKS LAB) in the Department of Chemistry. Sydicosecond absorption transients were
detected using a Helios trandi@tsorption spectrometer from Ultrafast Systems. A portion of the
output from a 1 kHz Ti:Sapphire Coherent Libra regenerative amplifier (4 mJ, 100 fs fwhm at 800
nm) was split into the pump and probe beams. The pump beam then was tuned by an optical
paranetric amplifier (Coherent OPerA Solo) to generate desired excitation wavelength (400 nm)
while the probe beam was delayed in a 6 ns optical delay stage. The relative polarizations of the
pump and probe beams were set at the magic angle of 54.7°. Bothapdnppobe beams were
focused and overlapped at the same spot on the sample contained in a 2 mm path length quartz
cuvette. Each sample was stirred continuously throughout the duration of the measurement. The
transient spectra and kinetics were obtaineer afteraging at least three scans and using 2 s of

averaging at each time delay.

4.5.2 Data Analysis
All kinetic data were analyzed using Origin 2021.
PL Intensity Decay Kinetics. The PL kinetics of the InP QDs were fitted using a biexponential

function, Eq. 8.1.

- Y S Y S (S41)

Weighted lifetimes were calculated by E4.5

= B

Z 3 (S42)
Here,T is the average lifetime,and Aar e ampl i tudes  dmdreshltng h | i f e
from the biexponential fit. From the)whsi tting
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attributed to the brighstate PL whereas the slower intensityadgc ¢ o m p2pwag attributgd 1

to brightstate PL resulting from shallow surface trap st4tés.

TA kinetics. The ground state bleacbcovery kinetics were monitored at the center of the signal.
Triplet absobance growth kinetics of surfa@mchored the QCA ligands were monitored at 430
nm which overlaps thesosbestic point in the difference spectra of pristine InP QDs. Thus, all
transient features measured at the wavelength are exclusively attributed ttgplétdriplet
absorption of the surfaeanchored ligands. These data were adequately modeled using a stretched

exponential function (eqn48), with average lifetimesf( calculated using eqn43t.!

/I'$ ! zA~ (S43)
7 - 3- (S44)
Where A and 1 are the amplitude and the [|ifet

lifetime distribution.
To calculate rate constants for the TTET processes occurring from the InP QDs to the surface

anchored QCA chromophores, eqd.Bwvas used.

E 318U
Here, kter( 1tfed 1 s t he average r at e ggAKrepreaentsthef or t
average | ifetime of t hanidtimeRve@d?dfetimeahtheaiPDsi ng QC

in the absence of the surfagechored chromophoric ligands, determined using EQ. S
The TTET efficiency was calculated using eq#.63*

pxt

o t9o

Here, koca( 134cA) is the average ramonstant for the triplet decay of QCA ligand anddk.

( 1rAoA) represents the average the decay rate of the TADPL in QCA functionalized InP QDs
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Extinction coefficient of InP QDs. The molar extinction coefficient of InP QDs is estimated from
estiblishe empircal eqn 7.4

e = 0.¥H92 x d (4.7)
where d is the diameter of I nP QDs acquired f
extinction coefficient of InP QDs.
Coverages of the QCA Chromophores at the Surfaces of the InP QDs. The OD at 321 nm
(Figure 21.3) and the corresponding molar extinction coefficient for QCA in toluene calculated
from Figure 2.4 3{1.&= 4568 M'cm?) were used to determine the conceidrabf QCA at
the surface of InP QDs. The molar extinction coefficient of InP QDs34859 M*cnt from
Eq.S47. Finally, the ratio of QCA surfaeanchored ligand to InP QDs were determined to be
~11:1 by eqn. &8. At present, data regarding small sizaP QDs prepared from ionic liquids
remains lacking, and it is still quite challenging to get accurate absorption coefficient numbers.
Additionally, in our procedure for preparing the InP/QCA samples, we used a syringe filter disk
to separate the soliddm the solution, and some of solution that contains free QCA molecules
were inevitably trapped in the filter disk. This was then likely incorporated into the final
samples, leading to the import of freely diffusing QCA molecules. Using the absorpticodmeth
reported here to determine the amounts of QCA molecules and QDs, we were only able to
determine the relative amounts of the two species in solution. The proportions eventually
determined by UWis are not an absolute number of the ligands at the surtdaepresent the

total number of ligands distributed between the solution and the QD surface.

(S48)

Temperature-dependent Time-resolved PL Intensity Decays. The PLintensity decays were

obtained from the corresponding tirmesolved PL spectra shown in Figuré.1® with single
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Normalized PL

wavelength traces plotted as a function of time. Taem in each case represents the point at
which the room temperatuilADPL is coincide with the brigkgtate PL of aprepared InP QDs.

Each PL intensity decay was fitted using egh3Swith averageifetimes calculated using eqn.
HAA4.

Quantum yield measurements. Absolute PL quantum yields of InP QDs were measured with an
Edinburgh Instruments FS5 spectrofluorometer equipped with an integrating sphere. TADPL

guantum yields of InNP/QCA were calculatethative to the absolute PL quantum yields of InP QDs

according to the eqn 49 .4

- (S49)

w h e rrpeL, Pinelps Aine obs Ainpioca ItappL and Inp gpsrepresent the TADPL quantum yield,
pristine InP QDs quantum yield, absorbance of pristine InP QDs at 400 nm, absorbance of

INP/QCA at 400 nmntegrated PL intensity of TADPL and integrated PL intensity of pristine InP

QDs respectively.

4.5.3 Phosphorescence Spectra
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4.5.4 The average lifetime of the InP QDs
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Figure 4.7 PL decay kinetics ofA) pristine INPQDs in toluene upon excitation at 400 nm.
Time-resolved PL spectra of (B) InP QDs in toluene upon excitation at 400 nm. The single
wavelength trace was fitted using a biexponential function (Eq. S1) with the fitting results

presented in Table S1.

455 UV-Vis Absorption Spectra
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Figure 4.8 UV-vis spectra of the pristine InP QDs, Q@#nctionalized InP QDs and the QCA

acceptors measured in toluene.
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4.5.6 Absorption spectra and Beer-Lambert law plot
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Figure 4.9 (A) Absorption spectrum of QCA measured as a function of concentration in toluene
to establish their molar extinction coefficients in toluene. (B) Beenbert law plot measured at

321 nm for QCA.
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4.5.7 Ultrafast TA Difference Spectra and Kinetics
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Figure 4.10 Ultrafast TA difference spectra of IfDs in toluene upon 400 nm pulsed laser
excitation (100fs fwhm) as a function of pul s
0.25 pJ with experi ment al time del ays spannin
observed at 410 nm is attuted to the GSB of the lowest energy QD exciton band. There is a

corresponding broad excited state absorption in these samples with a peak at 450 nm extending
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into the red region of the spectrum, featuring an isosbestic point centered at 430 Tine. (E)
intensity of the InP QDs ground state bleach signal taken fronitriaéast TA difference spectra
at 2 ps and 10 ps delay plotted as the function of laser pulse energy. The linear relationship in

this regime indicates that no multiphoton annihilation suodgng in the InP QDs.
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Figure 4.11 Ultrafast TA difference spectra of a representative INP/QCA sample in toluene upon

selective excitation of the InP QDs using 400 nm pulsed laser eswci{d0 fs fwhm) measured
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as a function of pulse energy: (A) 0.1 pupuJ, (B
time delays spanning from 2.0 ps to 6.0 ns. (E) The intensity of the INP/QCA ground state bleach
taken from the difference spectria2aps and 10ps plotted as a function of laser pulse energy. The

linear relationship indicates that no multiphoton annihilation is occurring in the INP/QCA QD

samples.
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Figure 4.12 Overlaid 6 ns UFTA spectrum extracted from Figure S5 and Figure S62 ise
spectrum demonstrates the laser scatter. The 2 ps InP and 2 ps InP/QCA present the UFTA
difference spectra of InP and InP/QCA measured at aithpdelay, respectively. 6 ns InP and

6 ns INP/QCA illustrate the UFTA difference spectra of InP and InP/QCA at a 6 ns time delay,

respectively.
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Figure 4.13 (A) Single wavelength kinetics for the QCA triplet formation at 430 nm. (B) Single
wavelength kinetics for the QCA triplet formation at 430 nm after baseline subtraction. (C)
Single wavelength kinetics of the pristine InP QDs GSB recovery in the presmhedsence of

the surface anchored QCA ligand. (D) Single wavelength kinetics of the 375nm in the presence
and absence of the surface anchored QCA ligandns&d <k>mpiocarepresent the average

InP QD GSB recovery rate constant determined fromS2gr<k>rrer cairepresents the

calculated TTET rate constant from the GSB recovery of begiieggsared InP QDs and QCA
functionalized InP QDs; <kxer ritrepresents the fitted TTET rate constant using the kinetics

measured at 430 nm.
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45.8

Temperature-dependent Time-resolved Photoluminescence Spectra
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Figure 4.14 Time-resolved photoluminescence spectra of INP/QCA upon selective excitation of
InP at 400 nm (1mX—7 ns fwhn) measured in degasseduene from 193 K to 293 K. (A) 293

K, (B) 273 K, (C) 253 K, (D) 233 K, (E) 213 K, (F)193 K
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Figure 4.15 PL spectra and PLQY of InP and InP/QCA materials udd@nm excitation under

air freezepumpthaw (FPT) conditions in toluene at room temperature.

4.5.10 Triplet Photosensitization
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Figure 4.16 Singlet oxygen phosphorescence upon selective excitation of InP and InP/QCA
samples using 400 nm excitation under air saturated and FPT conditions in toluene at room

temperature.
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4.5.11 Supplementary Tables
Table S4-1 Biexponential fitting parameters (eqngl.5and 3.2) for the pristine InP QDs PL at

room temperature measured in toluene.

Band-edge PL
Kinetics 71(ns) As 2(ns) A; | Wns)
InP 36.7+0.3| 033 | 93.1+0.2| 0.68| 74.5

Table S4-2 Fitting parameters for the UFTA ground state bleaching kinetics at 410 nm of the InP

QDs in the presence or absence of surfauehored QCA ligands and the triptaplet

absorbance of the QCA ligand measured at the isosbestic point (430 nm) upon selective

exci

tat i

on

of

t he

| nP QDs

at

48)ac€rordngrio thes i n g

stretched exponential function inreq $1.3-34.5. Quantum efficiency of TTET was determined

by eqn. 6.
Monitored i Samples T (ps) B W(ps) <k> <KtreT>
410nm InP 14376.6 +856 | 0.38 + 0.01| 55395.9| 1.81x10 s
410nm INPIQCA 784.8+81 | 0.41+0.01] 2406.5 | 4.16x1Gs! | 3.97x1G s?
430nm 1625.0+£92 | 0.58 +0.03| 2559.2 | 3.91x1Gs*
DOrrer
InP/QCA 0.95

Table 4-3 Stretched exponential fitting parameters (eqns.-S4.3) for the Plintensity decays

measured as a function of temperature ranging from 193 K to 293 K using the data from Figure

S9.

INP/QCA

Temperature (K) T (ns) B W(ps)
293 6.8+ 0.2 0.68+ 0.02 8.9
273 8.0£0.1 0.64%+0.01 111
253 11.1+£0.3 0.73+0.02 135
233 13.3£0.5 0.74% 0.02 16.0
213 27.2£0.7 0.65% 0.02 27.6
193 33.5+0.9 0.71+0.06 41.8
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