
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, nanometer-sized 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 

coefficients and small singlet-triplet gaps, to name a few. Due to these 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 of the current research on QDs as sensitizers has primarily focused on Cd 

(II) -based and Pb (II) -based nanomaterials. However, future applications of these QDs appear to 

be limited due to the existence of heavy metals. The direct bandgap InP QDs represent a promising 

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 surface-bound small molecules and molecular chromophores.  

In the Chapter 2, we demonstrated a postsynthetic surface passivation utilizing benzoic 

acid (BZA) as an X-type surface ligand to selective passivate electron trap states in InP QDs. 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 time-resolved 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 well-established fluoride 

treatment, the 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. 

In the Chapter 3, we presented newly conceived blue-emitting TADPL-producing 

nanomaterials featuring low-toxic InP QDs interfaced with 1- and 2-naphthoic acid (1-NA and 2-

NA) ligands. These constitutional isomers feature similar triplet energies but disparate triplet 

lifetimes, translating into InP-based TADPL processes displaying two distinct average lifetime 

ranges upon cooling from 293 K to 193 K. The time constants fall between 4.4 and 59.2 μs in the 

2-NA decorated InP QDs while further expanding between 84.2 and 733.2 μs in the corresponding 

1-NA ligated InP materials, representing a 167-fold time window. The resulting long-lived excited 

states enabled facile bimolecular triplet sensitization of 1O2 phosphorescence in the near-IR and 

promoted sensitized triplet-triplet annihilation photochemistry in 2,5-diphenyloxazole (PPO).  

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 InP QDs. The 

challenge was addressed in Chapter 4 by employing the heterocyclic aromatic compound 8-

quinolinecarboxylic acid (QCA), whose triplet energy is strategically positioned to bypass the 

electron trap states in InP QDs. Transient absorption and photoluminescence spectroscopies 

revealed the generation of bright-state TADPL from QCA functionalized InP QDs resulting from 

a near quantitative Dexter-like TTET 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 119-fold increase in PL intensity lifetime with respect 

to the as-synthesized 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 conduction bands (CB). When a 

semiconductor absorbs a photon, an electron is excited from the VB to the CB, creating an exciton 

in the semiconductor during the process. In a bulk semiconductor, an exciton is free to move within 

the semiconductor, and the width of bandgap 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 electron-hole pair (Bohr radius), the exciton 

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 

quantum confinement and the spherical semiconductor crystallites which experience three-

dimensional quantum confinement are often called quantum dots (QDs).1,2 The particle in a box 

model offers a good approximation for estimating the energy levels of QDs.3 Within the particle 

in a box model, the bandgap of QDs are size-dependent, where the small QDs have a larger 

bandgap, and bigger QDs have a smaller 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.4–6  
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In addition to luminescence materials, QDs potentially could serve as surrogates to the 

molecular triplet photosensitizer. Photosensitizers are a type of organic or inorganic molecule that 

are capable of generating long lived triplet excited states.7 Traditional organic photosensitizers are 

often complicated to synthesize, have fixed energy level, and possess relatively small molar 

extinction coefficients. Besides these notable drawbacks, they also have large and energy-

consuming singlet-triplet energy gaps. All  these aforementioned problems can be circumvented by 

using the QDs. QDs are trivial to synthesize, provide increased photostability, possess tunable 

energy levels, exhibit large molar extinction coefficients, have ill-defined spin quantum numbers, 

and small, closely spaced (1-15 meV)8,9 excited state energy levels. Usually, the closely spaced 

excited state energy levels are called “bright” state and “dark” state, which correspond with the 

singlet state and triplet state in molecules, respectively.3 Although QDs have so many potential 

applications, the prerequisite for high performance in applications is the synthesis of high quality 

QDs. 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic diagram showing quantum confinement and size-dependent bandgap of 

quantum dots (reproduced from the Sigma website). 
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In the past several decades, many types of QDs have been successfully synthesized. Most 

of the research groups have focused on group II–VI, group III-V, and perovskite quantum dots. 

Their common composition and properties are summarized in Table 1-1.10 Among the three types 

of QDs, the group II–VI QDs like CdSe are most thoroughly studied, because of the well-

established synthetic route. While the II–VI QDs have well behaved optical properties and narrow 

size distributions, unfortunately, II–VI 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 III-V 

QDs of InP can be a good candidate to substitute for CdSe QDs.11 They have similar optical 

properties to CdSe QDs, and it does not contain a toxic metal. However, due to the higher covalent 

character of InP QDs compare to the CdSe QDs, the synthesis of high-quality InP QDs, compared 

to CdSe QDs, still remains a challenge.12,13 

Table 1-1 Types of different types of QDs 

 
Group (II–VI) and Group (III-

V) core-only nanocrystals 

Group (II–VI) and Group 

(III -V) core/shell 

nanocrystals 

Lead halide 

perovskite 

nanocrystals 

Composition CdSe, InP CdSe/CdS, InP/ZnS 
(Cs,FA)PbX3 (X= 

Cl, Br, I) 

Spectral range 
Entire visible (400–700 nm) 

for II–VI and limited for InP 
Limited (510–650 nm) 

Entire visible (400–

700 nm) 

PL QY Low (0–10%) High (up to 95%) High (up to 99+ %) 

PL FWHM Narrow for II–VI, but limited for InP-based 
Narrow over entire 

visible range 

RoHS 

compliance 
Limited for CdSe-based; unlimited for InP-based 

Limited but higher 

than for CdSe based 

 

Due to the size-dependent bandgap, the size distribution is the most important parameter 

for QDs. Electron microscopy is a common technique used to determine the average sizes of QDs. 

To obtain the approximate size distribution of QDs in solution, an alternative method assesses the 
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shape of the absorption and photoluminescence peaks of the QDs from their relevant spectra. In 

homogeneous solution, when the sizes of the particles are similar, the bandgaps of each QDs are 

also similar, and the resultant absorption and photoluminescence peaks of the sample are sharp. 

On the contrary, in an inhomogeneous QDs solution where the size of particles varies significantly 

leading to a broad distribution of bandgap, the peaks of absorption and photoluminescence 

significantly broaden. Thus, the full width at half maximum (FWHM) of the absorption and 

photoluminescence spectra of QDs represent a fast and reliable approach to roughly assess the size 

distribution of QDs samples. The FWHM of absorption and photoluminescence spectra of an ideal 

QD sample should be narrow as a result (< 0.15 eV).11  

Early efforts in CdSe syntheses reported rather broad size distributions of QDs. LaMer and 

Dinegar outlined different stages in the formation of these QDs in solution, which revealed that 

temporal separation of the nucleation and growth of QDs in solution is of vital importance in 

producing nearly monodisperse QDs.14 This QD formation mechanism is called the LaMer model, 

and the overview of this mechanism is illustrated in Figure 1.2.15 During the initial phase (I), the 

anion and cation precursors of the QDs react with each other to form monomers. Once the 

concentration of the monomer exceeds the critical concentration, the nucleation phase (II) will take 

place, followed by the phase (III) 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 distribution. To achieve the 

aforementioned condition, a special synthetic method called hot injection was developed.16,17 

Under this approach, the precursors for the QDs are injected into the solvent at high temperature 

to trigger the nucleation stage. Subsequently, the temperature is decreased, enabling slow growth 

process to dominate.  
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Figure 1.2 Schematic showing the formation of CdSe QDs in solution. Adapted from reference 

15 

The LeMar method has been successfully exploited to control size distributions in the 

synthesis of CdSe QDs. Therefore, researchers implemented the hot injection method for the 

synthesis of InP QDs in the initial attempts. However, the hot injection method produced InP QDs 

with a broad size distribution, as shown in Figure 1.3.18,19 In the past several decades, researchers 

expended plenty of efforts to optimize synthesis based on the hot injection method in order to 

improve the quality of the resultant InP QDs. To name a few, these approaches include changing 

to precursors with lower activity,20 changing the type of solvent,21 and adding surfactant22. Despite 

these efforts, it was difficult to generate monodisperse InP QDs via hot injection method. In 2015, 

the Cossairt group discovered magic sized clusters (MSCs) as intermediates in the synthesis of InP 

QDs from InP monomers. Later, it was suggested that this is a possible reason why it is challenging 

to synthesize nearly monodisperse InP QDs using the hot injection method.23 The MSCs are a 

cluster 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 size to another size instead of 
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continuous growth (Figure 1.4).23,24 Then, the Cossairt group explored the method 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 QDs.24 However, while the size 

distribution of InP QDs was significantly improved when formed via the MSCs method, it was 

still not satisfactory. A possible reason is that they used a hot plate as the heating method to 

synthesize InP QDs. The hot plate cannot provide uniform heat for the solution, which leads to the 

formation of a temperature gradient in the flask, resulting in gradient growth rate of InP QDs in 

solution. 

 

 

 

 

 

 

 

 

 

Figure 1.3 Absorbance and photoluminescence spectra of CdSe QDs (left) and InP QDs (right). 

Adapted from references 15 and 16. 
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Figure 1.4 Reaction pathways from molecular precursors to InP MSCs and QDs. Adapted from 

reference 23. 

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 (indium and phosphorus) in the QD crystals 

are located on the surface. When these atoms are not fully coordinated, they are also called surface 

dangling bonds.25 These surface dangling bonds can generate mid-gap states 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.26 Theoretically, three types of trap state PL can be generated due to the existence of these 

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 overlap. It is usually thought that indium dangling bonds 

generate electron traps and phosphorus dangling bonds generate hole traps, but the attribution is 

still ambiguous.27,28 Thus, passivation of these dangling bonds leads to improvement of the bright 

state PL quantum yield. The common methods used to remove dangling bonds are coating the InP 

QDs with shells or doping cations,22,29,28 etching InP QDs surface by hydrofluoric acid (HF) or 

ionic liquid with F-.18,30,31 The coating and doping processes are complicated, and average size of 
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InP QDs can change during the coating process. In addition, the coating or doping 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 corrosive acid, and the operation of HF is dangerous and not eco-

friendly. Ionic liquids (IL) with F- are thought 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.31 Owing to these reasons, the synthesis of high-quality (monodisperse and few traps) 

InP QDs is still quite challenging.   

1.2 Photophysical Processes and Spectroscopy 

1.2.1 Ultraviolet-visible absorbance spectroscopy  

Light absorption is the starting point of all interesting phenomenon occurred in the dissertation. 

Light energy is temporary stored in compounds due to absorption. When light passes through or 

is reflected by compounds, light can be absorbed at a selected wavelength following the Bohr 

equation, Eq 1.1. Due to the absorption, electrons in compounds are excited from ground states 

(S0) to excited states (Sn, where n>0).  

                                       Ὤ’ Ὁ  Ὁ                                     Eq 1.1 

Where hν is the energy of photon absorbed by compounds, h is Planck constant, 6.626×10-

34 m2kg/s, ν is frequency of light, Eex and Eg are the energy of excited state and ground state of the 

compound respectively. 

Based on the principle of absorbance, scientists can confirm what wavelength of light 

compounds absorb and absorbance of compounds. The wavelength of light can be used to calculate 

the energy gap in compounds. Absorbance can be used to calculate concentration of compounds 

since it is proportional to the concentration of compounds as written in Beer-Lambert law, Eq 1.2.  

                                         ὃ ὰέὫ ‐ ὰ ὧ                 Eq 1.2 
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Here, A is absorbance, I0 is the initial intensity of light from light source, I is the intensity 

of light received by detector, ε is molar extinction coefficient, l is the cuvette path length and c is 

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 is received 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 common arrangements for 

commercially available ultraviolet-visible 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 to fix samples 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 Steady-state photoluminescence 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 singlet states, 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 

allowed and occur rapidly to release fluorescence. The lifetime of fluorescence (τ) is typically on 

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. 
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The return of the excited electron to ground 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 spectrofluorometers can record both excitation and emission spectra. The 

emission spectrum is the wavelength distribution and intensity of emission measured at a fixed 

excitation wavelength. The excitation spectrum is the intensity of fixed emission wavelength 

measured in various excitation wavelength. In both measurements, the compound is illuminated 

with a beam of light, and the intensity of emission and the emission spectrum are recorded. From 

the resulting spectrum, many valuable data including PL quantum yield (PLQY), full width at half 

maximum (FWHM) can be extracted, which yields the qualitative information on the nature of the 

PL excited states, efficiency of PL, size-distribution 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 usually generated from the lowest excited states. The excess energy is typically 

released as vibrational relaxation. Due to the existence of the non-radiation (nr) process, steady 

state absorbance and PL spectroscopy are not enough to investigate 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 non-radiation process by monitoring the absorbance of excited 

excitons. In a typical transient 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 delays is controlled by 

different system as demonstrated in Figure1.5. 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 control the time delay. Then the absorbance of the 

compound in recorded and analyzed as a function of wavelength following Eq 1.3  

ɝ!ÂÓÏÒÂÁÎÃÅ  !ÂÓÏÒÂÁÎÃÅ ÁÆÔÅÒ ÐÕÍÐ ɀ !ÂÓÏÒÂÁÎÃÅ ÂÅÆÏÒÅ ÐÕÍÐ     Eq 1.3 

Where ΔAbsorbance (ΔA) represent the final output absorbance in the TA spectrum, 

Absorbance (after pump) represents the absorbance after excitation and Absorbance (before pump) 

represents the absorbance before excitation or ground state absorbance. As a matter of fact, ΔA 

can be negative or positive, including ground state bleaching (-ΔA) which refers to depletion of 

the ground state electrons to excited states, stimulated emission(-ΔA) resulting from the interaction 

of incoming photons with excited excitons or absorbance of excited states(+ΔA). 

 

 

 

 

 

 

 

 

 

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 Photoluminescence Spectroscopy 

As mentioned above, PL lifetime is an important property for compounds to distinguish 

fluorescence and phosphorescence. However, the steady-state PL spectrum only demonstrates an 

average of the time-resolved PL over the intensity decay of the sample. It cannot detailly reflect 

the PL lifetime or the change of PL as a function of time. As an alternative, time-resolved 

photoluminescence spectroscopy (TRPL) is an extension of steady-state PL spectroscopy which is 

able to monitor PL as a function of time 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 an 

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 the signal-to-noise ratio. Finally, 

the PL lifetime can be acquired via plotting the intensity of 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 wavelength can be acquired by photomultiplier tube (PMT) 

detector. Time-correlated 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 respect to the excitation 

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 absorption and PL are usually illustrated 

by Jablonski Diagrams. A typical Jablonski Diagram is presented in Figure 1.6. The S0, S1, S2 and 

Sn represent the singlet gound, first, second and nth electron states respectively. The triplet states 
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are depicted as T1 to Tn. Each of these electron 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 states (S0) to 

excited states with the same multiplicity (Sn, n>0). Then, the electrons normally relax to the lowest 

vibrational states of S1 via internal conversion as described in Kasha’s rule. And then electrons are 

able to return ground states with fluorescence. Electrons in the S1 can also transit to T1 with a spin 

conversion. The conversion from S1 to T1 is called intersystem crossing. The PL from T1 is 

phosphorescence which possessed longer lifetime than fluorescence from S1 since that the 

transition from T1 to S0 is spin forbidden.  

 

 

 

 

 

 

 

 

 

 

Figure 1.6 A generalized Jablonski diagram representing common photophysical processes. 

1.2.6 Dexter Energy Transfer 

Dexter energy transfer occurs via the interaction between an excited molecule (donor), and 

a ground state molecule (acceptor) as illustrated in Figure 1.6.32,33 In Dexter energy transfer, the 
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energy is transferred between the two molecules through concerted two-electron exchange 

mechanism.29 This form of energy transfer requires the overlap of wavefunction of two molecules 

or entities to facilitate the exchange process. Hence, the Dexter energy transfer rate constant relies 

strongly on the distance between two molecules, and the energy transfer process typically occurs 

over short distances.32 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 process can endorse either singlet-

singlet energy transfer or triplet-triplet energy transfer (TTET) as shown in Figure 1.7. 

 

 

 

 

 

 

 

 

Figure 1.7 Simplified schematic diagram of Dexter energy transfer mechanism (D and A represent 

donor and acceptor in ground states. 1D* and 1A* represent donor and acceptor are in singlet excited 

states. 3D* and 3A* represent donor and acceptor are in triplet excited states) 

 The TTET process is an underlying principle in a number of interesting photophysical 

processes including triplet sensitization, delayed photoluminescence, and triplet-triplet 

annihilation (TTA). In the triplet sensitization, the donor is referred to as a sensitizer34 where 

relaxation of the triplet states in acceptor molecule is accompanied by phosphorescence. On 
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occasion, the acceptor in its triplet state can incorporate thermal energy and undergo reverse 

intersystem crossing, converting it back to a single state of the donor, subsequently generating 

thermally activate delayed photoluminescence (TADPL), Figure 1.8.35 In a system exhibiting TTA 

behavior, when two triplet excited-state molecules encounter, 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, 

Figure 1.8. The process is called triplet-triplet annihilation (TTA).36  

 

 

 

 

 

 

 

 

 

Figure 1.8 Simplified schematic diagram of TADPL and TTA PL (Isc represents 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 the Dexter like TTET from QDs to 

molecules. Recently, the Castellano group demonstrated that surface-bonded molecules can be 

utilized to extract excited triplet excitons from QDs.37,38 By combining CdSe QDs with a suitable 
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surface ligand such as 9-anthracenecarboxylic acid and 1-pyrenecarboxylic acid, the Dexter like 

TTET from CdSe QDs to the surface-bonded molecules can be examined directly using ultrafast 

transient absorption spectroscopy. In addition, the Castellano group reported that TTET and 

TADPL can occur in CdSe/1-pyrenecarboxylic acid (PCA) composites.37 Similarly, Wu and co-

workers have shown that TTET and TADPL can occur between perovskite QDs and surface-

bonded molecules.39–41 Moreover, the Weiss group demonstrated that utility of the energy transfer 

process can be further extended to organic synthesis to improve the yield of the product by 

enhancing the efficiency of the reaction.42 All these reports demonstrate immense potential and 

practicality of using QDs as 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, Wu and co-

workers demonstrated the occurrence of TTET from CuInS2 nanocrystal to the surface-anchored 

9-anthracenecarboxylic acid (ACA). However, the PL in the CuInS2 is originated from the 

recombination of excitons in conduction bands and Cu-localized trap holes, leading to the energy 

waste in the TTET process. Tang and Roberts recently demonstrated rTTET from PCA to 

environmentally-friendly silicon nanocrystals,44 the TADPL process was not observed in this 

indirect semiconductor nanomaterial. Wu and co-workers also demonstrated TTET from long 

wavelength emitting (‗em = 585 nm) InP/ZnSe/ZnS QDs to surface-bound 9-anthracenecarboxylic 

acid (ACA) molecules, but were unable to identify the specific TTET mechanism.43 Moreover, 

rTTET was not observed in these materials even though the triplet energy separation was 0.35 eV, 

whereas, by contrast, CdSe QDs-molecule composites with similar triplet energy gaps have 

previously been shown to produce TADPL.37 All these results demonstrate that the understanding 
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of the TTET from low-toxic QDs to the surface-anchored 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 surface-bonded ligands. In order to facilitate 

this systemic study, it is necessary to establish a synthetic method that reliably produces high-

quality (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 surface-bonded molecules. 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 take use of the process further to engineer the optical properties of InP QDs. 

In Chapter 2, we examine the influence of X-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 magic-sized clusters (MSCs) via a microwave method, and these samples were then 

passivated with benzoic acid (BZA) serving as an X-type ligand. The high quality of each sample 

was evaluated with steady-state absorption and PL spectroscopies, while the morphology was 

confirmed with transmission electron microscopy (TEM). Furthermore, time-resolved 

spectroscopic analysis showed that BZA 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 band-edge 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 triplet-triplet energy 

transfer proceeds rapidly following selective excitation of the InP QDs at 400 nm to surface-
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anchored 1- and 2-naphthoic acid (1-NA and 2-NA) ligands consistent with a direct Dexter-like 

TTET mechanism. These particular constitutional isomers were purposefully selected as we 

hypothesized behavior akin to 1- and 2-bromonaphthalene and 1- and 2-chloronaphthalene, 

wherein the triplet state energies are nearly identical but the associated lifetimes are disparate, 

rendered much shorter in the 2-substituted isomers.45,46 Time-resolved PL spectra and intensity 

decays universally demonstrate temperature-dependent TADPL emanating from the 1- and 2-NA 

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 

lifetimes resulted in two segregated average lifetime ranges measured in these materials on cooling 

from 293 K to 193 K: 4.4 to 59.2 μs and 84.2 to 733.2 μs in the 2-NA and 1-NA functionalized 

InP QDs, respectively. Finally, these long-lived excited states enabled facile bimolecular triplet 

sensitization of 1O2 phosphorescence in the near-IR and promoted sensitized triplet-triplet 

annihilation photochemistry in 2,5-diphenyloxazole (PPO), yielding visible-to-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 InP QDs. In 

Chapter 4, we demonstrate bright-state TADPL from core-type InP QDs using the heterocyclic 

aromatic ligand 8-quinolinecarboxylic acid (QCA). Transient absorption data provide direct 

experimental evidence for near quantitative TTET (ΦTTET = 95%) from InP QDs to surface 

anchored QCA, where selective excitation of the InP QDs at 400 nm, generating a long-lived 

exciton “reservoir” in the QCA molecules. The long-lived triplet exciton stored in QCA readily 

sensitizes 1O2 phosphorescence from dissolved 3O2 molecules in solution. The bright-state TADPL 

(ΦTADPL = 3.6%) having average lifetimes of microseconds to tens of microseconds was observed 
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in time-resolved temperature-dependent photoluminescence spectra resulting from reverse-TTET 

from QCA to the InP 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 published: Xingao Zhang, Margaret H. Hudson, and Felix N. 

Castellano*. J. Phys. Chem. C 2021, 125, 33, 18362–18371. DOI: 10.1021/acs.jpcc.1c05594 

Author Contributions: Margaret H. Hudson contributed on the TEM measurements and data 

analysis.  

Abstract: Low toxicity indium phosphide (InP) quantum dots represent an attractive alternative 

to heavy-metal-based quantum dots (QDs) in numerous applications including lighting, displays, 

and photosensitization. However, low photoluminescence quantum yields (PLQYs) resulting from 

a high density of surface trap states ultimately limit the applications of as-synthesized InP QDs in 

commercial products. Postsynthetic treatment with Z-type ligands (two-electron acceptors) is often 

used to passivate the surface traps of the InP QDs, while approaches using X-type ligands (one 

electron donors) are less prevalent due to the lack of understanding of how the X-type ligands 

function to passivate the surface traps. In this study, we report a postsynthetic surface passivation 

utilizing benzoic acid (BZA) as an X-type 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 time-resolved 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 well-established fluoride treatment, the 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. 
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2.1 Introduction 

Quantum dots (QDs) are novel, nano-sized semiconductors with a size-tunable bandgap due to 

the quantum confinement effect.1–3 This tunable bandgap makes QDs suitable for a wide range of 

applications including lighting, displays, solar cells, biological labeling, triplet sensitization, and 

photocatalysis.4–10 High-quality QDs with high photoluminescence quantum yields (PLQYs) and 

narrow PL linewidths are a prerequisite for success in these optoelectronic applications. Due to the 

large surface-to-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 ligands.11,12 These 

unsaturated atoms can generate trap states within the bandgap of the QDs, which capture electrons 

or holes and quench the PL of the QDs.13–15 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 of Cd- and Pb-based QDs has been studied 

using both experimental and computational methods, leading to significant advancements in the 

preparation of high-quality Cd- and Pb-based QDs.13,16–19 Unfortunately, the toxicity of Cd- and 

Pb-based QDs often limits the utility of these QDs in consumer devices.11,20 In recent years, indium 

phosphide (InP) has rapidly gained attention as a non-toxic alternative to Cd-based QDs.21,22 

However, as-synthesized InP QDs have a large density of trap states originating from unsaturated 

surface atoms, resulting in low PLQYs.11,13,15 A common method to passivate surface trap states 

is the growth of a wide-bandgap shell at the surface of InP QDs.23–25 However, the presence of the 

shell creates an energetic barrier at the surface of the QDs, hampering the use of these materials as 

photosensitizers for charge and energy transfer applications.11 As an alternative, researchers select 

ligands that bind to unsaturated surface atoms, reducing the number of surface traps states. Based 

on the nature of the bond formed, the ligands are defined as X-, L- and Z-type ligands, a convention 
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originally proposed for metal-organic complexes and applied for QDs.26 X- and L-type ligands 

donate one electron (Carboxylates (RCOO-) and anionic (Cl-, F-) ligands) and two electrons 

(Amines (RNH2), phosphines (R3P)), respectively, while Z-type ligands accept two electrons 

(CdCl2, InCl3).  

 Based on DFT calculations from a previous study, only unsaturated anions at the QD surface 

are expected to generate mid-bandgap trap states that affect the PLQYs of QDs.13 Thus, Z-type 

ligands can passivate these surface trap states and enhance the PLQYs, while X- and L-type ligands 

should not have direct influence on the passivation of QD trap states.16 Recently, studies by Hughes 

et al. and Kirkwood et al. provided evidence to support this theory, where the post-synthetic 

addition of Zn2+ or Cd2+ ions increased the PLQYs of CdTe and InP QDs by acting as Z-type 

ligands to passivate surface anion sites (Te2-, P3-).16,27 Further experimental work needs to be 

pursued to understand if X- 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 coworkers presented 

that the tetrabutylammonium chloride (TBACl) as a X-type ligand can passivate trap states in 

CdTe QDs, but for the InP QDs, ligand treatment with TBACl gave no increase in the PLQYs.16 

One study by Nenon et al. revealed that X-type ligand can passivate surface halide vacancies of 

CsPbX3 (X = Cl, Br, I) nanocrystals to enhance PLQYs, but we note that the size of these 

nanocrystals is larger than the Bohr radius of CsPbX3 (X = Cl, Br, I), suggesting they were bulk-

like nanocrystals.28,29 The energy levels of QDs are usually different from the bulk crystal due to 

the quantum confinement effect.1 So, 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 suggested to explain this phenomenon. 

The ability of  post-synthetic HF etching to enhance the PLQYs of InP QDs was first introduced 
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by Micić in 1996, yet the mechanism for HF etching remains ambiguous.30 Some research has 

shown that F- ions are able to remove anionic trap states via reacting with P3- dangling bonds to 

convert P3- to PF3.
3,15,31 However, recent studies suggested an alternative mechanism where F- ions 

act as an X-type ligand to passivate unsaturated indium surface sites.11,27 These 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 of X-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 magic-sized clusters (MSCs) via a microwave method, and these samples were then 

passivated with benzoic acid (BZA) serving as an X-type ligand. The high quality of each sample 

was evaluated with steady-state absorption and PL spectroscopies, while the morphology was 

confirmed with transmission electron microscopy (TEM). Furthermore, time-resolved 

spectroscopic analysis showed that BZA 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 band-edge PLQYs of InP QDs was improved and the trap state PL of InP QDs was reduced. 

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%-In) and tris(trimethylsilyl)phosphine (P(TMS)3, min. 98%, 10 wt% in hexanes) 

were purchased from Strem Chemicals. 1-Hexyl-3-methylimidazolium tetrafluoroborate (HMIM 

BF4, ≥ 97.0%), Benzoic acid (BZA, ≥ 99.5%), tri-n-octylphosphine (TOP, 97%), nitrosonium 

tetrafluoroborate (NOBF4, 95%), benzylamine (≥99.0%), palmitic acid (PA, ≥ 99%), anhydrous 
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chloroform (≥ 99.8%), anhydrous dichloromethane (DCM, ≥ 99.8%), decane (anhydrous, ≥ 99%) 

and acetone (HPLC grade, ≥ 99.9%), were purchased from Sigma-Aldrich Chemical Company.  

Indium Palmitate (InPA). InPA was synthesized according to a procedure adapted from 

references 32 and 33.32,33 A three-necked 50 mL round-bottom 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 with N2 for 

multiple 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, N2 was backfilled into the apparatus and 

then 0.207 g (0.710 mmol) In(OAc)3 was 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 to the bottom 

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 heated for next step.   

Synthesis of InP MSCs. The MSCs were synthesized according to the procedure adapted from 

reference 34.34 A 1.15 mL (0.388 mmol) sample of (TMS)3P 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 (TMS)3P solution was injected into the flask as soon 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 dissolve all of the InP MSCs. The InP 

MSC solution in decane was collected into a one-necked 50mL round-bottom 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 

references 32 and 35.32,35 In the glovebox, 3 mL of the InP MSC stock solution and 92.5 μL HMIM 

BF4 (In:F = 1:10) were combined in a CEM 10 mL glass microwave reaction vessel containing a 

micro stir bar. In the reaction, 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 was pre-mixed for 1 min under stirring and 

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 InP QD-containing 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 shaking until the solution was 

cloudy. Then, the solution was centrifuged at 5800 RPM for 5 minutes. After 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 centrifuged at 5800 RPM for 5 minutes. The supernatant liquid in the tube was 
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discarded, and the precipitate on the walls of the tube was resuspended in 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 liquid. 

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

is adapted from references 36 and 37.36,37 A portion of 200 µl of benzylamine (97%) or 200 µl of 

0.01 M NOBF4 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 mins at room temperature. The samples 

were not washed for further measurements.  

BZA passivation. 8mg BZA (0.066 mmol, BZA : InP QDs ≈ 225:1) was added into a chloroform 

solution of InP QDs (OD = 0.5). The titration experiments demonstrate that 8mg BZA is able to 

maximize the band-edge PL of in both InP QDs and InP/F QDs (Figure 2.4). 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 suspended 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 FS-920 photoluminescence spectrometer. Temperature-dependence 

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 spectrofluorometer equipped with an integrating sphere. 

Nanosecond transient absorption measurements were performed using an LP-920 from Edinburgh 
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Instruments with a Vibrant 355 Nd:YAG/OPO laser system (OPOTEK) as an excitation source. 

In the nanosecond transient absorption 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 operating 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 are: (a) as-synthesized InP 

QDs, (b) InP/F QDs, (c) InP/BZA QDs and (d) InP/F/BZA QDs. As-synthesized 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 fluoride-containing ionic liquid (see 

Methods).32,34,35 Subsequently, these InP and InP/F QDs were treated with BZA, according to the 

procedure outlined in the Methods section, to 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 samples are presented in Figure 2.5. The average size of InP, InP/F, InP/BZA and 

InP/F/BZA QDs are 2.3 ± 0.2 ὲά, 2.4 ± 0.2 ὲά, 2.5 ± 0.2 ὲά, and 2.5 ± 0.2 ὲά, respectively. 

These sizes are equivalent within the measurement error, indicating that the size and polydispersity 

are not significantly affected by the fluoride in the synthesis or the post-synthetic BZA treatment.  
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To understand the impact of the various surface treatments on the InP QD electronic structure, 

we measured the steady-state optical properties 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 Figure 2.1A and B, 

respectively. The first excitonic absorption peak of as-synthesized InP QDs 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 does not 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 

structure 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 the surface ligands.11 

The band-edge PL peak positions feature a similar shift as a function of surface passivation, 

where the as-synthesized InP QDs have a band-edge PL maximum at 575 nm and the band-edge 

PL features for InP/BZA, InP/F, and InP/F/BZA successively shift to higher energy (Figure 2.1B). 

Interestingly, these samples exhibit not only band-edge PL but also lower energy features that can 

be attributed to emissive trap states. For example, the as-synthesized InP QDs exhibit a broad trap 

state PL feature from approximately 650 nm to 800 nm. Comparison with the surface-treated 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. For instance, InP/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 further reduction 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 energies.38 Here we highlight that fluoride depresses 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 fluoride and 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 trap-state PL in the InP/F/BZA sample. 

In concert with decreasing the relative intensity of trap-state PL, surface treatment of InP QDs 

with fluoride and/or BZA dramatically improves the PLQYs (Figure 2.1C, D). Upon treatment 

with BZA, the PLQYs of the as-synthesized InP QDs is enhanced from 0.8% to 3.4%, while 

synthesis of InP QDs in the presence of a fluoride-containing ionic liquid (InP/F) results in QDs 

with a PLQYs 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 of surface treatment supports 

our hypothesis that fluoride and BZA indeed serve different functions in the passivation of the QD 

surface to depress trap-state PL and increase band-edge PL. The PL spectra normalized to the 

PLQYs of InP QDs with different surface conditions are presented in Figure 2.6.  

To determine which surface sites BZA passivates, ligand-stripped InP QDs were prepared and 

characterized. We stripped the QDs by treating as-synthesized InP QDs with either benzylamine 

or nitrosonium tetrafluoroborate (NOBF4), as outlined in the Methods section. The benzylamine 

treatment removes surface indium atoms along with palmitate ligands, leaving undercoordinated 

phosphorus atoms.36 In contrast, NOBF4 selectively removes the native palmitate ligands, 

exposing both indium and phosphorus atoms at the QD surface.37,39,40 Subsequently, we predict 

that the major trap state in benzylamine-treated InP corresponds to unsaturated P3- while NOBF4-

treated InP possesses trap states due to both unsaturated In3+ and P3-. After ligand-stripping 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 benzylamine- or NOBF4-treated InP QDs to the spectra of stripped QDs repassivated with BZA 

(Figure 2.7). The addition of BZA does not affect the band-edge PL of the benzylamine-treated 

InP QDs; however, the BZA treatment improves the band-edge PL of NOBF4-treated InP QDs. 

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

sites on the InP QDs.  

 

 

 

 

 

 

 

 

 

 

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) PLQYs and 

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 steady-state 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 effect 

and its associated electronic trap states by examining the charge-carrier 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 they trap different 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 surface-treated InP 

QD samples. 

The ground-state bleach (GSB) signal in the TA experiment reflects depletion of the ground 

state carriers with respect to excited states generated. The GSB-recovery kinetics track the 

relaxation of excited carriers (electrons or holes) from band-edge excited states to either the ground 

state or mid-gap 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 hole.41 Therefore, the GSB-recovery kinetics can be selectively attributed to the 

depopulation of excited electrons from the conduction band (CB) edge to the ground state or mid-

gap trap states. Time-resolved PL measurements, in contrast, monitor both excited electrons and 

holes, either at the band edge or in emissive trap states. The band-edge PL decay kinetics track the 

radiative relaxation of electron-hole pairs in the 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 states.27,42  
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Careful examination of the GSB-recovery kinetics obtained with TA spectroscopy in 

combination with PL kinetics for both band-edge and trap-related PL allows us to identify what 

type of trap states exist in each sample (i.e., electron or hole traps) and how the changes in surface 

chemistry may heal these trap states.27 The possible electron-hole recombination pathways which 

can generate band-edge PL or trap state PL are illustrated in Scheme 2.1. Band-edge PL (1) directly 

results from the recombination of electrons and holes in CB and VB states. Hence, the band-edge 

PL kinetics should correlate with GSB-recovery 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 band-edge 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 (4).38 Only recombination route (2) between electrons in 

the CB and holes in HTs, corresponding to the green line in Scheme 2.1, should exhibit decay 

kinetics that correlate with GSB-recovery kinetics because this is the only trap PL that reflects the 

population of charges in the CB.27 Therefore, we can use the combination of GSB-recovery 

kinetics and trap PL kinetics to identify the type of trap states in each of our InP QD samples. If 

the GSB-recovery kinetics match the trap PL decay kinetics, the trap PL results from type (2) 

recombination, indicating the presence of hole traps. Alternatively, if the GSB-recovery 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 between carrier recombination of types (3) and (4) using this data 

set. 
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Scheme 2-1 The possible charge-carrier processes in InP QDs. 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 represents band-edge PL (1). The 

green (2) and orange lines (3)(4) represent trap state PL. The kinetics of recombination processes 

represented by the blue (1) and green line (2) should track GSB-recovery kinetics. CB = 

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

 

 

 

 

 

The room-temperature GSB-recovery kinetics, band-edge 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 2.2. The GSB-recovery kinetics were extracted from the bleach maximum, as determined 

from the spectrally-resolved TA data (Figure 2.8). For ease of comparison, all GSB-recovery 

kinetic traces are inverted. Kinetic traces of the band-edge and trap state PL decays were measured 

at the maximum of the steady-state band-edge PL and trap state PL spectra, respectively. All 

kinetic traces are normalized to an intensity of one at t = 0. The GSB-recovery kinetic traces and 

band-edge PL kinetic traces were fit to a biexponential function, Eq. S3. Because all unsaturated 

surface atoms can generate trap states and the decay rates may vary,43 the trap PL kinetics were fit 

to a stretched exponential function, shown in Eq. S5. A summary of the fitting parameters for the 

GSB-recovery kinetics, band-edge PL kinetics, and trap state PL kinetics are provided in Table 2-

1. In the fit for the GSB-recovery, the fastest decay component (τ1) is attributed to the combination 
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of electron trapping process and InP QDs band-edge PL, and the slow decay component (τ2) is 

from the hole trap PL of InP QDs.15,27,44 In the band-edge PL fitting, the fast decay component (τ1) 

reflects the band-edge PL, and the slow decay component (τ2) reflects the delayed band-edge PL 

via shallow surface trap states as discussed further in the temperature-dependent studies described 

below.43,45  

Time-resolved absorption and PL measurements for the as-synthesized InP QDs reveal kinetics 

that can be attributed to both trapped electrons and trapped holes. For the InP QDs, the band-edge 

PL decay kinetics and GSB-recovery kinetics have a similar decay/recovery in the initial 10 ns 

corresponding to fast, band-edge radiative recombination; however, they diverge at longer time 

scales. This divergence suggests the loss of band-edge holes through hole-trapping which 

decreases the band-edge radiative recombination, while the band-edge electron population persists, 

as measured by the GSB signal. These empirical observations are supported by the weighted 

average lifetimes measured by these two techniques, with a band-edge PL lifetime of 44 ns and a 

GSB-recovery time constant of 60 ns, the fitting parameters are provided in Table 2-1. The lifetime 

for the trap state PL of the as-synthesized InP QDs is significantly longer, exhibiting an average 

lifetime of 119 ns. This long-lived trap state PL suggests persistent electron and/or hole traps with 

a relatively slow rate of radiative recombination. The divergence of the GSB-recovery 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 radiatively recombine through the 

pathway (3) or (4).27,44 At long times, we attribute the trap state PL to radiative recombination with 

trapped holes through pathways (2). These data support the claim that in as-synthesized InP QDs 

we have both electron and hole trap states, suggesting undercoordinated cations and anions at the 

QD surface.15 
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The time-resolved spectroscopic data for BZA-treated InP QDs suggests that BZA selectively 

passivates electron traps at the QD surface. The band-edge PL kinetics remain the fastest 

recombination process with an average lifetime of 39 ns, suggesting that fast hole trapping persists 

in InP/BZA QDs. However, the divergence between GSB-recovery 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. Synthesizing 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 GSB-recovery, band-edge PL decay, and trap state PL decay all follow a similar 

trace, and the band-edge PL decay average lifetime increases to 68 ns, indicating the passivation 

of electron traps as compared to as-synthesized InP. 

The kinetic traces suggest further passivation of surface trap states when the InP/F QDs are 

treated with BZA. For the InP/F/BZA sample, all three kinetic traces decay with a similar time 

constant in the initial 50 ns, and the GSB-recovery kinetics and band-edge PL decay follow each 

other closely, with average time constants of 60 ns and 57 ns, respectively. The correspondence 

between the GSB-recovery and band-edge PL decay indicates that for the InP/F/BZA QDs very 

few electrons occupy electron trap states, and band-edge PL is the major decay pathway for 

electrons in the CB. This hypothesis is further bolstered by this sample’s high band-edge PLQYs. 

We also noted that the GSB-recovery kinetics average time constant of the InP/F QDs decreases 

from 77 ns to 60 ns which is close to band-edge PL decay time constant after being treated with 

BZA. By contrast, the GSB-recovery kinetics 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 F- can also passivate hole traps. The low trap state PL intensity as 
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compared to the band-edge PL intensity for the InP/F/BZA sample suggests that the majority of 

surface trap states are healed from the combined chemical treatments (Figure 2.1B). 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.2 Room-temperature GSB-recovery (black lines, inverted for comparison with other 

data), band-edge 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/BZA QDs (Excitation wavelength = 415 nm). All 

time-resolved spectra were collected on QD solutions dispersed in chloroform and normalized at 

t = 0 for comparison. The GSB-recovery kinetics were measured at the bleach maximum. The 

kinetics of the band-edge PL decay and trap state PL decay were measured at the maximum of 

the steady-state band-edge PL and 700 nm, respectively.  

  Temperature-dependent PL studies. To further investigate how electron trap states affect 

the PL properties of InP QDs, temperature-dependent PL (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 band),43–45 so we expect the electron trapping process 

to correlate with temperature. At high temperatures, the trapped electrons can repopulate the lowest 

energy CB state, leading to thermally activated fluorescence (TAF) from band-edge states. TAF 

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

as a function of increasing temperature (Scheme 2.2). 43,45 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 

and the resulting thermally activated fluorescence (TAF) from the band-edge states (CB = 

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

 

 

 

 

 

 

Temperature-dependent PL spectra and TDPL kinetics for the four InP QD samples are presented 

in Figure 2.3 and 2.9, and fitting parameters for the TDPL kinetic traces are reported in Table 2-2. 

For the as-synthesized InP and InP/F QD samples, the band-edge PL intensity and weighted 

average band-edge PL lifetime do not monotonically decrease with increasing temperature. The 

band-edge 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 overtakes the TAF process, and the band-edge PL intensity decreases as a function 

of temperature from 253 K to 293 K.46,47 These trends are reflected in an initial increase followed 
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by a decrease in the band-edge PL lifetime as a function of temperature for the as-synthesized InP 

and InP/F QD samples (Figure 2.3F).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 TDPL spectra of (A) InP QDs, (B) InP/BZA QDs, (C) InP/F QDs and (D) InP/F/BZA 

QDs. All data were collected from 213K to 293K in chloroform solvent. (Excitation wavelength 

= 415nm) Arrows and arrow colors in spectra show the trends of band-edge PL intensity change 

along with temperature change. (E) Integrated band-edge PL (Normalized to each band-edge PL 

at 213K). (F)Weighted-average PL decay kinetics measured as a function of 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 BZA-treated samples should not exhibit TAF from electron trap states because we have 

shown that BZA passivates these sites at the QD surface. In the TDPL data, the InP/BZA and 

InP/F/BZA band-edge PL spectra demonstrate a uniform decrease in intensity with increasing 

temperature, due to increasing nonradiative recombination. The weighted average band-edge PL 

lifetime reflects a similar trend. This confirms that the BZA-treatment 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 with F- or BZA is less prone to 

electron trapping and has higher PLQYs than as-prepared InP QDs with pristine palmitate, 

indicating both BZA and F- have 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 contrast, only from 

0.77% to 3.42% in as-prepared InP QDs, suggesting electron traps in InP/F are more accessible 

than in as-prepared InP QDs. The conclusion is consistent with the mechanism that F- is able to 

react and remove P3- dangling, leading to an In-rich surface.31 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 all X-type ligand is able to passivate electron traps in post-

synthetic treatment.   
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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 

describes the relative intensity of each transition. CB = Conduction band, VB = Valence band, 

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

 

 

 

 

 

 

 

 

2.4 Conclusions 

In summary, InP QDs and InP/F QDs were synthesized from MSC precursors through a 

microwave method and then each sample was treated with BZA. Time-resolved PL and TA 

spectroscopies and temperature-dependent PL measurements revealed that BZA selectively 

passivates electron trap states. Ligand stripping and surface reconstruction experiments 

demonstrated that electron traps were eliminated due to the passivation of unsaturated indium 

atoms at the surface of InP QDs by the X-type ligand BZA. Due to the removal of electron trap 

states, the trap state PL of InP QDs was reduced, and the band-edge PLQYs of InP 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 mechanisms proposed by previous studies. A summary 
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of these findings is illustrated in Scheme 2.3. Overall, we demonstrated that post-synthetic 

treatment of InP QDs with BZA selectively passivates electron trap states at the QD surface and 

enhances the band-edge PLQYs. Compared with previous post-synthetic methods to increase the 

performance of InP QDs, including treatment with Z-type ligands and HF etching, the BZA 

treatment is green, safe, and easy to use. This research advances our understanding of the function 

of X-type ligands as passivants for unsaturated indium atoms for the post-synthetic treatment of 

InP QDs. 
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2.6 Supporting Information 

2.6.1 Titration experiments 

 

 

 

 

 

Figure 2.4 PL spectra of BZA-treated InP QDs A) InP QDs, B) InP/F 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: InP QDs ≈ 225:1) is able to maximize the band-edge PL of in both InP QDs and 

InP/F QDs.  
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2.6.2 TEM images and size distribution 

 

 

 

 

 

 

 

 

Figure 2.5 TEM images and size distribution histogram for TEM images of A) InP QDs, Ä= 2.54 

± 0.20 ὲά, B) InP/BZA QDs, Ä = 2.47 ± 0.20 ὲά, C) InP/F QDs, Ä = 2.37 ± 0.20 ὲά and D) 

InP/F/BZA QDs, Ä = 2.33 ± 0.20 ὲά. For each image, 50 particles were measured for the 

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  

 

 

 

 

 

 

 

 

 

 

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 

 

 

 

 

 

 

Figure 2.7 PL spectra (Excitation wavelength = 415nm) of (A) InP/Benzylamine and 

InP/Benzylamine with BZA and (B) InP/ NOBF4 and InP/NOBF4 with BZA. All data were 

collected in chloroform solvent. 

2.6.5 TA spectrum  

 

 

 

 

 

 

 

 

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

in chloroform measured at 0ns. (Excitation wavelength, 415 nm; 1 mJ) 
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2.6.6 Temperature-dependent PL kinetics  

 

 

   

 

 

 

 

 

 

 

  

  

Figure 2.9 TDPL kinetics of (A) InP QDs, (B) InP/BZA QDs, (C) InP/F QDs and (D) 

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

wavelength = 415 nm) Arrows and arrow colors in spectra shows the trends of band-edge PL 

kinetics change 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 function48 and Beer–Lambert law. The diameter was 

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

2.5).  
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ὃὦί ‐ ὰ ὧ                   S2-2 

where ‐ is the correlation molar extinction coefficient of InP QDs, Abs is absorbance, D is the 

diameter of InP QDs, l 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 S2-3.  

ὕὈ  ὃ z Ὡ ὃ z Ὡ                      S2-3 

Weighted lifetimes were calculated by S2-4. 

†  
В

В
                                                        S2-4 

The † is the weighted lifetime, A1 and A2 are amplitudes for both lifetimes, τ1 and τ2 are lifetimes. 

All unsaturated surface atoms can generate trap states. Thus, the decay rates may be various. Trap 

PL kinetics were fitted by stretched exponential function eq S2-5. The weighted lifetimes were 

calculated by S2-6. 

ὕὈ  ὃ z Ὡ                                              S2-5 

 

The average weighted lifetime †, was calculated from the following equation,  

†  ῲ                                                    S2-6 

Where A and τ are the amplitude and the stretched lifetime, respectively, and β is the stretching 

exponent. 
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Table 2-1 Fitting parameters for GSB-recovery, band-edge PL and trap PL kinetics of 

representative samples.  

GSB-recovery 

Kinetics 
τ1 (ns) A1 τ2 (ns) A2 †Ӷ (ns) 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/BZA 28.2 0.67 125.1 0.33 60 0.979 

 

Band-edge PL Kinetics τ1 (ns) A1 τ2 (ns) A2 †Ӷ (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 25.5 0.43 99.5 0.57 68 0.999 

InP/F/BZA 33.6 0.53 81.6 0.49 57 0.999 

 

Trap PL Kinetics τ (ns) β † (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/F/BZA 71.6 0.59 110 0.999 

 

PL kinetics of InP QDs data fitting 

Decay kinetics of InP QDs, InP/BZA QDs, InP/F QDs, and InP/F/BZA are fitted by biexponential 

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

Sample 
Temperature 

(K) 
A1 τ1 (ns) A2 τ2 (ns) †Ӷ (ns) R-square 

InP 

213 0.88 15.2 0.19 97.0 30 0.999 

233 0.67 18.7 0.35 112.0 51 0.999 

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 
 

InP/BZA 

213 0.46 18.4 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 

273 0.56 19.3 0.46 69.9 42 0.999 

293 0.60 18.2 0.44 66.5 39 0.999 
 

InP/F 

213 0.48 20.7 0.53 106.6 66 0.999 

233 0.41 29.7 0.58 111.6 78 0.999 

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 25.5 0.57 99.5 68 0.999 
 

InP/F/BZA 

213 0.41 45.5 0.59 97.9 76 0.999 

233 0.44 43.2 0.56 94.6 72 0.999 

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 published: Xingao Zhang, Margaret H. Hudson, and Felix 

N. Castellano*.  J. Am. Chem. Soc. 2022. DOI: 10.1021/jacs.1c12207 

Author Contributions: Margaret H. Hudson contributed on the TEM measurements. 

Abstract: Leveraging triplet excitons in semiconductor quantum dots (QDs) in concert with 

surface-anchored molecules to produce long-lifetime thermally activated delayed 

photoluminescence (TADPL) continues to emerge as a promising technology in diverse areas 

including photochemical catalysis and light-generation. All QDs presently used to generate 

TADPL in QD/molecule constructs contain toxic metals including Cd(II) and Pb(II), ultimately 

limiting potential real-world applications. Here, we report newly conceived blue-emitting TADPL-

producing nanomaterials featuring InP QDs interfaced with 1- and 2-naphthoic acid (1-NA and 2-

NA) ligands. These constitutional isomers feature similar triplet energies but disparate triplet 

lifetimes, translating into InP-based TADPL processes displaying two distinct average lifetime 

ranges upon cooling from 293 K to 193 K. The time constants fall between 4.4 and 59.2 μs in the 

2-NA decorated InP QDs while further expanding between 84.2 and 733.2 μs in the corresponding 

1-NA ligated InP materials, representing a 167-fold time window. The resulting long-lived excited 

states enabled facile bimolecular triplet sensitization of 1O2 phosphorescence in the near-IR and 

promoted sensitized triplet-triplet annihilation photochemistry in 2,5-diphenyloxazole (PPO). We 

speculate the discovery of new nanomaterials exhibiting TADPL lies on the horizon as myriad 

QDs can be readily derivatized using isomers of numerous classes of surface-anchoring 

chromophores yielding precisely regulated photophysical properties.  
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3.1 Introduction 

Over the past 5 years, research involving quantum dot (QD)-organic molecule hybrids has 

exploded due to the realization that selective excitation of the QD rapidly transfers triplet excitons 

to the surface-bound chromophores with high efficiency in a concerted Dexter-like or sequential 

triplet-triplet energy transfer (TTET) process.1–15 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 upconversion.12–21 Although numerous organic and transition-metal compounds 

feature electronic structures similar to QDs, as triplet sensitizers, QDs feature size-dependent 

bandgaps with closely spaced singlet-triplet gaps.22,23 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 discovery.4,16 By strategically controlling 

the triplet energy gap maintained between the QDs and the surface-anchored molecules, the 

excitons stored in the molecular triplets can thermally repopulate the QD excited state through 

endothermic reverse TTET (rTTET). This back transfer produces long-lived thermally activated 

delayed photoluminescence (TADPL) emanating from the QD which is potentially beneficial for 

light generation, QD-based PL sensors, and photochemical catalysis.4,16,20,24,25 

Over just the past three years, TADPL resulting from endothermic rTTET has been discovered and 

investigated in hybrid materials containing Cd(II)-based QDs and Pb(II)-based perovskite 

QDs.4,16,20,24,25 However, 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.26,27 Although Tang and Roberts recently demonstrated rTTET from perylene to 

environmentally-friendly silicon nanocrystals,10 the TADPL process was not observed 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 yield (QY) photoluminescence.28,29 In this regard, Wu and co-workers demonstrated 

TTET from long wavelength emitting (‗em = 585 nm) InP/ZnSe/ZnS QDs to surface-bound 9-

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

mechanism.17 Moreover, rTTET was not observed in these materials even though the triplet energy 

separation was 0.35 eV, whereas, by contrast, CdSe QDs-molecule composites with similar triplet 

energy gaps have previously been shown to produce TADPL.16 We therefore 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 long-lived blue-emitting InP-based TADPL materials is 

presented in Figure 3.1. 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 transient absorption evidence that 

triplet-triplet energy transfer proceeds rapidly following selective excitation of the InP QDs at 400 

nm to surface-anchored 1- and 2-naphthoic acid (1-NA and 2-NA) ligands consistent with a direct 

Dexter-like TTET mechanism. These particular constitutional isomers were purposefully selected 

as we hypothesized behavior akin to 1- and 2-bromonaphthalene and 1- and 2-chloronaphthalene, 

wherein the triplet state energies are nearly identical but the associated lifetimes are disparate, 

rendered much shorter in the 2-substituted isomers.30,31 Time-resolved PL spectra and intensity 

decays universally demonstrate temperature-dependent TADPL emanating from the 1- and 2-NA 

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 to 59.2 μs and 84.2 to 733.2 μs in the 2-NA and 1-NA functionalized 

InP QDs, respectively. Finally, these long-lived excited states enabled facile bimolecular triplet 

sensitization of 1O2 phosphorescence in the near-IR and promoted sensitized triplet-triplet 

annihilation photochemistry in 2,5-diphenyloxazole (PPO), yielding visible-to-UV upconversion.  

 

   

 

 

 

 

 

 

 

 

Figure 3.1 Strategy used for generating long-lived blue TADPL from 1- and 2-NA decorated InP 

QDs and a general illustration of TTET and rTTET processes occurring at the InP QD-molecule 

interface, the TADPL processes in functionalized InP QDs, and the associated energy levels and 

various decay and quenching pathways investigated in the work. (TTA: triplet-triplet 

annihilation) 

3.2 Results and Discussion 

Blue-emitting InP cores were synthesized using microwave methods.32–34 Specific details 

regarding these preparations are described in the Supporting Information. All spectroscopic 
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measurements performed on the isolated InP-based 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 approximately 1.4 nm (Figure 3.6) which is in good agreement with the 

1.23 nm diameter estimated from UV-Vis spectroscopy, please see the Supporting Information for 

complete details.35 The first excitonic absorption peak of the InP QDs was centered at 410 nm 

(Figure 3.2a, molar extinction coefficient at 410 nm, 34859 M-1 cm-1).35 The InP QD-based PL 

features a bright-state emission peak at 461 nm along with a weak and broad trap state PL centered 

near 560 nm (ΦPL = 15.2%), Figure 3.2b. The InP QDs possess nanosecond timescale bright-state 

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

a biexponential fit, Figure 3.7, please see the Supporting Information. The 1- and 2-NA 

functionalized InP QDs were prepared using the post-synthetic modification protocols detailed in 

the Supporting Information. In the electronic spectrum of the 1- and 2-NA functionalized InP QDs, 

characteristic “-“* absorption features from each molecule were observed between 300 nm and 

350 nm, Figure 3.8. These spectra confirm that selective excitation of the QDs is readily 

accomplished using 400 nm light. The 1-NA and 2-NA ligands displayed similar surface coverages 

as determined through UV–Vis data and the appropriate molar extinction coefficients for these 

molecules. The final ratio of 1-NA and 2-NA chromophores to the InP QDs were determined as 

~37:1 and ~33:1 respectively, Figures 3.8 and 3.9.  Please note that this ratio reflects the number 

of 1- and 2-NA chromophores with respect to the dots and is not necessarily the true surface 

coverage. In other words, the proportions determined by UV-Vis are 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 samples. Figure 3.2b presents representative static PL 

spectra (‗ex = 400 nm) that demonstrate both 1-NA and 2-NA 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, ascertained from the PL spectra of the InP QDs and the 77 K PL spectra of 1- 

and 2-NA chromophores measured in toluene.  

 

 

 

 

 

 

 

Figure 3.2 (a) UV-Vis spectra of pristine InP QDs, 1- and 2-NA functionalized InP QDs QDs, 

and the 1- and 2-NA acceptors measured in toluene. (b) PL spectra of InP, and 1-NA and 2-NA 

functionalized InP QDs measured in toluene (λex = 400 nm). The PL spectra of the NA-

functionalized QDs are scaled 10-fold 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 using 100 fs laser pulses at 400 

nm at 0.2 μJ/pulse in a power absorption regime that ensured linear one-photon excitation behavior 

across all samples, Figure 3.10-3.12. In the UFTA difference spectrum of the pristine InP QDs 

(Figure 3.3a), the depletion signal observed 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 spectrum,36 

and features an isosbestic 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 photolysis, consistent 

with the average lifetimes determined by TRPL.34,37 In the surface-anchored 1- and 2-NA InP QD 

samples, significantly accelerated recovery of the InP GSB was observed, occurring within 2 ns in 

both instances, concomitant with the growth of the characteristic 1- and 2-NA T1→Tn absorptions 

near 430 nm, overlapping with the InP-based isosbestic point at 438 nm (Figures 3.3b and 

3.3c).38,39 As a result, the molecular triplet formation kinetics were monitored at 438 nm and fitted 

using a stretched exponential function as described in the Supporting Information. The calculated 

average TTET rate constant from InP to 1-NA using the GSB recovery kinetics was determined to 

be 6.71×108 s-1 (Figure 3.3d) which is quantitatively similar with 1-NA triplet absorption growth 

rate determined using the kinetics at 438 nm (7.39×108 s-1, Figure 3.3e). The combined data suggest 

that triplet energy transfer from the InP QDs to the surface-anchored 1-NA molecules corresponds 

to a direct Dexter-like TTET mechanism since there was no evidence of any stepwise process. 

Similarly, TTET also occurs from the energized InP QDs to surface-anchored 2-NA molecules 

having an average rate constant of 6.08×108 s-1 (Figure 3.3f). The both QY for TTET from InP to 

surface anchored 1-NA and 2-NA were determined to be 98%, please see the Supporting 

Information for details. Nanosecond transient absorbance experiments indicated that the InP 

sensitized 1- and 2-NA triplets have average lifetimes of 100.2 μs and 6.2 μs at room temperature, 

respectively (Figure 3.13). The persistence of these long-lived surface-bound 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) InP/1-NA QDs and (c) InP/2-

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

using 400 nm laser pulses (100 fs fwhm, 0.2 μJ/pulse). (d) Single wavelength kinetics of the 

pristine InP QDs GSB recovery in the presence and absence of the surface-anchored 1-NA 

ligand. (e) Single wavelength kinetics for the 1-NA triplet formation at 438 nm (Inset: kinetics at 

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

in the presence and absence the surface-anchored 2-NA ligand. <k>InP, <k>InP/1-NA and <k>InP/2-

NA represent the average InP QD GSB recovery rate constant determined from nonlinear least 

squares fitting; <k>TTET Cal represents the calculated TTET rate constant from the GSB recovery 

of both pristine InP QDs and NA functionalized InP QDs; <k>TTET Fit represents the fitted TTET 

rate constant using the kinetics measured at 438 nm. 

Given the small (~0.10 eV) triplet energy gap between the InP QDs and the surface anchored 1- 

and 2-NA 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. Figure 3.4 presents 

time-resolved PL spectral data obtained from the InP/1-NA materials while the identical 

experiments corresponding to the InP/2-NA samples are provided in Figures 3.14. The prompt 

signal recorded for InP/1-NA yielded an emission peak centered at 461 nm (Figure 3.4a), assigned 

to the band-edge 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 as seen in the normalized spectra reported in Figure 3.4a. Quantitatively 

similar emission profiles were obtained for pristine InP QD samples measured at 77 K at a 10 ‘s 

delay under otherwise identical experimental conditions. InP samples were also decorated with 

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 results to the pristine InP sample, namely a peak 

centered at 549 nm measured at a 10 ‘s time delay, Figure 3.4a. Since BZA is known to selectively 

passivate the surface electron trap states in InP QDs,34 the broad peak at 549 nm universally 

measured in all samples in Figure 3.4a is therefore assigned to hole trap state PL in these 

materials.34,40 Figure 3.4b presents the normalized transient PL spectra recorded for the InP/1-NA 

QDs at a 500 ns delay time, compared to the spectrum measured at 100 ns along with the static 77 

K PL spectrum of molecular 1-NA in toluene. Two unique emission features are revealed in the 

500 ns spectrum having peaks at 503 nm and 584 nm which coincide with the peaks of the 77 K 

phosphorescence spectrum of the 1-NA chromophore. Figure 3.4c presents the normalized PL 

spectra recorded at 500 ns and 1 μs after the laser pulse and illustrates that the spectrum continues 

to evolve and on this time scale, both 1-NA phosphorescence 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 its short-lived nature while the 

original peak at 503 nm progressively shifts to shorter wavelengths (Figure 3.4d).34,37 The 

persistent high energy PL feature continues to blue-shift until approximately 50 μs, where the peak 

ultimately remains fixed at 483 nm (2.57 eV) for the remainder of its excited state decay, Figures 

3.4e and 3.4f. These observations are consistent with the production of higher energy InP QD-

localized PL resulting from the rTTET process, wherein triplet 1-NA* is converted into energized 

InP QDs displaying extremely long-lived PL at room temperature. Previous research demonstrates 

that the TADPL in quantum dots is based on the equilibrium among TADPL of QDs, TTET, 

rTTET and phosphorescence of surface-anchored ligands.20,24,41The 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 is the most 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. Since we are interested 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 quantify the rTTET sensitized 

InP PL decay kinetics, the intensity of the 483 nm PL was plotted as a function of time and 50 μs 

was set as the time origin of the experiment since this is when the room temperature PL blue-

shifting ceased, Figure 3.5a squares. We note that the delayed emission observed from CsPbBr3 

nanocrystals was also kinetically analyzed using a non-zero-time origin.20 The PL intensity decay 

was fitted using a stretched exponential function (see Supporting Information for details), yielding 
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an average lifetime of 84.2 μs. This time constant is consistent with the corresponding InP-

sensitized 1-NA triplet lifetime of 100.2 μs measured by transient absorption spectroscopy and is 

substantially longer-lived than the InP bright-state 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 InP/1-NA dots. Since the pure molecular triplet lifetime of 1-NA is 55 ms, 

which was measured in a polymer matrix at room temperature,42 rTTET serves as a thermally 

activated quenching process with respect to 1-NA, now attenuated to the observed average lifetime 

of 84.2 μs and manifested as delayed PL in the upper excited state which happens to be InP 

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

surface-anchored 1-NA to InP QDs upon selective excitation InP QDs with a 2 mJ, 400 nm laser 

pulse (7 ns fwhm) in toluene. (a) InP/1-NA PL at 0 ns and 100 ns delay, and InP QDs PL and 

InP/BZA PL at 10 μs delay in 77 K.  (b) InP/1-NA PL at 100 ns and 500 ns delay, and 1-NA PL 

at 77 K. (c) InP/1-NA PL at 500 ns and 1 μs delay. (d) InP/1-NA PL at 1 μs, 5 μs and 10 μs 

delayed. (e) InP/1-NA PL ranging from 10 μs to 50 μs. (f) InP/1-NA PL ranging from 50 μs to 

110 μs.  

Figure 3.5 presents comprehensive experiments targeting manipulation of the TADPL intensity 

decay kinetics in both series of hybrid InP/1-NA and InP/2-NA 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 in long-lived blue emission centered at 483 nm in both series 

of dots. Light emission from the InP/1-NA (ΦTADPL at RT = 3.1%) composite ranges from the 

microseconds to the milliseconds time scale at temperatures between 293 and 193 K, Figure 3.5, 
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whose average lifetimes range from 84.2 μs to 733.2 μs. We note that the time-zero-point was 

changed from 50 μs to 350 μs across this temperature range because of the slower spectral blue-

shifting observed with decreasing temperature, consistent with a slower approach to the TADPL 

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 equilibrium. Thus, the 

observed time point for establishing TADPL equilibrium changes systematically as a function of 

temperature. Similar TADPL effects were detected in the InP/2-NA (ΦTADPL at RT = 1.9%) 

composites but featured average lifetimes bracketed to a much shorter time window, ranging 

between 4.4 μs to 59.2 μs over the same temperature range, Figure 3.5b. Remarkably, 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 (Table 3-3) were 

modeled using the simple two-state model presented as Equation (3-1).24,25  

Ὧ
Ὧ Ὧ ÅØÐ ῳὉ ȾὯὝ

ρ ÅØÐ ῳὉ ȾὯὝ
                σ ρ 

In this model, the TADPL average decay rate constant (kTADPL = 1/<τ>TADPL) is correlated to the 

energy gap (ῳEgap) between the InP QDs and the respective NA constitutional isomer triplet 

energies along with their phosphorescence decay rate constants k0
P (18.2 s-1 for 1-NA and 3125 s-

1 for 2-NA)42,43 and k0InP (1.3×107 s-1). Figure 3.5c presents the Arrhenius plots derived from the 

temperature-dependent PL intensity decays using Equation 3-1 yielding ΔEgap of 0.10 eV and 0.13 

eV for InP/1-NA and InP/2-NA, respectively. 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 

1-NA and 2-NA triplet energy levels (2.46 eV, ΔEgap = 0.11 eV and 2.47 eV, ΔEgap = 0.10 eV) 

measured by low temperature phosphorescence, Figure 3.15.39 We note that there is also a 

significant 0.12 eV shift between the InP bright-state PL peak and the observed InP TADPL 
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emission peak (Figure 3.5d), suggesting the TADPL emanates from mid-gap excitonic states in 

the InP dots, which are combinations of dark and trap states in these materials.34,37,44 The 

possibility of any dark-state PL can be eliminated because the bright to dark state energy separation 

in InP QDs should be less than 15 meV,44 but the energy gap expected between the bright state 

and electron trap states (> 0.1 eV) is in line with the experimentally measured energy shift.34 In 

this regard, it is reasonable to assume that InP electron trap states are likely involved in the TADPL 

processes observed in these materials, thereby limiting the QY of the TADPL. Some prior research 

has demonstrated that shelling InP QDs with a wide band gap shell such as ZnS is able to 

effectively passivate trap states at the surface of InP QDs.45–47 In future work, we will attempt to 

prepare higher-QY 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 the QY of the TADPL 

process with 1-NA and 2-NA will be increased substantially.  
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Figure 3.5 Temperature-dependent transient PL kinetics of functionalized InP and revised 

Boltzmann plots and InP PL and functionalized InP TADPL spectra. (a) and (b) PL decay 

kinetics and fitting of InP TADPL in InP/1-NA and InP/2-NA 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 and S12 (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 

temperatures. (ΔEgap represents the effective InP QDs and 1-/2-NA triplet energy difference). (d) 

InP PL and TADPL spectra observed from InP/1-NA and InP/2-NA recorded at early delay 

times.  
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The NA-functionalized InP QDs were used to sensitize freely diffusing triplet energy acceptors in 

the bulk solution. Singlet O2 (
1O2, ET = 0.98 eV)48 phosphorescence centered at 1270 nm in the 

near-IR was readily detected in all aerated toluene solutions of InP/1-NA and InP/2-NA QDs, by 

contrast, as-synthesized InP QDs was unable to sensitize singlet O2, Figure 3.19. Sensitized triplet-

triplet annihilation of 2,5-diphenyloxazole (PPO) (ET = 2.3 eV, ES = 3.5 eV)14 was also readily 

detected in InP/1-NA solutions containing PPO (Figure 3.20) following near diffusion-controlled 

triplet-triplet energy transfer from InP/1-NA to PPO (kTTET = 1.2 × 109 M−1 s−1) upon selective 

excitation of the InP QDs, generating 1PPO* fluorescence (ΦNUCPL = 3.7%) in the UV. The 

maximum (linear regime) normalized upconversion photoluminescence quantum yield measured 

in these samples was 3.7%, Figure 3.20. The promotion of bimolecular reactivity from the triplets 

photogenerated at the surfaces of these nanomaterials promises broad application of quantum dot-

molecule hybrids in photochemical synthesis, light-generation, wavelength-shifting technologies, 

and PL-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 energized InP QDs are readily transferred 

to surface-anchored naphthoic acid ligands consistent in a concerted Dexter-like TTET process. 

The 1- and 2-naphthoic acid constitutional isomers feature nearly identical triplet state energies 

yet distinct triplet lifetimes, which was used as a control element to modulate temperature-

dependent blue-colored TADPL emanating from these constructs. More precisely, a 167-fold time 

window (4.4 ‘s to 733 ‘s) was successfully engineered in a single InP nanomaterial using only 

two distinct 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, sensitization of 1O2 phosphorescence in the near-IR 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 classes of surface-anchoring 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) and tris(trimethylsilyl)phosphine (P(TMS)3, min. 98%, 10 wt% in hexanes) 

were purchased from Strem Chemicals. 1-Butyl-4-methylpyridinium tetrafluoroborate (BMPy 

BF4, ≥ 97.0%), palmitic acid (PA, ≥ 99%), decane (anhydrous, ≥ 99%), methanol (HPLC grade, 

≥99.9%), 1-naphthoic acid (1-NA, 96%), 2-naphthoic acid (2-NA, 98%) and acetone (HPLC 

grade, ≥ 99.9%), were purchased from Sigma-Aldrich Chemical Company.  
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Indium Palmitate (InPA). InPA was synthesized according to a procedure adapted from the 

literature.33,34 A three-necked 50 mL round-bottom 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 with N2 for multiple 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, N2 was backfilled into the apparatus and then 0.207 g 

(0.710 mmol) In(OAc)3 was 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. Finally, the reaction temperature was decreased to 

110°C, and 15 mL anhydrous toluene was added. This solution was maintained at 110°C for the 

next step.   

Synthesis of InP Magic Sized Clusters (MSCs). The MSCs were synthesized according to the 

procedure adapted from the literature.49 A 1.15 mL (0.388 mmol) sample of (TMS)3P was 

dispersed in 3 mL of anhydrous toluene drawn into a syringe and sealed with a rubber stopper. 

When the toluene in the InPA flask began to reflux, the (TMS)3P solution was immediately injected 

into the flask. The formation of the InP MSCs was monitored by removing aliquots from the 

reaction mixture and measuring their absorption spectra. When the absorption spectrum of the 

aliquots ceased to change, the formation of InP MSCs was considered complete. 

Preparation of the InP MSC Stock Solutions. After the InP 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 supernatant was discarded. 

Then the InP MSCs were dissolved into a small amount of toluene. The precipitation and 

centrifugation procedure was then repeated. Next, the InP MSC solid was transferred into the 

glovebox and 3 mL 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 a one-necked 50 mL round-bottom 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 QDs Synthesis. The microwave parameters were adapted from 

literature preparations.32–34 In the glovebox, 3 mL of the InP MSC stock solution and 78.5 μL 

BMPy BF4 (In:F = 1:10) were combined in a CEM 10 mL glass microwave 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 pre-mixed for 1 min under stirring and then heated to 280°C at 300 W microwave power for 

5 mins and then cooled to 50°C using compressed nitrogen gas. During the ramping process, when 

the microwave vessel pressure reached 18 psi, the microwave power was decreased to 100 W 

manually. The cooled vessel was removed from the microwave and placed on a rack until its 

temperature returned to room temperature. The final cooled InP QD-containing 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 shaking until the solution was 

cloudy. Then, the solution was centrifuged at 5800 RPM for 5 minutes. After 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. Several drops of toluene were then 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 centrifuged at 5800 RPM for 5 minutes. The 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, 5.8 mmol) were added into a 

200 μL toluene solution of InP QDs (OD = 0.5). The mixed solution was sonicated for 40 minutes 
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at room temperature under the protection of N2 atmosphere. After this time peroid, the solution 

was drawn into a syringe, and then 3 mL methanol was drawn into the same syringe. After a short 

period of shaking, the solution became cloudy. Then a 0.1 μm syringe filter disk was capped on 

the syringe and the contents passed through the filter. The colorless solution was discarded, and 

the precipitate was trapped in the filter. In a new syringe, 3 mL toluene was drawn for nanosecond 

TA experiments and 0.6 mL toluene was drawn for ultrafast TA experiments and the previous 

syringer filter disk was attached for final sample preparation. The toluene was passed through the 

filter and the resuspended materials was collected for spectroscopic experiments.  

Characterization 

Sample Preparation. Samples for nanosecond TA experiments were prepared by transferring 

washed samples from ligand exchange to a specially designed 1cm2 quartz optical cell with a 

sidearm round-bottom flask (OD = 0.5 at the first 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 experiments were prepared by transferring washed samples from ligand 

exchange with NA procedure to a 2 mm path length quartz cuvettes (OD = 0.5 at the first excitonic 

absorption peak)  

Transmission electron microscopy (TEM) images. TEM images were taken using 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. Electronic spectra were collected using an Agilent 

Cary 60 UV-Vis spectrometer. Steady-state photoluminescence spectra in the visible range were 

measured using an Edinburgh Instruments FS5 spectrofluorometer. PL spectra in the NIR were 

acquired using an Edinburgh Instruments FS920 spectrofluorometer equipped with a NIR single 
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photon counting detector. The excitation light source for both fluorimeters was a 450 W Xe arc 

lamp equipped with a monochromator. Absolute photoluminescence quantum yields were 

measured with an Edinburgh Instruments FS5 spectrofluorometer equipped with an integrating 

sphere. 

Nanosecond Transient Absorption Spectroscopy Measurements. Nanosecond transient 

absorption measurements were performed using an LP-920 laser flash photolysis system from 

Edinburgh Instruments equipped with a pulsed 450 W Xe arc lamp. 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 II Nd:YAG/OPO laser system from OPOTEK operating at 1 Hz (5–7 ns fwhm).  

Time-Resolved Photoluminescence Spectroscopy Measurements. Time-resolved 

photoluminescence experiments were performed on the same instrument as in the nanosecond 

transient absorption spectroscopy measurements. Temperature-dependent photoluminescence 

spectra were measured with the same instrument coupled with an Unisoku USP-203 cryostat  (-

80°C to +20°C).  

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. Sub-picosecond absorption transients were 

detected using a Helios transient absorption 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 

parametric 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 
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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 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 obtained after averaging at least three scans and using 2 s of 

averaging at each time delay.  

Data Analysis  

All kinetic data were analyzed using Origin 2021.  

Size and extinction coefficient of InP QDs. The estimated size of InP QDs is calculated from 

established empirical Eq S3-1.The molar extinction coefficient of InP QDs is estimated from 

established empirical Eq S3-2.35 

d = 0.1456 × e0.0052λ                                                         S3-1 

ε = 0.0092 × d3.959                                         S3-2 

where d is the diameter of InP QDs and ε is the molar extinction coefficient of InP QDs. 

Coverages of the 1-NA and 2-NA Chromophores at the Surfaces of the InP QDs. For InP/1-

NA, the OD at 324 nm (Figure 3.8) and the corresponding molar extinction coefficient for 1-NA 

in toluene calculated from Figure 3.9 (ε324nm = 3583 M-1cm-1) were used to determine the 

concentration of 1-NA at the surface of InP QDs. The concentration of 2-NA at the surface of InP 

QDs for the InP/2-NA was determined using the same procedure (ε336nm = 1606 M-1cm-1). The 

molar extinction coefficient of InP QDs was 34859 M-1 cm-1 from Eq. S3-2. Finally, the ratio of 1-

NA and 2-NA surface-anchored ligand to InP QDs were determined to be ~37:1 and ~33:1 

respectively by Eq. S3-3. 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, in our 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 reported here to determine the amounts of NA molecules and QDs, we were 

only able to determine the relative amounts of the two species in solution. The proportions 

eventually determined by UV-Vis are not an absolute number of the ligands at the surface but 

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

Ⱦ  Ⱦ

Ⱦ
                              S3-3 

PL Intensity Decay Kinetics. The PL kinetics of the InP QDs were fitted using a biexponential 

function, Eq S3-4,  

/$  ! z Å ! z Å                         S3-4 

With average lifetimes calculated using Eq. S3-5. 

     ʐ  
В

В
                                                        S3-5  

Here, † is the average lifetime, A1 and A2 are amplitudes for both lifetimes (τ1 and τ2) resulting 

from the biexponential fit. From the fitting results, the fast intensity decay component (τ1) was 

attributed to the bright-state PL whereas the slower intensity decay component (τ2) was attributed 

to band-edge PL resulting from shallow surface trap states.50,51  

TA Kinetics. The ground state bleach-recovery kinetics were monitored at the center of the signal. 

Triplet absorbance growth kinetics of surface-anchored the 1-/2-NA ligands were monitored at 

438 nm which overlaps the isosbestic point in the difference spectra of pristine InP QDs. Thus, all 

transient features measured at the wavelength are exclusively attributed to the triplet-triplet 
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absorption of the surface-anchored ligands. These data were adequately modeled using a stretched 

exponential function (Eq. S3-6), with average lifetimes († calculated using Eq. S3-7. 

/$  ! z Å                                              S3-6 

 ʐ  ɜ                                                    S3-7 

Where A and τ are the amplitude and the lifetime, respectively, and β represents the width of the 

lifetime distribution. 

To calculate rate constants for the TTET processes occurring from the InP QDs to the surface-

anchored 1-NA and 2-NA chromophores, Eq. S3-8 was used.  

                                    Ë                                      SσȤ8 

Here, kTTET (1/τTTET) is the average rate constant for the TTET process, τInP-NA represents the 

average lifetime of the InP QDs containing 1- and 2-NA, and τInP is the average lifetime of the InP 

QDs in the absence of the surface-anchored chromophoric ligands, determined using Eq. S3-7.   

The TTET and rTTET quantum yield was calculated using Eq S3-9 and S3-1017, 

   
ρȾ†

ρȾ†
                                                   SσȤ9 

   
ρȾ†

ρȾ†
                                                   SσȤρπ 

Here, k3NA (1/τ3NA) is the average rate constant for the triplet decay of NA ligand and kTADPL 

(1/τTADPL) represents the average the decay rate of the TADPL in functionalized InP QDs 

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

obtained from the corresponding time-resolved PL spectra shown in Figures S3-11 and S3-12 with 

single wavelength traces plotted as a function of time. Time-zero in each case represents the point 
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at which the time-resolved PL spectrum ceased blue-shifting. Each PL intensity decay was fitted 

using Eq. S3-6 with average lifetimes calculated using Eq. S3-7.  

Upconversion photochemical quantum yield (UCPL QYs). UCPL QYs were calculated relative 

to the coumarin 102 standard in ethanol (QYs = 0.80)52 according to the following equation: 

Ὗὅὖὒ ὗὣίς                 S3-11 

where UCPL QYs, AUCPL, IUCPL and nToluene represent the upconversion quantum yield, InP QDs 

absorbance at 405 nm, integrated PL intensity and refractive index of the toluene, respectively. 

The corresponding terms for the subscript “std” are for the coumarin 102 quantum counter at the 

corresponding excitation wavelength. The refractive index of the solvents used were toluene = 

1.50 and ethanol = 1.36 at 20°C. The factor of 2 is included in Eq S3-11 because two incident 

photons  are required to produce one highly energized photon in upconversion PL.53  

Quantum yield measurements. Absolute PL quantum yields of InP QDs were measured with an 

Edinburgh Instruments FS5 spectrofluorometer equipped with an integrating sphere. TADPL 

quantum yields of InP/1-NA and InP/2-NA were calculated relative to the absolute PL quantum 

yields of InP QDs according to the following equation.  

      
 

Ⱦ    
                         S3-12 

where ΦTADPL, ΦInP QDs, AInP QDs, AInP/1-NA or 2-NA, ITADPL and IInP QDs represent the TADPL quantum 

yield, InP QDs quantum yield, absorbance of InP QDs at 400nm, absorbance of InP/1-NA and 

InP/2-NA 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 

 

 

 

 

 

 

 

Figure 3.6 a) TEM images and b) the size distribution histogram for the TEM images of InP QDs, 

ὨӶ= 1.4 ± 0.1 ὲά. 100 particles were measured for the histogram. The size distribution histogram 

was fitted using a Gaussian function.  

3.5.3 The lifetime of InP QDs 

 

 

 

 

 

 

 

Figure 3.7 PL decay kinetics of a) pristine InP QDs 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. S2) with the fitting results presented in Table 

3-1.  
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3.5.4 UV-Vis absorption spectra  

 

 

 

 

 

 

 

 

Figure 3.8 UV-vis spectra of the pristine InP QDs, NA-functionalized InP QDs and the 1-/2-NA 

acceptors measured in toluene.  

3.5.5 Absorption spectra and Beer-Lambert law plots 

 

 

 

 

 

 

 

Figure 3.9 Absorption spectra of a) 1-NA and b) 2-NA measured as a function of concentration 

in toluene to establish their molar extinction coefficients in toluene. (Inset: Beer-Lambert law plots 

measured at 324 nm for 1-NA and 336 nm for 2-NA). 
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3.5.6 Ultrafast TA difference spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Ultrafast TA difference spectra of InP QDs in toluene upon 400 nm pulsed laser 

excitation (100fs fwhm) as a function of pulse energy: a) 0.1μJ, b) 0.15 μJ, c) 0.2 μJ, d) 0.25 μJ 

with experimental time delays spanning from 2.0 ps to 6.0 ns. The depletion signal observed at 

410 nm is attributed 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 460 nm extending into the red 
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region of the spectrum, featuring an isosbestic point centered at 438 nm. e) The intensity of the 

InP QDs ground state bleach signal taken from the ultrafast TA difference spectra at 2 ps, 10ps 

and 100ps delay plotted as the function of laser pulse energy. The linear relationship in this 

regime indicates that no multiphoton annihilation is occurring in the InP QDs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Ultrafast TA difference spectra of a representative InP/1-NA sample in toluene upon 

selective excitation of the InP QDs using 400 nm pulsed laser excitation (100 fs fwhm) measured 

as a function of pulse energy: a) 0.1 μJ, b) 0.15 μJ, c) 0.2 μJ, d) 0.25 μJ with experimental time 
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delays spanning from 2.0 ps to 6.0 ns. e) The intensity of the InP/1-NA ground state bleach taken 

from the difference spectra at 2 ps, 10ps and 100ps plotted as a function of laser pulse energy. 

The linear relationship indicates that no multiphoton annihilation is occurring in the InP/1-NA 

QD samples.  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 3.12 Ultrafast TA difference spectra of a representative InP/2-NA sample in toluene upon 

selective excitation of the InP QDs at 400 nm with a pulsed laser (100 fs fwhm) measured as a 

function of pulse energy: a) 0.1 μJ, b) 0.15 μJ, c) 0.2 μJ, d) 0.25 μJ with experimental time 
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delays spanning from 2.0 ps to 6.0 ns. e) The intensity of the InP/2-NA ground state bleach taken 

from the difference spectra at 2 ps, 10ps and 100ps plotted as a function of pulse energy. The 

linear relationship indicates that no multiphoton annihilation is occurring in the InP/2-NA QDs. 

f) Kinetics of the 2-NA triplet absorption at 438 nm after baseline subtraction.   

3.5.7 Nanosecond transient difference spectra and kinetics 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Nanosecond transient difference spectra of a) InP/1-NA and b) InP/2-NA upon 

selective excitation of the InP (400 nm, 1 mJ, 5–7 ns fwhm, time delay = 100 ns) measured in 

degassed toluene at 293 K. TA single wavelength decay kinetics at 435 nm: c) InP/1-NA and d) 

InP/2-NA. The fitting parameters are given in Table 3-4. 
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3.5.8 Transient PL spectra 

 

 

 

 

 

 

 

 

 

Figure 3.14 Transient PL spectroscopy of the InP/2-NA materials upon selective excitation of 

InP using a 2 mJ, 400 nm laser pulse (7 ns fwhm) in toluene: a) InP/2-NA PL at 0 ns and 50 ns 

delay along with the static 2-NA PL spectrum measured at 77 K. b) InP/2-NA PL at 50 ns and 

100 ns delay. c) InP/2-NA PL at 100 ns and 500 ns delay. d) InP/2-NA PL at 500 ns and 1 μs 

delay. e) InP/2-NA PL ranging between 1 μs to 2.5 μs. f) InP/2-NA PL ranging between 2.5 μs to 

3.5 μs.  
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3.5.9 PL spectra at 77K 

 

 

 

 

 

 

 

Figure 3.15 a) PL spectra of 1-NA and 2-NA measured at 77 K in toluene (λex = 320 nm). b) PL 

spectra of InP/1-NA and InP/2-NA measured at 77 K in toluene (λex = 400 nm). 

3.5.10 Time-resolved PL spectra 

  

 

 

 

 

 

 

 

 

Figure 3.16 Time-resolved photoluminescence spectra of InP/1-NA upon selective excitation of 

InP at 400 nm (1 mJ, 5–7 ns fwhm) measured in degassed toluene from 193 K to 293 K: a) 293 

K, b) 273 K, c) 253 K, d) 233 K, e) 213 K, and f)193 K. 
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Figure 3.17 Time-resolved photoluminescence spectra of InP/2-NA upon selective excitation of 

InP at 400 nm (1 mJ, 5–7 ns fwhm) in degassed toluene 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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3.5.11 PL spectra and PLQY 

  

 

 

 

 

 

 

 

Figure 3.18 PL spectra and PLQY of InP, InP/1-NA and InP/2-NA materials. a) InP and InP/1-

NA, b) InP and InP/2-NA using 400 nm excitation under air FPT conditions in toluene at room 

temperature. 

3.5.12 Free energy acceptor sensitization 

  

 

 

 

 

 

 

Figure 3.19 Singlet oxygen phosphorescence upon selective excitation of InP, InP/1-NA and 

InP/2-NA samples using 400 nm excitation under air saturated and degassed (Freeze-pump-thaw, 

FPT) conditions in toluene at room temperature: a) InP and InP/1-NA and b) InP/2-NA.  
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Figure 3.20 a) Upconverted PL from 2,5-diphenyloxazole (PPO) measured in degassed toluene 

sensitized by InP/1-NA upon selective excitation of the InP QDs by a continuous-wave 405 nm 

laser diode. Excitation power density was from 0.17 W/cm2 to 3.98 W/cm2. b) Double 

logarithmic plot of the upconverted integrated PL intensities of PPO as the function of incident 

laser power density demonstrating both strong (slope = 1) and weak (slope = 2) annihilation 

regimes. The threshold between these two regions is Ith = 0.67 W/cm2. c) Upconversion quantum 

yield measured for 1.5mM 2,5-diphenyloxazole (PPO) sensitized by InP/1-NA (OD410nm = 0.3) 

in deaerated toluene solutions as a function of excitation power density at 405 nm. d) Stern–

Volmer analysis of dynamic triplet–triplet energy transfer quenching between InP/31-NA* 

(OD410nm = 0.3) and PPO in degassed toluene at room temperature, using transient absorption 

kinetics at 435 nm following a 400 nm laser pulse (2 mJ). 
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3.5.13 Supplementary Tables 

Table 3-1 Biexponential fitting parameters (Eqs. S3-4 and S3-5) for the long-lived pristine InP 

QDs PL at room temperature measured in toluene. 

Band-edge PL 

Kinetics 
τ1 (ns) A1 τ2 (ns) A2 Ⱳ (ns) 

InP 32.6 ± 0.5 0.35 100.1 ± 0.5 0.67 76.9 

 

Table 3-2 Fitting parameters for the UFTA ground state bleaching kinetics at 410 nm of the InP 

QDs in the presence or absence of surface-anchored NA ligands and the triplet-triplet absorbance 

of the NA ligand measured at the isosbestic point (438 nm) upon selective excitation of the InP 

QDs at 400 nm using 0.2 μJ laser pulses (Figure 3.3) according to the stretched exponential 

function in Eqs. S3-6 to S3-8.  

Monitoring 

λ 
Samples τ (ps) β Ⱳ (ps) <k> <k>TTET 

410 nm InP 11619 ¤ 445 0.41 ¤ 0.01 93235 1.07×107 s-1 

6.71×108 s-1 410 nm 
InP/1-NA 

678.3¤ 19.1 0.47 ¤ 0.01 1467.0 6.82×108 s-1 

438 nm 407.2 ¤ 12 0.40 ¤ 0.02 1353.3 7.39×108 s-1 

410 nm 
InP/2-NA 

1074 ¤ 10 0.60 ¤ 0.01 1617.3 6.18×108 s-1 
6.08×108 s-1 

438 nm 986.7 ¤ 14 0.60 ¤ 0.01 1483.5 6.74×108 s-1 

 

 ΦTTET 

InP/1-NA 0.98 

InP/2-NA 0.98 
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Table 3-3 Stretched exponential fitting parameters (Eqs. S3-4 to S3-6) for the PL intensity 

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

Figures S10 and S11.  

InP/1-NA 

Temperature (K) τ (μs) β Ⱳ (μs) 

293 75.1 ± 1.6 0.81 ± 0.02 84.2 

273 106.4 ± 2.6 0.75 ± 0.02 126.8 

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 

InP/2-NA 

Temperature (K) τ (μs) β Ⱳ  (μs) 

293 4.0 ± 0.1 0.84 ± 0.02 4.4 

273 5.9 ± 0.2 0.81 ± 0.03 6.6 

253 9.3 ± 0.2 0.79 ± 0.02 10.6 

233 12.0 ± 0.8 0.69 ± 0.03 15.4 

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 parameters for the conventional laser flash photolysis data obtained for the 1-

NA and 2-NA triplet-triplet absorption decays from each InP/NA composite at room temperature 

measured in toluene with the data from Figure 3.13.  

Samples τ (μs) β Ⱳ  (μs) 

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 

 

 ΦrTTET 

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 chapter was recently submitted: Xingao Zhang and Felix N. Castellano*.  

The Journal of Physical Chemistry Letters 

Abstract: Thermally activated delayed photoluminescence (TADPL) generated from organic 

chromophore functionalized quantum dots (QDs) is potentially beneficial for persistent light 

generation, QD-based PL sensors, and photochemical synthesis. While previous 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 higher-lying bright states. Here, we address this 

challenge by employing the heterocyclic aromatic compound 8-quinolinecarboxylic acid (QCA), 

whose triplet energy is strategically positioned to bypass the electron trap states in InP QDs. 

Transient absorption and photoluminescence spectroscopies revealed the generation of bright-state 

TADPL from QCA functionalized InP QDs resulting from a near quantitative Dexter-like TTET 

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 

119-fold increase in PL intensity lifetime with respect to the as-synthesized InP QDs. 

4.1 Introduction 

Investigations regarding the monodirectional migration of triplet excitons both to and from 

semiconductor quantum dots and surface anchored organic chromophores through concerted 

Dexter-like or sequential triplet-triplet energy transfer (TTET) mechanisms has garnered 

significant attention since these hybrid materials leverage the photophysical characteristics of both 

molecules and nanomaterials.1–12 As a result of this union, the applications of QDs have expanded 
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to include photochemical synthesis exploiting TTET, photoredox catalysis, singlet oxygen 

photogeneration, as well as photochemical upconversion.12–19 Bidirectional TTET in these 

constructs can be designed akin to metal-organic chromophores,20–26 resulting in programmable 

long-lifetime thermally activated delayed photoluminescence (TADPL) being generated from 

these chromophore-functionalized QDs.4,12,27–31 

Over the past few years, bidirectional TTET based TADPL has become well established in 

Cd(II)-based QDs and Pb(II)-containing perovskite QDs,4,12,27–30 meanwhile, reverse-TTET 

(rTTET) has been reported to proceed from perylene to Si QDs without the concomitant detection 

of TADPL.31 Previous work from our laboratory established deterministic TADPL decay kinetics 

from InP/1- and 2-naphthoic acid (1-NA and 2-NA) constructs.32 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 edge 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 surface-anchored 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 outside of the typical library of aromatic hydrocarbons and we 

questioned whether heterocyclic aromatic compounds would be suitable for enabling all the 

necessary photofunctionality.    

In this report, we demonstrate bright-state TADPL from core-type InP QDs using the 

heterocyclic aromatic ligand 8-quinolinecarboxylic acid (QCA). Transient absorption data provide 

direct experimental evidence for near quantitative TTET (ΦTTET = 95%) from InP QDs to surface 
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anchored QCA, where selective excitation of the InP QDs at 400 nm, generating a long-lived 

exciton “reservoir” in the QCA molecules. The long-lived triplet exciton stored in QCA readily 

sensitizes 1O2 phosphorescence from dissolved 3O2 molecules in solution. The bright-state TADPL 

(ΦTADPL = 3.6%) having average lifetimes of microseconds to tens of microseconds was observed 

in time-resolved temperature-dependent photoluminescence spectra resulting from reverse-TTET 

from QCA to the InP QDs.  

4.2 Results and Discussion 

4.2.1 Design of constructs 

The palmitate (PA)-capped InP QDs used in our previous study was selected as the triplet 

energy donor.32 QCA was deliberately selected as the energy acceptor since its lowest triplet state 

(ET = 2.62 eV, Figure S4.1) is positioned in between the InP QD electron trap 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 protocol described in the SI. The resulting InP/QCA 

nanomaterials were washed using a precipitation-centrifugation-resuspension cycle, with the final 

QCA functionalized InP QDs being resuspended in deaerated toluene for further measurements. 

The generic strategy implemented 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 O2. 
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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 magic-sized 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 these InP QDs (Figure 

4.2B) displays a bright-state PL peak at 461 nm (ΦPL = 15.2%) along with a weak and 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 74.5 ns from a biexponential fit of the PL intensity 

decay following 400 nm pulsed laser excitation (Figure S4.2, see SI for fitting details). The 

absorption spectrum of the InP/QCA material exhibits “-“* absorption features localized on QCA 

between 300 nm to 340 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 QCA molecules to 
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the InP QDs was approximated as ~11:1, however, 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 surface. The PL spectrum (‗ex = 400 nm) 

demonstrates that the surface anchored QCA molecules effectively quench the bright-state PL of 

these InP QDs, Figure 4.2B.   

 

 

 

 

 

 

Figure 4.2 (A) UV-Vis spectra of pristine InP QDs and QCA-functionalized InP QDs measured 

in toluene.  (B) PL spectra of InP QDs and QCA-functionalized InP QDs measured in toluene 

(λex = 400 nm). The PL spectrum of the QCA functionalized QDs are scaled 40-fold to reveal 

their respective 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 QCA-functionalized 

InP QDs, ultrafast transient absorption (UFTA) experiments were employed. The samples, either 

InP or QCA-decorated InP QDs, were energized using 100 fs laser pulses (400 nm, 0.2 μJ/pulse) 

in a power absorption regime that ensured linear one-photon excitation behavior across all 

samples, Figures S4.5 and 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 QDs.33 All of 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 QCA-functionalized InP QD samples, rapid recovery of the InP GSB is 

obvious across the 6 ns time window of the experiment, having an average rate constant of 

4.16×108 s-1, Figure 4.3B. In addition, there is also an appearance of two new transient absorption 

features located at 375 nm and 450 nm, consistent with T1ĄTn absorptions of the QCA molecule.34 

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 kinetics of the T1ĄTn absorption was 

therefore monitored at 430 nm and fitted with a stretched exponential function, Eq. S4.3. The 

growth rate of the T1ĄTn absorption (3.91 × 108 s-1) quantitatively matches the fast decay rate of 

the GSB (3.97 × 108 s-1, 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 Dexter-like TTET, consistent with what is observed with 

naphthoic acid derivatized InP dots.32 Using the transient absorbance difference spectra, the 

quantum efficiency for this interfacial energy transfer process was estimated as 95% (see SI for 

experimental details). The resulting long-lived surface-bound molecular triplets readily sensitize 

1O2 phosphorescence at 1270 nm (Figure S4.11) whereas the as-synthesized InP QDs  were unable 

to promote such bimolecular TTET.35 
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Figure 4.3 UFTA difference spectra of (A) InP QDs and (B) InP/QCA QDs measured in toluene 

at room temperature as a function of time following selective excitation of InP using 400 nm 

laser pulses (100 fs fwhm, 0.2 μJ/pulse).    

4.2.4 Reverse triplet energy transfer 

Since the energized surface bound QCA triplets possess the energy 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 materials measured 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 the next 5 μs, this peak progressively shifts to shorter wavelengths, approaching the spectrum 

of the pristine InP QDs, consistent with activation of rTTET. After 5 µs, the PL spectrum stays 

fixed having a peak at 461 nm (2.69 eV) for all remaining experimental delay times; this 

corresponds to the bright-state 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 that ultimately generate bright state 
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TADPL.29,30,32,36 To quantify the efficiency of the rTTET process, the intensity of the TADPL 

extracted from the PL spectra (Figure S4.9A) was plotted as a function of time, with 5 μs set as 

the time-zero-point since this is the time delay past which the PL is purely “InP-like.” The decay 

curve was fitted with a stretched exponential function as described in the SI. The average lifetime 

of the TADPL at 293 K was 8.9 μs, representing a 119-fold enhancement of decay time with 

respect to the pristine InP dots. 

 

  

 

 

 

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 (5-7 ns fwhm) in toluene at room temperature. (A) InP/QCA PL at 0 

ns and 100 ns time delays. (B) InP/QCA PL at 100 ns, 500 ns, 1 μs, 2.5 μs and 5 μs time delays. 

(C) InP/QCA PL ranging across the 5 μs to 10 μs time window.  

4.2.5 Modelling of temperature-dependent PL 

The intensity decay kinetics of the TADPL can be further manipulated through variation 

in temperature.  The average lifetime of the TADPL generated in these materials range from 8.9 

µs to 41.8 µs upon cooling from 293 K to 193 K. In addition, the time-zero point progressively 

shifted to longer time delays 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 values were used 
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to estimate the triplet-triplet energy gap in these materials through the two-state model presented 

in Eq. 4.1.29,30  

Ὧ
Ὧ Ὧ ÅØÐ ῳὉ ȾὯὝ

ρ ÅØÐ ῳὉ ȾὯὝ
                τȢρ 

Here, the average decay rate of TADPL (kTADPL = 1/τTADPL) resulting from rTTET as a function of 

temperature was correlated with the triplet energy gap (ΔEgap) between QCA and InP using the 

phosphorescence decay rate of QCA (k0
P = 1/τP

0, 2.15 s-1)37 and the average decay rates of the InP 

QDs bright-state PL (k0InP = 1/τInP
0, 1.3×107 s-1) ascertained from Figure S4.2. The triplet energy 

gap determined from this analysis was 0.076 eV, in excellent agreement with the 0.070 eV energy 

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. 

 

 

 

 

 

 

Figure 4.5 Temperature-dependent PL decay kinetics of QCA functionalized InP and the 

corresponding fits using Eq. 1. (A) PL decay kinetics and fitting of InP TADPL in InP/QCA 

which are plotted by extracting PL intensity from the corresponding 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) Two-state 
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model fit derived from the PL intensity decay kinetics measured at different temperatures. ΔEgap 

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 that require addressing. Interestingly, the TADPL 

quantum yield of InP/QCA (3.6%, Figure S4.10) is nearly double the quantum yield of our 

previous InP/2-NA materials, while still being well below the bright-state PL quantum yield of the 

pristine InP QDs (15.2%). 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 that mid-gap electron trap states in InP effectively trap 

bright state excitons within 10 ns, generating electron trap state PL or decaying via non-radiative 

recombination.38–40 The weak tail from the electron trap state PL is also observed in our TADPL 

spectra near ~510 nm.38 Due to the high efficiency (95%) of TTET, it is not likely that exciton 

trapping occurs prior to this process. Thus, it is more reasonable to assume 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 research has demonstrated that some X-type ligands are capable of 

selectively passivating electron trap states at the surface of InP QDs.38 Therefore, the combination 

of surface passivating ligands working in concert with triplet-energy-accepting ligands potentially 

represents a 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 bright-state TADPL from InP QDs by 

employing the triplet energy of the heterocyclic aromatic compound 8-quinolinecarboxylic acid, 



   

114 

 

strategically positioned to bypass the electron trap states in the dots. The average time constant of 

the bright-state PL emanating from the InP QDs at room temperature was extended 119-fold with 

respect to the as-synthesized 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 of 1O2 phosphorescence in the near-IR. These experimental 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 semiconductor-organic 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 higher-lying bright 

states. The current 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 more sophisticated 

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 

4.5.1 Sample preparation and characterization 

Synthesis of InP QDs. Palmitate-capped InP QDs were synthesized via a microwave method 

based on a procedure adapted from our previous report.32,38 Tris(trimethylsilyl)phosphine 

(P(TMS)3) was injected into an indium palmitate/toluene solution at 110°C to synthesize magic-

sized clusters (MSCs) of InP. The InP MSCs solution was then mixed with the ionic liquid 

[BMPy][BF4] (In
3+:[BMPy][BF4] = 1:10) in a microwave vessel in a N2-filled glovebox. Next, the 

microwave vessel was transferred to a CEM Discover SP microwave reactor for the synthesis of 

the InP QDs. The resulting InP QDs were washed by acetone using 3 sequential precipitation-

centrifugation-resuspension cycles. The InP QDs were eventually resuspended in toluene for all 

spectroscopic investigations. All experiments (ligand exchanges and measurements) were 

performed on a single synthetic batch to eliminate any potential batch-to-batch inhomogeneity. 

Ligand Exchange with 8-Quinolinecarboxylic Acid (QCA). Briefly, QCA solids (1.0 mg, 5.8 

mmol) were added into a 200 μL toluene solution of InP QDs (OD = 0.5 at the first excitonic 

absorption peak of InP QDs). The mixed solution was sonicated for 40 minutes at room 

temperature under the protection of N2 atmosphere. After this time peroid, the solution was drawn 

into a syringe, and then 3 mL methanol was drawn into the same syringe. After a short period of 

shaking, the solution became cloudy. Then a 0.1 μm syringe filter disk was capped on the syringe 

and the contents passed through the filter. The colorless solution was discarded, and the precipitate 

was trapped in the filter. In a new syringe, 3 mL toluene was drawn for time-resolved 

photoluminescence experiments and 0.6 mL toluene was drawn for ultrafast TA experiments and 

the previous syringer filter disk was attached for final sample preparation. The toluene was passed 

through the filter and the resuspended material was collected for spectroscopic experiments.  
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Sample Preparation for Ultrafast Transient Absorption and Time-Resolved 

Photoluminescence Spectroscopy Measurements. Samples for time-resolved 

photoluminescence experiments were prepared by resuspending washed samples from the ligand 

exchange procedure described above into deaerated toluene inside the glovebox. The contents were 

then transferred to an airtight 1 cm2 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 (OD = 0.5 at 

the first excitonic absorption peak of InP QDs).  

Steady State Spectroscopic Measurements. Electronic spectra were collected using an Agilent 

Cary 60 UV-Vis spectrometer. Steady-state photoluminescence spectra in the visible range were 

measured using 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 a 450 W Xe 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 an LP-920 laser 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 Vibrant 355 II Nd:YAG/OPO laser system 

from OPOTEK operating at 1 Hz (5–7 ns fwhm). Temperature-dependent photoluminescence 

spectra were measured with the same instrument coupled with an Unisoku USP-203 cryostat  (-

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. Sub-picosecond absorption transients were 

detected using a Helios transient absorption 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 

parametric 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°. Both pump and probe 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 obtained after averaging 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. S4.1.  

/$  ! z Å ! z Å                             (S4.1) 

Weighted lifetimes were calculated by Eq. S4.2. 

ʐ  
В

В
                                                              (S4.2) 

Here, † is the average lifetime, A1 and A2 are amplitudes for both lifetimes (τ1 and τ2) resulting 

from the biexponential fit. From the fitting results, the fast intensity decay component (τ1) was 
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attributed to the bright-state PL whereas the slower intensity decay component (τ2) was attributed 

to bright-state PL resulting from shallow surface trap states.41,42  

TA kinetics. The ground state bleach-recovery kinetics were monitored at the center of the signal. 

Triplet absorbance growth kinetics of surface-anchored the QCA ligands were monitored at 430 

nm which overlaps the isosbestic point in the difference spectra of pristine InP QDs. Thus, all 

transient features measured at the wavelength are exclusively attributed to the triplet-triplet 

absorption of the surface-anchored ligands. These data were adequately modeled using a stretched 

exponential function (eqn. S4.3), with average lifetimes († calculated using eqn. S4.4.1 

/$  ! z Å                                              (S4.3) 

ʐ  ɜ                                                     (S4.4) 

Where A and τ are the amplitude and the lifetime, respectively, and β represents the width of the 

lifetime distribution. 

To calculate rate constants for the TTET processes occurring from the InP QDs to the surface-

anchored QCA chromophores, eqn. S4.5 was used.1  

                                    Ë                                   (3τȢυ) 

Here, kTTET (1/τTTET) is the average rate constant for the TTET process, τInP-QCA represents the 

average lifetime of the InP QDs containing QCA, and τInP is the average lifetime of the InP QDs 

in the absence of the surface-anchored chromophoric ligands, determined using Eq. S4.2.   

The TTET efficiency was calculated using eqn. S4.6,14 

   
ρȾ†

ρȾ†
                                                 (τȢφ) 

Here, k3QCA (1/τ3QCA) is the average rate constant for the triplet decay of QCA ligand and kTADPL 

(1/τTADPL) 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 

estiblished empircal eqn S4.7.43 

ε = 0.0092 × d3.959                                                     (4.7) 

where d is the diameter of InP QDs acquired from our previous research and ε is the molar 

extinction coefficient of InP QDs. 

Coverages of the QCA Chromophores at the Surfaces of the InP QDs. The OD at 321 nm 

(Figure S4.3) and the corresponding molar extinction coefficient for QCA in toluene calculated 

from Figure S4.4 (ε321nm = 4568 M-1cm-1) were used to determine the concentration of QCA at 

the surface of InP QDs. The molar extinction coefficient of InP QDs was 34859 M-1 cm-1 from 

Eq. S4.7. Finally, the ratio of QCA surface-anchored ligand to InP QDs were determined to be 

~11:1 by eqn. S4.8. At present, data regarding small sized InP 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 solid from 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 absorption method 

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 UV-Vis are not an absolute number of the ligands at the surface but represent the 

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

                                                          (S4.8) 

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

obtained from the corresponding time-resolved PL spectra shown in Figure S4.10 with single 
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wavelength traces plotted as a function of time. Time-zero in each case represents the point at 

which the room temperature TADPL is coincide with the bright-state PL of as-prepared InP QDs.  

Each PL intensity decay was fitted using eqn. S4.3 with average lifetimes calculated using eqn. 

S4.4.  

Quantum yield measurements. Absolute PL quantum yields of InP QDs were measured with an 

Edinburgh Instruments FS5 spectrofluorometer equipped with an integrating sphere. TADPL 

quantum yields of InP/QCA were calculated relative to the absolute PL quantum yields of InP QDs 

according to the eqn. S4.9.44  

      
 

Ⱦ  
           (S4.9) 

where ΦTADPL, ΦInP QDs, AInP QDs, AInP/QCA, ITADPL and IInP QDs represent the TADPL quantum yield, 

pristine InP QDs quantum yield, absorbance of pristine InP QDs at 400 nm, absorbance of 

InP/QCA at 400 nm, integrated PL intensity of TADPL and integrated PL intensity of pristine InP 

QDs respectively.  

4.5.3 Phosphorescence Spectra  

 

 

 

 

 

 

 

Figure 4.6 PL spectra of (A) InP/QCA (λex = 400nm) and (B) QCA (λex = 320nm) measured at 

77 K in toluene.  
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4.5.4 The average lifetime of the InP QDs 

 

 

 

 

 

 

 

Figure 4.7 PL decay kinetics of (A) pristine InP QDs 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.  

4.5.5 UV-Vis Absorption Spectra  

 

 

 

 

 

 

 

 

Figure 4.8 UV-vis spectra of the pristine InP QDs, QCA-functionalized InP QDs and the QCA 

acceptors measured in toluene.  
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4.5.6 Absorption spectra and Beer-Lambert law plot 

 

 

 

 

 

 

 

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) Beer-Lambert law plot measured at 

321 nm for QCA. 
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4.5.7 Ultrafast TA Difference Spectra and Kinetics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Ultrafast TA difference spectra of InP QDs in toluene upon 400 nm pulsed laser 

excitation (100fs fwhm) as a function of pulse energy: (A) 0.1 μJ, (B) 0.15 μJ, (C) 0.2 μJ, (D) 

0.25 μJ with experimental time delays spanning from 2.0 ps to 6.0 ns. The depletion signal 

observed at 410 nm is attributed 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 nm. (E) The 

intensity of the InP QDs ground state bleach signal taken from the ultrafast 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 is occurring in the InP QDs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 excitation (100 fs fwhm) measured 
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as a function of pulse energy: (A) 0.1 μJ, (B) 0.15 μJ, (C) 0.2 μJ, (D) 0.25 μJ with experimental 

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 spectra at 2 ps 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.  

 

 

 

 

 

 

Figure 4.12 Overlaid 6 ns UFTA spectrum extracted from Figure S5 and Figure S6. The -2 ps 

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 a 2 ps time delay, 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 presence and absence of 

the surface anchored QCA ligand. (D) Single wavelength kinetics of the 375nm in the presence 

and absence of the surface anchored QCA ligand.  <k>InP and <k>InP/QCA represent the average 

InP QD GSB recovery rate constant determined from eqn S4; <k>TTET Cal represents the 

calculated TTET rate constant from the GSB recovery of both as-prepared InP QDs and QCA 

functionalized InP QDs; <k>TTET Fit represents the fitted TTET rate constant using the kinetics 

measured at 430 nm. 
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4.5.8 Temperature-dependent Time-resolved Photoluminescence Spectra 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Time-resolved photoluminescence spectra of InP/QCA upon selective excitation of 

InP at 400 nm (1mJ, 5–7 ns fwhm) measured in degassed toluene 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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4.5.9 PL Quantum Yield  

 

 

 

 

 

 

 

Figure 4.15 PL spectra and PLQY of InP and InP/QCA materials using 400 nm excitation under 

air freeze-pump-thaw (FPT) conditions in toluene at room temperature. 

4.5.10 Triplet Photosensitization  

  

 

 

 

 

 

 

 

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. 

 

1220 1240 1260 1280 1300 1320 1340

0

2

4

6

8

10  InP/QCA AIR

 InP/QCA FPT

 InP

Wavelength (nm)

P
L

 i
n

te
n

s
it

y
 (
³
1
0

4
)

400 500 600 700

0

0.2

0.4

0.6

0.8

1

N
o

rm
a

li
z
e

d
 P

L
 i
n

te
n

s
it

y

Wavelength (nm)

 InP

 InP/QCA 5ms FRT

ū

InP 0.152

InP/QCA 0.036



   

129 

 

4.5.11 Supplementary Tables 

Table S4-1 Biexponential fitting parameters (eqns. S4.1 and S4.2) for the pristine InP QDs PL at 

room temperature measured in toluene.    

Band-edge PL 

Kinetics 
τ1 (ns) A1 τ2 (ns) A2 Ⱳ (ns) 

InP 36.7 ± 0.3 0.33 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 surface-anchored QCA ligands and the triplet-triplet 

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

excitation of the InP QDs at 400 nm using 0.2 μJ laser pulses (Figure S4.8) according to the 

stretched exponential function in eqns. S4.3-S4.5. Quantum efficiency of TTET was determined 

by eqn. S4.6.  

 

Monitored λ 
Samples τ (ps) β Ⱳ (ps) <k> <kTTET> 

410nm InP 14376.6 ±856 0.38 ± 0.01 55395.9 1.81×107 s-1 

3.97×108 s-1 410nm 
InP/QCA 

784.8 ± 81 0.41 ± 0.01 2406.5 4.16×108 s-1 

430nm 1625.0 ± 92 0.58 ± 0.03 2559.2 3.91×108 s-1 

 

 ΦTTET 

InP/QCA 0.95 

 

Table 4-3 Stretched exponential fitting parameters (eqns. S4.3-S4.5) for the PL intensity decays 

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

S9. 

InP/QCA 

Temperature (K) τ (μs) β Ⱳ (μs) 

293 6.8 ± 0.2 0.68 ± 0.02 8.9 

273 8.0 ± 0.1 0.64 ± 0.01 11.1 

253 11.1 ± 0.3 0.73 ± 0.02 13.5 

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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