
Organic Room-Temperature Phosphorescence Materials: from Fundamental Triplet Exciton 
Modulations to Novel Applications in Biosensing and Bioimaging 

 
by 

  
Yingying Zeng 

A dissertation submitted in partial fulfillment 
 of the requirements for the degree of  

Doctor of Philosophy 
(Macromolecular Science and Engineering) 

in the University of Michigan 
2021 

Doctoral Committee: 
 
Professor Jinsang Kim, Chair  
Professor Joerg Lahann,  
Professor Adam Matzger 
Assistant Professor Yannis M. Paulus 

 
  



 
 
 
 
 
 
 
 
 
 
 
 
 

Yingying Zeng 
  

yyzeng@umich.edu  
  

ORCID iD:  0000-0003-1268-1870  
 
  
  

© Yingying Zeng 2021 
 



 ii 

Dedication 
 
This dissertation is dedicated to the giants upon whose shoulders I have stood to push the 

light of science a little further against darkness.  

 



 iii 

Acknowledgements 
 

First and foremost, I would like to thank my thesis advisor Professor Jinsang Kim who has 

been an incredible mentor to me throughout my graduate study at the University of Michigan. I 

am grateful for the intellectual freedom and autonomy he provided to help me grow as an 

independent scientist committed to conducting original research. I respect his passion for science 

and dedication to education a great deal. I would also like to express my sincere gratitude to my 

dissertation committee members Professor Joerg Lahann, Professor Adam Matzger, and Professor 

Yannis Paulus for their insightful discussion and invaluable advice for my dissertation projects. 

I must thank my research collaborators Dr. Do Hyun Kang, Dr.Van Phuc Nguyen, and Dr. 

Jialiu Ma for their commitment and contribution to some of the work presented in this dissertation. 

They have enriched my knowledge base for the research topics we collaborated on and beyond. 

My heartfelt appreciation also goes to Dr. Yasmine Doleyres, Professor Stephany Tzeng, 

and Dr. Xian Xu whose mentorship and friendship have motivated me through tough times.  

Throughout my thesis research in the Kim lab, I have had distinct pleasure to work with a 

group of brilliant and motivated researchers. A big thank you to all the past and present labmates.  

Additionally, I would like to show my appreciation to the supportive staff members at 

Biointerfaces Institute and Macromolecular Science and Engineering program coordinators Adam 

Mael and Julie Pollak.  

Finally, I would like to thank Rackham Graduate School, College of Engineering, and 

Macro program for supporting me financially through Rackham International Student Fellowship, 

Barbour Scholarship, and Graduate Student Emergency Fund.  



 iv 

 
 
 
 
 

Table of Contents 

 
Dedication ii 
Acknowledgements iii 
List of Tables vii 
List of Figures viii 
Abstract xviii 
Chapter 1 Introduction 1 

1.1 Organic Photoluminescence Transitions and Phosphorescence ............................................ 1 
1.2 Intersystem Crossing and Spin-Orbit Coupling ..................................................................... 3 

1.2.1 El-Sayed rule ................................................................................................................... 3 
1.2.2 Heavy atom effect ........................................................................................................... 4 

1.3 Non-Radiative Deactivation by Molecular Motions .............................................................. 5 

1.4 Phosphorescence Quenching by Oxygen ............................................................................... 8 
1.5 Recent Advances in Room-Temperature Organic Phosphorescence Materials .................... 9 

1.5.1 Crystal engineering ......................................................................................................... 9 
1.5.2 Host-guest amorphous film ........................................................................................... 11 
1.5.3 Metal-organic frameworks ............................................................................................ 15 

1.6 Dissertation Outline ............................................................................................................. 19 

1.7 References ............................................................................................................................ 20 
Chapter 2 Chorioretinal Hypoxia Detection Using Lipid-Polymer Hybrid Organic Room-
Temperature Phosphorescent Nanoparticles 24 

2.1 Introduction .......................................................................................................................... 24 
2.2 Results and Discussion ........................................................................................................ 27 

2.2.1 Self-assembly of lipid-polymer hybrid organic RTP NPs ............................................ 27 
2.2.2 Phosphorescence properties of organic RTP NPs ......................................................... 31 
2.2.3 In vivo imaging of organic RTP NPs in rabbit RVO models ........................................ 33 
2.2.4 In vivo multimodal imaging of organic RTP NPs ......................................................... 38 
2.2.5 In vivo imaging of organic RTP NPs in rabbit CVO models ........................................ 39 
2.2.6 In vivo toxicity and biosafety analysis of organic RTP NPs ......................................... 45 

2.3 Conclusion and Outlook ...................................................................................................... 49 



 v 

2.4 Experimental Section ........................................................................................................... 51 
2.4.1 Materials ........................................................................................................................ 51 

2.4.2 Preparation of lipid-polymer hybrid organic RTP NPs for intravitreal injection ......... 52 
2.4.3 Preparation of lipid-polymer hybrid organic RTP NPs for intravenous injection ........ 52 
2.4.4 Characterization of lipid-polymer hybrid organic RTP NPs ......................................... 53 
2.4.5 Animal model preparation ............................................................................................. 54 
2.4.6 RVO model generation ................................................................................................. 55 
2.4.7 CVO model generation ................................................................................................. 55 

2.4.8 Follow-up RVO and CVO evaluation ........................................................................... 56 
2.4.9 Color fundus photography ............................................................................................. 56 
2.4.10 Fluorescein angiography and indocyanine green angiography ................................... 56 
2.4.11 Phosphorescence photography examinations .............................................................. 57 
2.4.12 Biosafety analysis ........................................................................................................ 58 

2.5 References ............................................................................................................................ 58 
Chapter 3 Organic Room-Temperature Phosphorescent Lipid-Polymer Hybrid 
Nanoparticles for Highly Sensitive and Quantitative Biodetection 64 

3.1 Introduction .......................................................................................................................... 64 
3.2 Results and Discussion ........................................................................................................ 67 

3.2.1 Nanoparticle assembly and characterization ................................................................. 67 
3.2.2 Phosphorescence-based detection of avidin-biotin interaction ..................................... 71 

3.2.3 Phosphorescence-based cell-free DNA detection by sandwich hybridization .............. 74 
3.3 Conclusion and Outlook ...................................................................................................... 77 
3.4 Experimental Section ........................................................................................................... 79 

3.4.1 Materials ........................................................................................................................ 79 
3.4.2 Preparation of lipid-polymer hybrid organic RTP NPs Br6A-LP4BrS ........................ 80 
3.4.3 Characterization of lipid-polymer hybrid organic RTP NPs Br6A-LP4BrS ................ 81 

3.4.4 Phosphorescence-based detection of avidin-biotin interaction ..................................... 81 
3.4.5 Phosphorescence-based TP53 DNA detection in buffer by sandwich hybridization .... 82 
3.4.6 Phosphorescence-based TP53 DNA detection in urine sample .................................... 83 

3.5 References ............................................................................................................................ 84 
Chapter 4 Ambient Delayed Fluorescence via Triplet-to-Singlet Energy Transfer from 
Purely Organic Phosphor 91 

4.1 Introduction .......................................................................................................................... 91 
4.2 Results and Discussion ........................................................................................................ 94 

4.2.1 Chromophores co-assembly in rigid nanoparticles ....................................................... 94 



 vi 

4.2.2 Br6A-NR triplet-singlet energy transfer in PS4Br NPs ................................................ 97 
4.2.4 Effect of donor spin-orbit coupling strength on triplet-singlet energy transfer efficiency
 .............................................................................................................................................. 104 

4.3 Conclusion and Outlook .................................................................................................... 108 
4.4 Experimental Section ......................................................................................................... 110 

4.4.1 Materials ...................................................................................................................... 110 
4.4.2 Synthesis of RTP and fluorescent dye co-encapsulated NPs ...................................... 110 
4.4.3 Size characterization of RTP and fluorescent dye co-encapsulated NPs .................... 111 

4.4.4 Photophysical characterizations of RTP and fluorescent dye co-encapsulated NPs ... 111 
4.5 References .......................................................................................................................... 112 

Chapter 5 Efficient High-Temperature Organic Phosphorescence from Metal-Organic 
Phosphor Frameworks 117 

5.1 Introduction ........................................................................................................................ 117 
5.2 Results and Discussion ...................................................................................................... 120 

5.2.1 Materials design rationale ........................................................................................... 120 
5.2.2 Synthesis and structural characterizations of UiO-67 Zr-G1-BPDC .......................... 123 
5.2.3 Phosphorescence properties of UiO-67 Zr-G1-BPDC under ambient conditions ...... 125 
5.2.4 Phosphorescence properties of UiO-67 Zr-G1-BPDC at high temperatures .............. 127 
5.2.5 Potential spin-orbit coupling enhancement in UiO-67 Hf-G1-BPDC ........................ 130 

5.3 Conclusion and Outlook .................................................................................................... 133 
5.4 Experimental Section ......................................................................................................... 135 

5.4.1 Materials ...................................................................................................................... 135 
5.4.2 Synthesis and structural characterization of UiO-67-type MOFs ............................... 136 
5.4.3 Photoluminescence measurements of UiO-67-type MOFs ......................................... 136 

5.5 References .......................................................................................................................... 137 

Chapter 6 Conclusions and Future Directions 141 
6.1 Thesis Summary ................................................................................................................ 141 
6.2 Outlook of Organic Phosphorescence Field ...................................................................... 148 

6.3 References .......................................................................................................................... 151 



 vii 

List of Tables 
 

Table 2.1 | Liver and Kidney Function tests at 14 days post-administration for untreated control 
and intravenously treated choroidal vascular occlusion model in New Zealand white and Dutch 
Belted pigmented rabbits, demonstrating normal liver and kidney function tests ........................ 48 

Table 2.2 | Liver and Kidney Function tests obtained 14 days after intravitreal injection of Br6A-
LPS4Br NPs. All values for both untreated control and RTP NPs treated groups are within normal 
limits. ............................................................................................................................................. 49 

Table 4.1 | Summary of lifetime τ components and energy transfer efficiency ΦET in Br6A-NR-
PS4Br NPs ..................................................................................................................................... 99 

Table 4.2 | Summary of lifetime τ components and energy transfer efficiency ΦET in Br6A-NR-
iPMMA NPs ................................................................................................................................ 102 

Table 4.3 | Summary of lifetime τ components in the mixture suspension of 1 wt% Br6A-PS4Br 
NPs and 1wt% NR-iPMMA NPs (v:v 2:1) .................................................................................. 104 

Table 5.1 | Summary of phosphorescence lifetime τ components and average lifetime τavg in UiO-
67 Zr-G1-BPDC at different temperatures (λex = 360 nm, λem = 610 nm) .................................. 129 

Table 5.2 | Summary of phosphorescence lifetime τ components and average lifetime τavg in UiO-
67 Hf-G1-BPDC at different temperatures .................................................................................. 133 

 

 



 viii 

List of Figures 

Figure 1.1 | Jablonski energy diagram illustrating transitions between electronic states for 
the quantum mechanical processes of fluorescence and phosphorescence. Non-radiative 
transitions are marked with squiggly arrows and radiative transitions by straight arrows. The 
vibrational ground states of each electronic state are indicated with thick lines and the higher ones 
with thinner lines. Adapted from reference 1. ................................................................................. 2 

Figure 1.2 | El-Sayed rule for spin-orbit coupling. a,b, Effective ISC only occurs in transitions 
from 1(n,π*) to 3(π,π*) and 1(π,π*) to 3(n,π*), in which the molecular transition orbitals px and py 
effectively overlap under SOC. By contrast, the ISC from 1(π,π*) to 3(π,π*) or from 1(n,π*) to 
3(n,π*) is not favored because the SOC is inefficient, with poor orbital overlap. c, Coupling scheme 
for ISC in the nπ* singlet state. Adapted from reference 5 and 6. .................................................. 4 

Figure 1.3 | Molecular design of an organic molecule for efficient persistent room-
temperature phosphorescence. Keys 1 to 4 are the design elements lead to efficient persistent 
room-temperature phosphorescence. fs stands for spin configuration change and is unity for the 
transition between states with the same multiplicity. fv is the vibration frequency. Adapter from 
reference 17. .................................................................................................................................... 6 

Figure 1.4 | Chemical structures of designed phosphor and polymer and description of 
covalent cross-linking strategy. a, Chemical structures of the designed phosphor and polymer 
with functional groups for Diels-Alder click chemistry. b, A general Jablonski diagram showing 
the influence of molecular motion restriction by covalent-crosslinking strategy. Adapted from 
reference 18. .................................................................................................................................... 7 

Figure 1.5 | Possible mechanism of phosphorescence quenching by molecular oxygen. a, 
ground state electron configuration and spin multiplicity of molecular oxygen. b, oxygen 
quenching of organic phosphorescence of Br6A via triplet energy transfer. Adapted from reference 
23. .................................................................................................................................................... 8 

Figure 1.6 | Crystallization-induced efficient room-temperature phosphorescence. a, In 
solution (disordered state), halogenated aromatic aldehydes produce fluorescence emission. b, In 
the crystalline form, halogen bonding promotes triplet formation, and vibrational motions are 
limited by tight packing, allowing triplets to decay radiatively. Adapted from reference 10. ........ 9 

Figure 1.7 | H-aggregation in nanocrystals prolongs phosphorescence emission lifetime. a, 
Chemical structures of organic phosphors. b, Proposed mechanism for ultralong phosphorescence 
based on H-aggregates formation. c, Top-down and bottom-up routes for organic phosphor-
encapsulated nanoparticles formulation. Adapted from reference 25. .......................................... 10 



 ix 

Figure 1.8 | H-aggregates in organic ionic crystals facilitate ultralong (persistent) room-
temperature phosphorescence. a, Schematic illustration of organic ionic crystal. b, Chemical 
structure and photographs of ammonium hydrogen terephthalate (AHT) crystal before and after 
the irradiation with a 365 nm UV lamp was removed. c, Illustration of the torsion angle between 
the carboxyl group and benzene. d, Molecular packing in dimer. Adapted from reference 28. ... 11 

Figure 1.9 | Host-guest amorphous design for efficient persistent room-temperature 
phosphorescence. Adapted from reference 17. ............................................................................ 12 

Figure 1.10 | Hydrogen bonding between organic phosphor guest and polymer matrix host 
enhances phosphorescence quantum efficiency. a, Chemical structures of Br6A, G1 and PVA. 
b, Schematic illustration of phosphorescence processes in the G1-PVA composite and system 
design rationale. On the left is a phosphorescence image of G1 embedded in PVA100 under UV 
365 nm. Adapted from reference 32. ............................................................................................. 14 

Figure 1.11 | Covalent crosslinking between guest phosphor and host polymer in 
nanoparticles produces bright organic room-temperature phosphorescence for oxygen-
sensing. a, Synthetic routes of C1-crosslinked nanoparticles (NPs). b, Photographic images 
obtained of the planar optical sensor upon UV 365 nm illumination. Top: green phosphorescence 
area was soaked with an anoxic aqueous solution containing 5 wt% of glucose and 0.05 wt% of 
glucose oxidase. Bottom: deoxygenated with a flow of nitrogen. c, Luminescence spectra for the 
sensor upon exposure to various oxygen tensions. Adapted from reference 24. ........................... 15 

Figure 1.12 | Rigidifying effect of metal-organic framework on the incorporated fluorophore. 
a, Schematic illustration of rigidifying the fluorophore (H4ETTC) into MOF and photographic 
images of H2ETTC and PCN-94 under UV light respectively. b, Solid-state absorption and 
emission spectra. Adapted from reference 38. .............................................................................. 16 

Figure 1.13 | Persistent room-temperature phosphorescence via coordination into MOF. a, 
Schematic representation of persistent RTP (before and after turning off the excitation) within 
molecule-metal hybrid compared with crystalline, amorphous and solution states of molecular 
systems. b,c, Crystal structures of TPA (b) and Zn-TPA (c). d, phosphorescence decay curves of 
TPA and Zn-TPA. e, photographs of Zn-TPA taken at different time intervals before and after 
turning off the excitation source (365 nm) under ambient condition. Adapted from reference 39.
 ....................................................................................................................................................... 17 

Figure 1.14 | Persistent and high-temperature phosphorescence via encapsulation into MOF 
pores. a, Structure of coronene@ZIF-8. b,c, Phosphorescence decay profiles (b) and temperature-
dependent phosphorescence lifetime (c) of coronene doped into PMMA, coronene-h12@ZIF-8, 
and coronene-d12@ZIF-8, respectively. Adapted from reference 41. .......................................... 18 

Figure 2.1 | Materials design strategy for biocompatible oxygen-sensing. a, Synthetic 
procedure of lipid-polymer hybrid core-shell, room-temperature phosphorescent nanoparticles, 
Br6A-LPS4Br NPs. The phosphorescence signal of NPs aqueous suspension is susceptible to 
oxygen quenching. b, Simplified Jablonski diagram showing the mechanism of phosphorescence 
quenching by molecular oxygen through triplet energy transfer. S0, S1, and T1 are the singlet 



 x 

ground state, first excited singlet state, and excited triplet state of the organic phosphor, 
respectively. ................................................................................................................................... 29 

Figure 2.2 | Chemophysical characterizations and colloidal stability of Br6A-LPS4Br NPs. a, 
Hydrodynamic size (diameter, nm) distribution of Br6A-LPS4Br NPs measured by dynamic light 
scattering (DLS). Well-dispersed NPs in aqueous solutions with an average hydrodynamic 
diameter of 163.9 nm (PDI: 0.134) were fabricated from a single-step nanoprecipitation process. 
b, Light-scattering image of Br6A-LPS4Br NPs visualized by Nanoparticle Tracking Analysis, 
corroborating well-dispersed NPs in aqueous solutions. c, Surface zeta potential change with and 
without lipid DMPA coating. Compared to bare Br6A-PS4Br NPs, Br6A-LPS4Br exhibited a 
relatively more negative value, indicating its surface was successfully coated with anionic DMPA. 
d, Morphology of Br6A-LPS4Br NPs observed by scanning electron microscopy. Scale bar: 300 
nm. e, Temporal stability of Br6A-LPS4Br NPs stored in Milli-Q water at room temperature. NPs 
size (orange line) and polydispersity (blue line) were monitored over the course of 13 weeks using 
DLS. No obvious aggregation was observed, suggesting long-term stability. All error bars indicate 
S.D. (n = 3). ................................................................................................................................... 31 

Figure 2.3 | Photophysical characterizations and optical stability of Br6A-LPS4Br NPs. a, 
Steady state photoluminescence excitation, emission, and delayed emission (delayed for 500 μs) 
spectra of Br6A-LPS4Br NPs dispersed in Argon (Ar)-purged, anoxic aqueous solution. b, 
Phosphorescence lifetime of RTP NPs in an anoxic aqueous solution monitored at 530 nm (λex = 
365 nm). Photophysical properties of Br6A-LPS4Br NPs confirmed that the green, 530 nm 
emission is indeed of phosphorescent nature. c, Oxygen sensitivity calibration. Steady state 
photoluminescence emission of Br6A-LPS4Br NPs suspension at various O2 saturation levels (0–
21%). λex = 365 nm. d, Optical stability of Br6A-LPS4Br NPs measured by steady state 
photoluminescence spectroscopy. The NPs stock solution (2.5 mg/mL) was stored in Milli-Q water 
under ambient conditions. The total emission intensity of the NPs suspension upon Argon purging 
remained the same after 13 weeks. ................................................................................................ 33 

Figure 2.4 | Rose-Bengal RVO model generation demonstrating occlusion of the retinal 
vasculature of the medullary ray after laser irradiation. Color fundus photography (top left) 
and fluorescein angiography (FA) (top right) images show the location of the optic nerve and 
retinal vessels (RVs, white arrows) and normal blood flow. In contrast, the blood vessels were 
completely occluded with significantly reduced blood flow (white arrow) observed on the FA 
image after laser irradiation (bottom right). .................................................................................. 35 

Figure 2.5 | Longitudinal phosphorescence imaging of intravitreal Br6A-LPS4Br NPs in 
living rabbit retinal hypoxia and control over 7 days (λex = 365 nm, λem = 530 nm). a,c, Color 
fundus photographs of the hypoxic (a) and the physoxic control (c) side  of the same rabbit before 
and after intravitreal administration of Br6A-LPS4Br NPs (50 µL, 2.5 mg/mL) at different time 
points (15 min, 1, 2, 4, 8 h and day 1, 2, 4, and 7). The color fundus photographs show rabbit 
fundus features such as retinal vessels (RVs) (yellow arrow), choroidal vessels, optic nerve 
(turquoise arrows), and distribution of NPs in the vitreous. b,d, Phosphorescence images of the 
hypoxic (b) and the physoxic control (d) side before and up to 7 days after intravitreal 
administration of Br6A-LPS4Br NPs. Black dotted circles (a) and white dotted circles (b) indicate 
the position of NPs. Red arrow (b) indicates the location of phosphorescence signal. e, Average 
phosphorescence intensity measured from the hypoxic side (blue line) and the control side (red 



 xi 

line). Error bars show the standard deviations of three independent measurements. The 
phosphorescence signal increased significantly on the hypoxic side by 1 h post-injection, peaked 
at 2 h post-injection, and persisted for at least 7 days. .................................................................. 36 

Figure 2.6 | In vivo phosphorescence imaging of retinal hypoxia acquired at different time 
points post-intravitreal injection of Br6A-LPS4Br NPs in a living rabbit. a,c, Color fundus 
photograph of the hypoxic (a) and the physoxic control (c) side of the same rabbit eye acquired 
pre- and post-injection of Br6A-LPS4Br NPs (50 µL, 2.5 mg/mL) at day 14 post laser-induced 
RVO model. Yellow arrow indicates the location of retinal vessels (RVs), black arrow represents 
the RVO site, turquoise arrow illustrates the position of optic nerve, and red arrow shows the 
position of Br6A-LPS4Br NPs after injection. b,d, In vivo phosphorescence images of the hypoxic 
(b) and the physoxic control (d) side acquired at pre, 15 min, 1, 2, 4, 8 h and day 1, 2, 4, and 7 
post-injection of Br6A-LPS4Br NPs. The distribution of RTP NPs post-injection is co-registered 
with the fundus color photograph (white dotted circle). RTP NPs clearly showed up on 
phosphorescence images at 1 h post-injection with high contrast. ................................................ 37 

Figure 2.7 | Longitudinal phosphorescence imaging of a healthy control rabbit before and up 
to 17 days after the injection of Br6A-LPS4Br NPs. a,c, Color fundus photography at the 
injection side (a) and non-injection side (c) in normal, healthy control rabbits. b,d, Corresponding 
phosphorescence images of the injection (b) and non-injection (d) side. Black dotted line in a 
shows the margin of RTP NPs post-injection. e, Average phosphorescence intensities from the 
injection (blue line) and non-injection (red line) side over 17 days. No phosphorescence emission 
was observed on the phosphorescence images at any time point since there is no tissue hypoxia.
 ....................................................................................................................................................... 38 

Figure 2.8 | In vivo multimodal fluorescence and phosphorescence images of intravitreal 
Br6A-IR780-LPS4Br NPs and retinal hypoxia in living rabbits. a, Hydrodynamic size 
distribution of Br6A-IR780-LPS4Br NPs measured by dynamic light scattering. Narrow-dispersed 
(PDI: 0.108 ± 0.012), fluorescent dye (IR-780) and organic phosphor (Br6A) co-encapsulated RTP 
NPs with an average hydrodynamic diameter of 130.5 ± 1.7 nm were synthesized using a similar 
nanoprecipitation method. b,c, Fundus photography, fluorescence, and phosphorescence images 
obtained before (b) and after (c) intravitreal administration of 50 µL of Br6A-IR780-LPS4Br NPs 
at a concentration of 2.5 mg/mL. White dotted lines show the distribution of RTP NPs in the 
vitreous post-injection, the corresponding fluorescence emission from IR-780, and the 
corresponding phosphorescence emission from Br6A. The results show close correlation between 
the fluorescent and phosphorescent signal, indicating that the phosphorescent signal in the rabbit 
RVO model is emanating from RTP NPs. ..................................................................................... 39 

Figure 2.9 | CVO model generation and leakage confirmation at day 7 post photocoagulation. 
Top row images show color fundus photography (left) and fundus autofluorescence (FAF) image 
(right). Middle and bottom rows exhibit fluorescein angiography (FA) and indocyanine green 
angiography (ICGA) images acquired at different phases (early, middle, and late) after intravenous 
injection of fluorescein sodium and ICG, respectively. This demonstrates whitening on fundus 
photography, progressive hyperfluorescence on FA, and hypofluorescence on ICGA, consistent 
with CVO. ...................................................................................................................................... 41 



 xii 

Figure 2.10 | In vivo phosphorescence images of Br6A-IR780-LPS4VP-PEG NPs and 
chorioretinal hypoxia in living rabbits. a, Chemical structure of polymer PS4VP and 
phospholipid DSPE-PEG2000. b, Dynamic light scattering measurement of Br6A-IR780-
LPS4VP-PEG NPs fabricated from PS4VP and DSPE-PEG2000. Fairly narrow-dispersed (PDI: 
0.134 ± 0.005), fluorescent dye (IR-780) and organic phosphor (Br6A) co-encapsulated RTP NPs 
with an average hydrodynamic diameter of 46.1 ± 0.6 nm were synthesized using a similar 
nanoprecipitation method. c–e, Color fundus photography (c), fluorescence (d), and 
phosphorescence (e) images before and after intravenous injection of 4 mL Br6A-IR780-LPS4VP-
PEG NPs at a concentration of 2.5 mg/mL. Color fundus images in c show the healthy retinal 
vessels (RVs), choroidal vessels (CVs) as well as the location of laser injured sites (white spots). 
Fluorescence and phosphorescence images obtained before and post injection at different time 
points, demonstrating the accumulation of RTP NPs at laser lesions (white arrow) and the 
corresponding phosphorescent signal from the RTP NPs (red arrows) detecting tissue hypoxia. f, 
Quantification of mean phosphorescence intensities at laser lesions over 7 days. Phosphorescent 
signal was not visible before the injection of RTP NPs or on the physoxic control side. In contrast, 
the phosphorescent signal increased significantly in the hypoxic areas at 15 min post-injection, 
peaked at 2 h post-injection, and gradually decreased after that. Error bars show the standard 
deviations of three independent measurements. ............................................................................ 42 

Figure 2.11 | In vivo hypoxia visualization of CVO in rabbits. a, hydrodynamic size distribution 
of IR780-LPS4VP-PEG NPs measured by dynamic light scattering. Narrow-dispersed (PDI: 0.109 
± 0.012) NPs, containing fluorescent dye IR-780 only, with an average hydrodynamic diameter of 
46.3 ± 0.6 nm were synthesized using a similar nanoprecipitation procedure. b, Color fundus 
photography of the eye pre- and post-intravenous injection of IR780-LPS4VP-PEG NPs. White 
arrows show the local hypoxia induced by laser photocoagulation. c, Fluorescent images obtained 
after injection of 4 mL NPs (2.5 mg/mL). The treated areas were clearly observed from the leakage 
of NPs from occluded choroidal vessels at 15 min (yellow arows). d, Phosphorescence images 
showed no signal emitted from the NPs since no organic phosphor was incorporated in them. These 
results ensure that tissue autofluorescence or other noise signals will not interfere with the 
phosphorescence imaging settings, and the phosphorescent signal detected in CVO model injected 
with IR-780 and Br6A co-encapsulated RTP NPs is attributed to Br6A selectively detecting 
hypoxia. ......................................................................................................................................... 43 

Figure 2.12 | In vivo multimodal visualization of retinal hypoxia in Dutch belted rabbit CVO 
model. a–c, Color fundus photograph (a), fluorescence (b), and phosphorescence (c) images of a 
rabbit retina before and after laser-induced choroidal vessel occlusion (white arrows), and various 
time points post-intravenous injection of Br6A-IR780-LPS4VP-PEG NPs (4 mL, 2.5 mg/mL). 
Color fundus photography images show healthy retinal vessels (RVs) and choroidal vessels (CVs) 
network as well as laser injured sites (white arrows). Fluorescent images indicate the RTP NPs can 
effectively extravasate through fenestrations in the vasculature and accumulate at laser lesions 
(yellow arrows). Phosphorescence images demonstrate that choroidal tissue hypoxia is visualized 
by RTP NPs in CVO rabbit choroids (green). d, Quantitative analysis of mean phosphorescence 
intensity at laser lesions in the choroid of CVO rabbits. Error bars show the standard deviations of 
three independent measurements. .................................................................................................. 44 

Figure 2.13 | Biosafety evaluation in living rabbits after intravenous injection. a, Body weight 
increase measured daily for 7 days from three different groups: untreated control and intravenously 



 xiii 

treated CVO models in White New Zealand and Dutch Belted pigmented rabbits, showing no 
evidence of systematic toxicity through equivalent, appropriate weight gain in both RTP NPs 
treated and untreated control groups. b,c, H&E staining of tissues obtained 1 month post-
intravenous injection of Br6A-IR780-LPS4VP-PEG NPs (b) compared to the untreated control 
group (c), demonstrating preserved cellular morphology and nuclei without fragmentation or 
extracellular debris from dead cells in all of the evaluated organs, including eye, heart, kidney, 
lung, liver, and spleen. d, TUNEL assay analysis at 1-month post-intravenous injection of Br6A-
IR780-LPS4VP-PEG NPs. DAPI (blue) indicates cell nuclei. Green color stained with FITC 
evaluates for any potentially apoptotic cells, which are not noted. Scale bar: 75 μm. .................. 46 

Figure 2.14 | Biosafety evaluation in living rabbits after intravitreal injection. a, Body weight 
increase of untreated control and RTP NPs treated RVO model in White New Zealand rabbits via 
intravitreal injection measured daily for 7 days. The results show that rabbit weights are gradually 
increased at similar rates for both treated and untreated groups, indicating no evidence of 
systematic toxicity caused by RTP NPs via intravitreal injection. b,c, H&E images of tissues after 
intravitreal injection of Br6A-LPS4Br NPs (b) compared to the untreated control group (c). Scale 
bar: 100 μm. d, TUNEL assay analysis. DAPI (blue) indicates cell nuclei. Green color stained with 
FITC evaluates for any potentially apoptotic cells, which are not noted. Scale bar: 75 μm. ........ 47 

Figure 3.1 | Materials design and detection mechanism of the “turn-on” phosphorescence-
based assay platform. a, Energy level diagram illustrating fluorescence and phosphorescence 
generation process upon photoexcitation, and the phosphorescence quenching process via energy 
transfer to the triplet state of atmospheric molecular oxygen. b, Schematic illustration of the 
phosphorimetric sandwich hybridization assay detecting DNA using oxygen-sensitive 
phosphorescent nanoparticles coupled with oxygen-scavenging enzymatic reaction. c, Oxygen-
scavenging enzymatic reaction of glucose and glucose oxidase. .................................................. 66 

Figure 3.2 | Synthesis and chemophysical characterizations of lipid-polymer hybrid organic 
room-temperature phosphorescent nanoparticles Br6A-LP4BrS. a, Schematic illustration on 
nanoprecipitation process for the rapid generation of lipid-polymer hybrid nanoparticles having a 
metal-free organic phosphor, Br6A. b, Size distribution of phosphorescent lipid-polymer hybrid 
nanoparticles (LP4BrS, black line) compared to bare polymer nanoparticles without lipid coating 
(P4BrS, orange line). c, Scanning electron microscope image of phosphorescent lipid-polymer 
hybrid nanoparticles. d, Zeta potential of lipid polymer-hybrid nanoparticles (LP4BrS) and the 
control polymer nanoparticles prepared without lipid coating (P4BrS). ....................................... 70 

Figure 3.3 | Photophysical characterizations of lipid-polymer hybrid organic room-
temperature phosphorescent nanoparticles Br6A-LP4BrS. a, Photoluminescent excitation 
(black line), steady-state emission (green line), and gated emission spectra (blue dots) of 
phosphorescent lipid-polymer hybrid nanoparticles. The inset photograph shows phosphorescent 
lipid-polymer hybrid nanoparticles dispersed in air-saturated (left) and oxygen-scavenged (right) 
aqueous solutions at room temperature under 365 nm UV irradiation. b, Phosphorescence emission 
decay profile of Br6A-LP4BrS nanoparticles suspended in an anoxic aqueous solution monitored 
at 525 nm (λex = 365 nm), confirming the long-lived character of the green phosphorescence with 
a lifetime (τ) of 4.0 ms. .................................................................................................................. 71 



 xiv 

Figure 3.4 | Phosphorescence-based detection of avidin-biotin interaction. a, Schematic 
illustration on the phosphorescent detection of avidin-biotin interaction. For the development of 
phosphorescence signal by the phosphorescent nanoparticles, the dissolved oxygens are scavenged 
by glucose oxidase-conjugated streptavidin molecules (STA-GOx) combined with the surface-
tethered biotin on the well plate. b, Smartphone camera image presenting the phosphorescent 
detection of avidin-biotin interaction, and the corresponding relative phosphorescent intensity 
graph. Each well having surface-tethered biotins were exposed to the various concentrations of 
STA-GOx respectively by 1hr incubation, and then the phosphorescent signals were developed. 
The middle well between the wells treated with two different concentrations of STA-GOx were 
intended to be empty to avoid the crosstalk of light emission by the adjacent wells. c, 
Phosphorescence signal enhancement by using a heavy mineral oil (density: 0.862 g/ml) as an 
oxygen diffusion barrier. The bar graph indicates that the phosphorescence emission from wells 
covered with oil barrier was 1.5 times greater than that from the uncovered wells. The wells were 
pre-incubated with 10 μg/ml of STA-GOx. ................................................................................... 74 

Figure 3.5 | Phosphorescence-based cell-free DNA detection by sandwich hybridization. a, 
Schematic illustration on phosphorescent detection of DNA fragment molecules. For the 
phosphorescence signal development by the nanoparticles, the dissolved oxygens are scavenged 
by STA-GOx combined with sandwich DNA complex having a biotin end group. b, Smartphone 
camera image presenting the phosphorescent detection of various concentrations of DNA 
fragments, and the corresponding relative phosphorescent intensity graph. c, Selectivity of this 
phosphorescence-based DNA assay to the one-mismatch and three-mismatch DNA fragments. d, 
Phosphorescence-based detection of various concentrations of target DNA fragments spiked in 
human urine samples. .................................................................................................................... 77 

Figure 3.6 | Schematic illustration of point-of-care process flow for cell-free DNA analysis. a 
microfluidic device that has a capillary-based disposable tip at the inlet and a rubber bulb at the 
outlet to create negative pressure for sample loading and washing steps. A smartphone optical 
attachment is used for organic RTP signal readout and transmission. Adapted from reference 82.
 ....................................................................................................................................................... 79 

Figure 4.1 | Donor-Acceptor co-assembly and proposed triplet-to-singlet energy transfer 
pathway. a, Schematic illustration of the rigid nanoparticle assembly where the phosphorescence 
energy transfer takes place and molecular structures of the donor phosphor Br6A, acceptor 
fluorophore NR, and host polymer matrices. b, Simplified Jablonski diagram showing the 
photophysical processes in the pair of donor phosphor Br6A and acceptor fluorophore NR after 
photoexcitation at 360 nm. S0, S1, and T1 are the singlet ground state, first excited singlet state, 
and excited triplet state of the chromophores, respectively. ISC = intersystem crossing. T-S 
pseudo-FRET = triplet-to-singlet pseudo Förster Resonance Energy Transfer. F, RTP, and DF are 
prompt fluorescence, room-temperature phosphorescence, and delayed fluorescence, respectively.
 ....................................................................................................................................................... 96 

Figure 4.2 | Chemophysical and photophysical characterizations of triplet-to-singlet energy 
transfer in Br6A-NR-PS4Br NPs. a, Hydrodynamic size (diameter, nm) distribution of Br6A-
NR-PS4Br NPs measured by dynamic light scattering. NPs with various donor Br6A and acceptor 
NR were fabricated from a single-step nanoprecipitation process, with average hydrodynamic 
diameters of ~150 nm (PDI: ~0.1). b, Absorption spectrum of NR in THF, steady state emission 



 xv 

of Br6A-PS4Br NPs (λex = 360 nm) and NR in THF (λex = 360 nm and 530 nm). The absorption 
of acceptor shows a good spectral overlap with the emission of donor Br6A. c, Steady state, and 
time-resolved emission (PhEm) of 1-0.1 wt% Br6A-NR-PS4Br NPs under ambient and Ar 
conditions (λex = 360 nm). The decreased peak around 530 nm is the green RTP of Br6A and the 
enhanced peak around 592 nm matches with the red fluorescence of NR and is of delayed nature. 
d, Emission decay profiles of 1 wt%Br6A alone and further doped with 0.1 wt% NR in PS4Br NPs 
monitored at 530 nm (RTP) or 592 nm (DF), showing a quenching of the donor Br6A’s triplet 
lifetime along with a prolonging in the acceptor NR’s singlet lifetime. e, Photographs of NR alone, 
Br6A-NR co-assembled, and Br6A alone in PS4Br NPs suspensions under a 365 nm UV-lamp, 
showing a ref shift in the emission compared to Br6A alone when it is doped with NR. ............. 98 

Figure 4.3 | Photophysical characterizations of triplet-to-singlet energy transfer in Br6A-NR-
iPMMA NPs. a, Steady state emission spectra of 1 wt% Br6A alone, 1-1 wt% Br6A-NR co-
encapsulated, and 1 wt% NR alone in iPMMA NPs under ambient and Ar conditions (360ex and 
530ex denote λex). A quenching in the green RTP band of Br6A and a concurrent boost of the red 
fluorescence band of NR was clearly observed, indicating a non-radiative energy transfer from 
Br6A triplet to NR singlet. b, Normalized time-resolved emission and excitation spectra of Br6A-
NR-iPMMA NPs with different weight percent of acceptor NR, showing further red shift in the 
delayed emission with higher doping ratio of acceptor. The delayed red fluorescence of NR at 608 
nm was contributed by 360 nm excitation, the same excitation that contributed to the RTP band of 
Br6A, indicating Br6A triplet excitons were the source that populated the excited singlet state of 
NR. c, Normalized steady state excitation spectra of 1 wt% Br6A alone, 1-1 wt% Br6A-NR co-
encapsulated, and 1 wt% NR alone in iPMMA NPs, further confirmed the increased contribution 
of 360 nm excitation to the red 608 nm fluorescence in the donor-acceptor co-assembled NPs, 
most prominent under Ar condition. d, Emission decay profiles of Br6A-NR-iPMMA NPs with 
different weight percent of acceptor NR monitored at 530 nm (RTP) or 608 nm (DF), showing a 
gradual quenching of the donor Br6A’s triplet lifetime along with a increasing in the acceptor NR’s 
singlet lifetime. ............................................................................................................................ 101 

Figure 4.4 | Photophysical characterizations of iPMMA-NPs mixture with donors and 
acceptors encapsulated separately. 1 wt% Br6A-iPMMA NPs and 1 wt% NR-iPMMA NPs 
mixture at a 2:1 volume ratio. a, Steady state (ssEm) and time-resolved emission (PhEm) of the 
mixture under Ar (360ex and 530ex denote λex). Br6A underwent phosphorescent radiative decay, 
and the absence of delayed red fluorescence from the mixture indicates the T-S ET pathway was 
shut off. b, Emission decay profiles (λex = 360 nm) of the NPs mixture. No significant change in 
donor Br6A lifetime suggests no non-radiative energy transfer. The substantial increase in the 
acceptor NR’s lifetime (ms regime) in the mixture compared to that in the co-assembled NPs is 
likely caused by emission-reabsorption. ...................................................................................... 104 

Figure 4.5 | Ir(ppy)3-NR as the donor-acceptor pair for triplet-to-singlet energy transfer in 
PS4Br NPs. a, Molecular structures of the donor organometallic phosphor Ir(ppy)3 and fluorescent 
acceptor NR. b, Absorption spectrum of NR, Ir(ppy)3, and steady state emission of Ir(ppy)3 (λex = 
360 nm) in THF solutions, showing a good spectral overlap between NR absorption and Ir(ppy)3 
emission. The major absorption band of Ir(ppy)3 around 360 nm is not expected to excite NR 
effectively. c, Hydrodynamic size (diameter, nm) distribution of Ir(ppy)3-NR-PS4Br NPs 
measured by dynamic light scattering. NPs with various donor Br6A and acceptor NR 



 xvi 

compositions were fabricated via nanoprecipitation, with average hydrodynamic diameters of 
~118 nm (PDI: ~0.1). .................................................................................................................. 106 

Figure 4.6 | Photophysical characterizations of triplet-to-singlet energy transfer in Ir(ppy)3-
NR-PS4Br NPs. a, Steady state emission spectra of 1 wt% Ir(ppy)3 alone, further doped with 0.5 
wt% NR, and 0.5 wt % NR alone in PS4Br NPs under ambient and Ar conditions (λex =360 nm). 
A quenching in the green RTP band of Ir(ppy)3 along with a boost in the red fluorescence band of 
NR was observed, indicating a non-radiative energy transfer from Ir(ppy)3 triplet to NR singlet. b, 
Steady state emissions (λex =360 nm) of separate and mixture of Ir(ppy)3-PS4Br NPs and NR-
PS4Br NPs under both ambient and Ar conditions. The absence of a red shift in the emission profile 
of the NPs mixture indicates the lack of non-radiative T-S ET. c, Photographs of Ir(ppy)3-PS4Br 
and NR-PS4Br NPs mixture, Ir(ppy)3-PS4Br NPs alone, NR-PS4Br NPs alone, and co-assembled 
Ir(ppy)3-NR-PS4Br NPs (from left to right) under a 365 nm UV-lamp. In the donor-acceptor co-
assembled NPs, there was a red shift in emission color due to efficient T-S ET, yielding an overall 
color of orange, whereas the mixture showed yellow which is the addition of the inherent colors 
from the two separate NPs. d, Emission decay profiles of Ir(ppy)3 alone and doped with NR in 
PS4Br NPs measured by Time-Correlated Single Photon Counting. λex =360 nm and monitored at 
530 nm (RTP of Ir(ppy)3). A significant reduction in donor Ir(ppy)3 lifetime implies an efficient 
T-S ET pathway. .......................................................................................................................... 108 

Figure 5.1 | Synthetic scheme and powder X-ray diffraction of Zr-G1 MOF. a, Synthetic 
procedure of Zr-G1 MOF and structure of Zr6 metal cluster in UiO-type MOF. b, Powder X-ray 
diffraction of obtained Zr-G1. The presence of broad diffraction features at low angles indicates 
the lack of long ranger order, likely due to the structural flexibility in G1. ................................ 122 

Figure 5.2 | Synthetic scheme and structure of UiO-67 Zr-G1-BPDC. G1 is incorporated into 
UiO-67 framework through coordination bonding with Zr6 metal clusters. The simplified Jablonski 
diagram shows possible photophysical processes of G1 ligand in UiO-67 Zr-G1-BPDC, generating 
high-temperature organic phosphorescence. ............................................................................... 123 

Figure 5.3 | Powder X-ray diffraction and ligand composition analysis of UiO-67 Zr-G1-
BPDC. a, Powder X-ray diffraction pattern of synthesized Zr-G1-BPDC compared to that 
simulated from UiO-67, confirming Zr-G1-BPDC MOF possesses UiO-type structure. b, 1H NMR 
of UiO-67 Zr-G1-BPDC after acid digestion, indicating a 2:3 molar ratio between G1 and BPDC.
 ..................................................................................................................................................... 124 

Figure 5.4 | Phosphorescence properties of UiO-67 Zr-G1-BPDC under ambient conditions. 
a, Gated emission spectra of Zr-G1-BPDC (ambient condition, orange line), G1 (ambient 
condition, blue line), and G1 (250K, high vacuum, black line). λex = 360 nm. The inset photograph 
in a shows G1 and Zr-G1-BPDC samples under daylight and 365 nm UV-lamp. b, Gated 
photoluminescence (emission and excitation) of Zr-G1-BPDC compared to UiO-67 Zr-BPDC. 
Gated emission of Zr-G1-BPDC and UiO-67 Zr-BPDC were acquired with λex = 360 nm and 330 
nm, respectively. Slit was maximized for UiO-67 Zr-BPDC since the sample’s RTP is very weak. 
c, Gated emission spectra of Zr-G1-BPDC collected under 360 nm and 420 nm excitation, 
respectively. Gated excitation spectra were measured at the corresponding emission band peaks. 
d, Phosphorescence emission decay profiles of Zr-G1-BPDC monitored at 610 nm when λex = 360 



 xvii 

nm (black dots) and at 625 nm when λex = 420 nm (yellow dots). All measurements were collected 
with 500 μs delay. ........................................................................................................................ 127 

Figure 5.5 | Phosphorescence properties of UiO-67 Zr-G1-BPDC at high temperatures (295–
375K). a, Temperature-dependent gated emission spectra of Zr-G1-BPDC. λex = 360 nm. b,c, 
Temperature-dependent normalized gated photoluminescence (emission and excitation) of Zr-G1-
BPDC under 360 nm (b) and 420 nm (c) excitation. Gated excitation spectra were measured at the 
corresponding emission band peaks, 610 nm (b) and 625 nm (c), respectively. 500 μs delay. d, 
Temperature-dependent phosphorescence emission decay profiles monitored at 610 nm with λex = 
360 nm. All measurements were collected under high vacuum (< 10-4 Torr) with 500 μs delay.
 ..................................................................................................................................................... 129 

Figure 5.6 | Phosphorescence properties of UiO-67 Hf-G1-BPDC under ambient conditions. 
a, Normalized gated photoluminescence (emission and excitation) spectra of Hf-G1-BPDC under 
360 nm (black trace) and 420 nm (orange trace) excitation, respectively. Gated excitation spectra 
were measured at the corresponding emission band peaks, 610 nm (black dots) and 620 nm (orange 
dots), respectively. b, Phosphorescence emission decay profiles of Hf-G1-BPDC monitored at 610 
nm under 360 nm excitation (black dots) and at 620 nm under 420 nm excitation (yellow dots). 
All measurements were collected with 500 μs delay. ................................................................. 131 

Figure 5.7 | Phosphorescence properties of UiO-67 Hf-G1-BPDC at high temperatures (295–
400K). a,b, Temperature-dependent normalized gated emission spectra of Hf-G1-BPDC under 
360 nm (a) and 420 nm (b) excitation. Normalized gated excitation spectra were measured at the 
corresponding emission band peaks. c,d, Temperature-dependent phosphorescence emission 
decay profiles monitored at 610 nm with λex = 360 nm (c) and at 620 nm with λex = 420 nm (d). 
All measurements were collected under high vacuum (< 10-4 Torr) with 500 μs delay. ............ 132 

Figure 6.1 | Thesis summary. Triplet exciton modulations in organic room-temperature 
phosphorescence materials for applications in biosensors and optoelectronics. ......................... 148 

 

 



 xviii 

Abstract 
 

Metal-free purely organic phosphors are an emerging class of room-temperature 

phosphorescence (RTP) materials and have attracted great attention over the past decade, owning 

to their potentials in a variety of advanced photofunctional applications, including organic light 

emitting diodes (OLEDs), chemical sensing, bioimaging, phototheranostics, and digital security. 

Organic phosphorescence refers to photons emitted from triplet excited states (excitons), which is 

associated with spin-forbidden transitions. The weak spin-orbit coupling (SOC) due to the lack of 

heavy atoms in purely organic materials leads to long-lived triplet excitons that are highly 

susceptible to oxygen quenching and molecular vibration deactivation. Therefore, organic 

phosphorescence is typically only observed at cryogenic temperatures and under inert conditions. 

This presents both opportunities and challenges in triplet exciton utilization at room temperature.  

The first part of this dissertation highlights the technologies we have developed leveraging 

the unique oxygen quenching aspect of organic RTP for in vivo tissue hypoxia imaging and in vitro 

phosphorimetric biodetection. Ischemia-induced hypoxia is a common complication associated 

with numerous retinopathies affecting more than 160 million people worldwide. Early detection 

and long-term visualization of retinal tissue hypoxia is essential to understand the pathophysiology 

and treatment of ischemic retinopathies, however, no effective solution exists to this problem. We 

have demonstrated a versatile lipid-polymer hybrid organic RTP nanoparticle (NP) platform that 

optically visualizes chorioretinal tissue hypoxia in real-time and with high signal-to-noise ratio. 

This represents the first non-destructive detection method. Additionally, we have extended the 

application of these organic RTP NPs to a highly sensitive phosphorimetric assay through the 
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integration with a signal-amplifying enzymatic oxygen scavenging reaction and a sandwich-DNA 

hybridization assay on 96-well plates. The phosphorimetric sensor demonstrates sequence-specific 

detection of a cell-free cancer biomarker with a 0.5 pM detection limit. By re-programming the 

detection probe, our methodology can be adapted to a broad range of biosensor applications for 

biomarkers of great clinical importance yet difficult to detect due to their low abundance in vivo.  

In the second and third parts of this dissertation, we focus on fundamental studies of 

photophysical characteristics of triplet excitons and provide deeper insight into material design 

strategies for modulating triplet energy and accelerating light extraction more efficiently. Despite 

the controversial opinions on the matter of spin angular momentum conservation during energy 

transfer, we have shown efficient intermolecular triplet-to-singlet energy transfer (T-S ET) in 

purely organic luminescent materials through a pseudo-Förster resonance energy transfer pathway. 

The T-S ET process quenches the organic RTP emission from donor triplet excitons and sensitizes 

acceptor singlet excitons, which ultimately induces ambient delayed fluorescence, with the ET 

efficiency as high as 75.5%. Finally, we aim to address the weak SOC and molecular vibration 

issues simultaneously in a single material system—metal-organic framework (MOF). Organic 

phosphors are incorporated into highly ordered and rigid MOFs via coordination bonding to 

zirconium (Zr)- and hafnium (Hf)-metal clusters. The obtained MOFs are isostructural to UiO-67, 

and exhibit strong long-lived RTP and stable high-temperature phosphorescence (HTP) that 

persists up to 400K. The heavier UiO-67 (Hf) framework is found to be more effective than its Zr 

counterpart at suppressing molecular motions and facilitating phosphorescence emission. This 

work has identified critical material design parameters and structural basis for organic 

phosphorescence of high brightness and desirable stability, hence holds the promise to solve the 

long-standing efficiency roll-off issue in phosphorescence OLEDs. 
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Overall, this dissertation work serves to advance the fundamental understanding of triplet 

exciton behaviors and the technological innovation in their utilizations. 
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Chapter 1 

Introduction 

 

1.1 Organic Photoluminescence Transitions and Phosphorescence 

Organic luminescence relates closely to the nature of the excited state (i.e., exciton) 

deactivation. According to the spin multiplicity of the excited state, organic luminescence can be 

classified into two basic forms: fluorescence and phosphorescence. Fluorescence refers to photon 

emission from radiative decay between two energy states of the same spin multiplicity (singlet 

exciton), whereas phosphorescence originates from the radiative decay between two states with 

different multiplicity (triplet exciton). In molecular spectroscopy, a Jablonski energy diagram1 is 

widely used to illustrate a molecule’s electronic states and all possible photophysical transitions 

between them (Figure 1.1). Generally, the ground state of organic materials is singlet (S0), except 

for molecular oxygen with a triplet ground state.2 Upon photoexcitation (absorption), the electrons 

in the molecule will be excited to high singlet excited states (Sn, n≥1) from S0 following Franck-

Condon principle. The high-lying Sn then immediately relaxes to the lowest single excited state 

(S1) via rapid internal conversion (IC) according to Kasha’s rule. From S1, the electron can relax 

back to S0 by emitting fluorescence, or transition to triplet excited states (Tn) via intersystem 

crossing (ISC) when such process is allowed and efficient enough. Through rapid IC from Tn, the 

lowest triplet excited state (T1) will be generated, and its subsequent radiative decay to S0 produces 

phosphorescence.  
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Figure 1.1 | Jablonski energy diagram illustrating transitions between electronic states for 
the quantum mechanical processes of fluorescence and phosphorescence. Non-radiative 
transitions are marked with squiggly arrows and radiative transitions by straight arrows. The 
vibrational ground states of each electronic state are indicated with thick lines and the higher ones 
with thinner lines. Adapted from reference 1. 

 

It is important to note that there are various non-radiative relaxations that compete with 

fluorescence and phosphorescence emissions. One pathway can become dominant among others 

and manifests the net luminescent properties of the material. Therefore, it is crucial to understand 

the underlying quantum mechanics principles that govern these pathways so that the desired ones 

can be amplified through careful molecular design. 

Fluorescence is a fast luminescence with a short lifetime on the order of ~10 ns due to the 

allowed transition from S1 to S0. By contrast, phosphorescence has much longer lifetime, typically 

in the milliseconds to seconds regime, in that it is associated with “forbidden” transitions in 

quantum mechanics: ISC from S1→T1 and radiative decay from T1→S0. To obtain bright 

phosphorescence at room temperature, both of the two key steps must be promoted. 
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1.2 Intersystem Crossing and Spin-Orbit Coupling3 

ISC is an isoenergetic radiationless transition between singlet and triplet states, which 

requires flipping electron spin, and is forbidden by rules of angular momentum conservation. 

Consequently, ISC generally occurs on very long-time scales and is kinetically unfavorable among 

other fast photophysical transitions such as fluorescence and non-radiative relaxation.  

Spin-orbit coupling (SOC) describes a weak magnetic interaction between the electron spin 

and the magnetic field induced by electrons orbiting around the nucleus. Strong SOC can facilitate 

the flip of electron spin and transitions between electronic states of different spin multiplicity 

become allowed. From the Jablonski diagram, to achieve phosphorescence with high quantum 

efficiency, the triplet excited state needs to be efficiently populated through ISC followed by 

radiative decay back to the singlet ground state. Both processes involve the change of electron 

spin. Therefore, enhancing SOC is one of the most critical strategies to be implemented in material 

design for strong phosphorescence. There are two key mechanisms to promote SOC in organic 

molecules: El-Sayed rule and heavy atom effect.  

 

1.2.1 El-Sayed rule 

El-Sayed rule4 indicates that the rate of ISC is relatively fast if the transition involves a 

change in the orbital type. For example, a 1(n,π*) (singlet state) is allowed to transition to a 3(π, 

π*) (triplet state), but not to a 3(n, π*) state and vice versa (Figure 1.2a,b).5,6 From the molecular 

structure perspective, ISC is expected to be remarkably fast in molecules with low-lying 1nπ* 

states, where n represents the non-bonding electrons of N or O atom. In many N-heterocyclic 

aromatic hydrocarbons and carbonyl compounds, the 1nπ* and 3ππ* states are located in the same 

energy region, i.e., small ΔEst, which is also favorable for high ISC rate (Figure 1.2c). Take 
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benzaldehyde for an instance, almost all of its 1nπ* transit to triplet state and no fluorescence can 

be observed from isolated molecule. By contrast, ISC is generally inefficient in the 1ππ* state (S1) 

of aromatic hydrocarbons with no lone pair electrons.  

 

 

Figure 1.2 | El-Sayed rule for spin-orbit coupling. a,b, Effective ISC only occurs in transitions 
from 1(n,π*) to 3(π,π*) and 1(π,π*) to 3(n,π*), in which the molecular transition orbitals px and py 
effectively overlap under SOC. By contrast, the ISC from 1(π,π*) to 3(π,π*) or from 1(n,π*) to 
3(n,π*) is not favored because the SOC is inefficient, with poor orbital overlap. c, Coupling scheme 
for ISC in the nπ* singlet state. Adapted from reference 5 and 6.  
 

1.2.2 Heavy atom effect 

SOC arises from the special theory of relativity. Electrons orbiting around a heavy nucleus 

can generate strong magnetic fields because the 1s electrons in elements of high atomic numbers 

can orbit nearly as fast as the speed of light. Simply put, heavy atoms can lead to SOC 

enhancement. Traditionally, heavy metals such as Iridium (Ir) and Platinum (Pt) in organometallic 

complexes are highly effective in enhancing SOC and promoting ISC, with phosphorescence 
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the fluorescence lifetime is short and the fluorescence quantum
yield is small in the S1

1ππ* state. ISC rates are discussed on the
basis of the results of Zeeman splitting measurements.

2. INTERSYSTEM CROSSING (ISC)

The excited S1 molecule relaxes through radiative and non-
radiative processes. The important radiationless transitions are IC
to the S0 state by nonadiabatic vibronic interaction and ISC to the
triplet state by spin-orbit interaction. In this section, we summar-
ize the theoretical backgrounds for ISC and singlet-triplet mixing.
i. El-Sayed’s Rule on SOC. The spin-dependent term of the

Hamiltonian is derived by the first-order relativistic treatment
and is approximated by the sum over electron i as47,48
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Here V is the potential due to nuclei and electrons, and σx(i),
σy(i), and σz(i) are Cartesian components of an electron spin.
The spin-orbit Hamiltonian is given by
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li and si are the orbital and spin angular momenta of the ith electron,
respectively. ζi is the spin-orbit coupling constant. Nonvanishing
matrix elements arise from li

þsi
- þ li

-si
þ, so that SOC is allowed

between the states of different orbital symmetry and spin multi-
plicity. Group-theoretical arguments are helpful to understand the
coupling scheme. The spin-orbit Hamiltonian belongs to the same
irreducible representation as that of Rk(k=x,y,z), which is expressed
by Γk. The direct product of irreducible representations of the
singlet and triplet states, ΓS and ΓT must be identical to one of Γk.
The Γk is nontotally symmetric for a planar molecule with a 2-fold
symmetry axis. Consequently, the singlet and triplet states of
identical symmetry cannot be coupled by the spin-orbit interac-
tion. Although SOC between the 1ππ* and 3ππ* states of different
symmetry are allowed, the value of the matrix element is considered
to be very small because the one-center integral is vanishing.47 The
nonvanishing matrix element is generally given by24
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ΓS and ΓT represent the singlet and triplet electronic states, and v
and v0 are the vibrational quantum numbers, respectively. N is the
quamtum number of the total angular momentum excluding an
electronic spin. The selection rules are, therefore,N0 = J, J( 1, and
K0 = K, K( 1 for the singlet-triplet mixing. Although the strength
of the SOC is very low, the mixing becomes strong if the two
coupling levels are close in energy.
Here we treat planar aromatic hydrocarbons and their deriva-

tives. The molecular orbitals are divided into σ and π orbitals,
which are symmetric and antisymmetric, respectively, with
respect to the molecular plane. The π electron can be excited
by ultraviolet light, and the S1 state is the

1ππ* state because the σ
bond energy is much greater. Singlet and triplet spin states exist
for an electronic configuration, and the excitation energy of the
triplet state is lower due to exchange interaction. ISC in the S1
state is always possible because the triplet levels exist at the same
energy as a single rovibronic level of the S1 state. However, SOC
between the singlet and triplet states of identical electronic
configuration is forbidden. It is presumed that ISC is minor in
the S1

1ππ* state of planar aromatic hydrocarbons.
The N and O atoms possess n electrons. The energy of the n

orbital is approximately identical to that of the 2p atomic orbital.
The excitation energy of the nπ* state, in which one electron is
excited from n to antibonding π* orbitals, is lower than that of the
ππ* state. The S1 state, therefore, is the

1nπ* state, which cannot
couple with the 3nπ*. The SOC between the 1nπ* and 3ππ* is
allowed and strong, because the n orbitals of N-heterocyclic
aromatic hydrocarbons and carbonyl compounds are along the
molecular plane and overlap with the π* orbital by 90! rotation
around the N or O nucleus, and the matrix element is expected to
be considerably large. The SOC scheme between the singlet and
triplet states is illustrated in Figure 1, which depicts El-Sayed’s rule.
ii. S1

1nπ* State.The 1nπ* state does not couple with the 3nπ*
state, and ISC is also expected to be slow. InmanyN-heterocyclic
aromatic hydrocarbons and carbonyl compounds, however, the
energy of n orbitals is significantly lowered by mixing with σ
orbitals. As a result, the excitation energy of the nπ* state

Figure 1. El-Sayed’s rule for spin-orbit coupling.

Figure 2. Coupling scheme for ISC in the S1
1nπ* state. SOC and VRC

represent spin-orbit coupling and vibronic coupling, respectively.

Heavy-atom effect. Another versatile molecular-design 
strategy for strengthening the SOC is based on the use 
of heavy atoms. The SOC is proportional to Z4, where 
Z is the atomic nuclear charge. Therefore, heavy atoms 
(non-metals) such as chlorine55, bromine56, iodine57, 
sulfur38–41, selenium58 and tellurium59 can easily intro-
duce a large SOC and a fast phosphorescent radiative 
decay rate, kP (up to 1010 s−1). There are three major ways 
of introducing heavy atoms into a molecule (FIGS 2b,3b): 
internally through covalent bonding60,61 (HA1, REF.60), 
externally through ionic bonding or through space 
interaction62 (HA2, REF.62) or through halogen bonding63 
between heavy atoms and phosphor centres (polycyclic 
aromatics64,65 in HA3 (REF.66) and carbonyl group67,68 in 

HA4 (REF.67)). The heavy-atom effect can yield intense 
RTP when the heavy atoms and phosphor centres are 
closely packed. For example, HA2 possesses a high ΦP 
of 36.5% and the calculated SOC constant is as high as 
450.39 cm−1 (REF.62).

Hyperfine coupling. In addition to SOC, hyperfine cou-
pling (HFC) was proposed as a supplementary channel 
for ISC in radical-pair (RP) excitons. Theoretically, the 
small or zero energy gap in these excitons facilitates  
the spin exchange between 1RP and 3RP excitons.  
Then, the internal nuclear spin magnetic fields can 
enable the conversion between the two uncoupled elec-
tron spins, leading to an HFC-aided ISC (REF.69) (FIG. 2c).  

Box 1 | Photophysical factors and the El-Sayed rule in organic phosphorescence

a  Jablonski diagram

b  El-Sayed rule
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The simplified Jablonski diagram shown in panel a of the figure 
describes the key photophysical processes in organic molecules: 
phosphorescence occurs following the generation and radiative 
decay of triplet excitons. Upon photoexcitation, a molecule in the 
ground state (S0) is excited to a singlet state (Sn, n ≥ 1). Subsequently, 
the singlet exciton transfers to the lowest singlet state (S1) via fast 
internal conversion (IC) based on the Kasha rule. Then, the singlet 
exciton undergoes deactivation via one of three competitive 
processes: radiative decay to S0 with the generation of fluorescent 
radiation; non-radiative decay through IC to S0; or spin-flipping to a 
triplet state (Tn, n ≥ 1) through intersystem crossing (ISC). If the energy 
gap between S1 and Tn is small enough, the accumulated triplet 
excitons at Tn can transfer back to S1 via a reversed ISC process (RISC) 
with the aid of thermal activation. Otherwise, the higher triplet 
excitons decay to the lowest triplet state (T1) through fast IC. Finally, 
the T1 excitons deactivate to S0 via a phosphorescent transition, 
non-radiative decay channels or diffusional-quenching processes 
caused by the interactions with oxygen and other substances.

Accordingly, the phosphorescence efficiency (ΦP) and lifetime (τP) 
can be expressed as:

τ τΦ = Φ = Φ − +k k k[1 ( )] (B1)P ISC P P ISC nr q P

Φ =
+ +
k

k k k
(B2)ISC

ISC

F IC ISC

τ =
+ +k k k

1
(B3)P

P nr q

where ΦISC is the quantum yield of ISC, and k represents the transition 
rate related to each process: kF is the fluorescent decay rate, kIC the IC 
rate from S1 to S0, kISC the ISC rate from S1 to Tn, kP the phosphorescent 
decay rate, knr the triplet non-radiative decay rate and kq the overall 
quenching rate of T1 after integrating the concentration of quenchers.

ISC is the critical process for generating triplet excitons, but it is nor-
mally inefficient in organic luminophores. Spin–orbit coupling (SOC)  
is the dominant mechanism for inducing this spin-flip transition. For 
pure organic molecules, according to the El-Sayed rule (depicted in 
panel b of the figure), effective SOC only occurs in transitions from 
1(n,π*) to 3(π,π*) and 1(π,π*) to 3(n,π*), in which the molecular transition 
orbitals px and py effectively overlap under SOC. By contrast, the ISC 
from 1(π,π*) to 3(π,π*) or from 1(n,π*) to 3(n,π*) is not favoured because 
the SOC is inefficient, with poor orbital overlap. Similarly, T1 with a 
3(n,π*) configuration can easily go to S0 with a high kP , owing to the 
spin-flip-allowed transition from 1(n,π*) to 1n2, whereas T1 with a 3(π,π*) 
configuration exhibits an extremely slow decay rate owing to the 
spin-flip-forbidden transition from 3(π,π*) to 1π2.
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the fluorescence lifetime is short and the fluorescence quantum
yield is small in the S1

1ππ* state. ISC rates are discussed on the
basis of the results of Zeeman splitting measurements.

2. INTERSYSTEM CROSSING (ISC)

The excited S1 molecule relaxes through radiative and non-
radiative processes. The important radiationless transitions are IC
to the S0 state by nonadiabatic vibronic interaction and ISC to the
triplet state by spin-orbit interaction. In this section, we summar-
ize the theoretical backgrounds for ISC and singlet-triplet mixing.
i. El-Sayed’s Rule on SOC. The spin-dependent term of the

Hamiltonian is derived by the first-order relativistic treatment
and is approximated by the sum over electron i as47,48

Hspin ¼ iep2
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Here V is the potential due to nuclei and electrons, and σx(i),
σy(i), and σz(i) are Cartesian components of an electron spin.
The spin-orbit Hamiltonian is given by

HSO ¼ ∑
i
ζili 3 si ¼ ∑

i
ζiðlxisxi þ lyisyi þ lzisziÞ

¼ ∑
i
ζi lziszi þ

1
2
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-
i þ l-i s

þ
i Þ

# $
ð2Þ

li and si are the orbital and spin angular momenta of the ith electron,
respectively. ζi is the spin-orbit coupling constant. Nonvanishing
matrix elements arise from li

þsi
- þ li

-si
þ, so that SOC is allowed

between the states of different orbital symmetry and spin multi-
plicity. Group-theoretical arguments are helpful to understand the
coupling scheme. The spin-orbit Hamiltonian belongs to the same
irreducible representation as that of Rk(k=x,y,z), which is expressed
by Γk. The direct product of irreducible representations of the
singlet and triplet states, ΓS and ΓT must be identical to one of Γk.
The Γk is nontotally symmetric for a planar molecule with a 2-fold
symmetry axis. Consequently, the singlet and triplet states of
identical symmetry cannot be coupled by the spin-orbit interac-
tion. Although SOC between the 1ππ* and 3ππ* states of different
symmetry are allowed, the value of the matrix element is considered
to be very small because the one-center integral is vanishing.47 The
nonvanishing matrix element is generally given by24

ΓSS ¼ 0vJKMjHSOjΓTS ¼ 1v0J0N 0K0M0h i

¼ δJJ0δMM0ð- 1ÞJ þ K 0
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ΓS and ΓT represent the singlet and triplet electronic states, and v
and v0 are the vibrational quantum numbers, respectively. N is the
quamtum number of the total angular momentum excluding an
electronic spin. The selection rules are, therefore,N0 = J, J( 1, and
K0 = K, K( 1 for the singlet-triplet mixing. Although the strength
of the SOC is very low, the mixing becomes strong if the two
coupling levels are close in energy.
Here we treat planar aromatic hydrocarbons and their deriva-

tives. The molecular orbitals are divided into σ and π orbitals,
which are symmetric and antisymmetric, respectively, with
respect to the molecular plane. The π electron can be excited
by ultraviolet light, and the S1 state is the

1ππ* state because the σ
bond energy is much greater. Singlet and triplet spin states exist
for an electronic configuration, and the excitation energy of the
triplet state is lower due to exchange interaction. ISC in the S1
state is always possible because the triplet levels exist at the same
energy as a single rovibronic level of the S1 state. However, SOC
between the singlet and triplet states of identical electronic
configuration is forbidden. It is presumed that ISC is minor in
the S1

1ππ* state of planar aromatic hydrocarbons.
The N and O atoms possess n electrons. The energy of the n

orbital is approximately identical to that of the 2p atomic orbital.
The excitation energy of the nπ* state, in which one electron is
excited from n to antibonding π* orbitals, is lower than that of the
ππ* state. The S1 state, therefore, is the

1nπ* state, which cannot
couple with the 3nπ*. The SOC between the 1nπ* and 3ππ* is
allowed and strong, because the n orbitals of N-heterocyclic
aromatic hydrocarbons and carbonyl compounds are along the
molecular plane and overlap with the π* orbital by 90! rotation
around the N or O nucleus, and the matrix element is expected to
be considerably large. The SOC scheme between the singlet and
triplet states is illustrated in Figure 1, which depicts El-Sayed’s rule.
ii. S1

1nπ* State.The 1nπ* state does not couple with the 3nπ*
state, and ISC is also expected to be slow. InmanyN-heterocyclic
aromatic hydrocarbons and carbonyl compounds, however, the
energy of n orbitals is significantly lowered by mixing with σ
orbitals. As a result, the excitation energy of the nπ* state

Figure 1. El-Sayed’s rule for spin-orbit coupling.

Figure 2. Coupling scheme for ISC in the S1
1nπ* state. SOC and VRC

represent spin-orbit coupling and vibronic coupling, respectively.

a b

c
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lifetimes in the lower end of microsecond regime.3,7-9 Halogens such as bromine (Br) and iodine 

(I), and chalcogens such as selenium (Se) are well-known heavy atoms in bright organic 

phosphorescent molecules with lifetimes in the millisecond regime.10-16 Heavy atom effect can be 

internal or external depending on whether the heavy atom is a part of the emitting center of the 

luminescent molecule. 

 

1.3 Non-Radiative Deactivation by Molecular Motions 

As discussed in section 1.1, organic phosphorescence is associated with “forbidden” 

processes in quantum mechanics and is a slow luminescence with relatively long lifetime in the 

range of 10-3 to 102 s. Due to such slow, kinetically unfavored radiative transitions, other non-

radiative deactivations may dominate the main relaxation processes of triplet excitons, leading to 

low phosphorescence quantum yield at room temperature. 

The two major non-radiative relaxation pathways must be taken into account during 

molecular design is intramolecular vibration and intermolecular collisional quenching.17,18 Both of 

them are significantly influenced by the rigidity of the components in the organic phosphorescent 

material system. Hirata et al. systematically studied the relationship between molecular structure 

of organic phosphor and intramolecular vibrational decay of triplet exciton (Figure 1.3).17 Heavier 

substituents around the aromatic core (deuteration) reduces the vibration frequency fv, resulting in 

more efficient persistent room-temperature phosphorescence (RTP). 

 Kwon et al. investigated in great detail the correlation between the nonradiative relaxation 

pathways and the rigidity of the organic phosphor as well as its proximate environment.18 They 

reported a general design principle that involves covalently crosslinking between metal-free 

organic phosphors and polymer matrices to effectively suppress molecular motions and achieve 
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highly efficient RTP (Figure 1.4). The phosphorescence efficiency (Φp) of such system was 2~5 

folds higher than that of phosphor-doped polymer films without covalent linkages.  

 

 

Figure 1.3 | Molecular design of an organic molecule for efficient persistent room-
temperature phosphorescence. Keys 1 to 4 are the design elements lead to efficient persistent 
room-temperature phosphorescence. fs stands for spin configuration change and is unity for the 
transition between states with the same multiplicity. fv is the vibration frequency. Adapter from 
reference 17. 
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than 10  − 1  s  − 1  below RT as shown in Figure 
 4 b, which is always smaller than  k nr  ( T ) +  k q  ( T ) 
below RT shown in Figures  8 a–d. From the 
result of  k nr  ( T ) at low temperature range in 
Figures  8 a–c, we investigated the increase 
and decrease of  f V  ,  f S  ,   ∆ E , and   ∆ G’  by intro-
duction of deuteration, different substituent 
groups, and heavy atoms, respectively. This 
investigation indicates that a structural design 
as shown in Figure  7  is required for the guest 
with persistent RTP characteristics.    

 3.2.1. Reduction of Nonradiative Deactivation 
from T 1  State by Decreasing 
Franck-Condon Factor 

 The value of   h̄ω   can be reduced by deuteration 
of the aromatic hydrocarbons without signifi -
cant change of  f S  , which leads to smaller  f S f V   
(key 1, Figure  7 ). [  28  ]  .  [  45  ]  Figure  8 a shows that 
 k nr  ( T ) for the aromatic hydrocarbons con-
taining secondary amine substituents can 
be decreased by deuteration over the whole 
temperature range. Similar slopes of  k nr  ( T ) 
vs 1/ T  below RT in Figure  8 a indicate that 
  ∆ G’  is almost the same in these compounds. 
Therefore, the decrease of  k nr  ( T ) is ascribed to 
a decrease of  f S f V   based on  Equation 3 . Since 
 f S   does not decrease by deuteration because 
the spin orbital coupling constant of D is not 
lower than that of H, the result of Figure  8 a 
indicates that deuteration decreases  f V  . Fur-
thermore, the phosphorescence spectra of 
the guest compounds shown in Figure  8 a did 
not change after deuteration, which indicates 
that the values of   ∆ E  are the same for non-
deuterated and deuterated guest compounds. 
Therefore,   ω   of deuterated aromatic carbons 
is smaller than that of non-deuterated ones 
based on  Equation 4 , which is a critical factor 
to determine a decrease of  k nr  ( T ) in Figure  8 a. 

Although it was expected that fl uorination around the aro-
matic core would reduce   h̄ω   because vibrational energy of C-F 
stretching mode is smaller than that of C-D stretching mode, it 
also signifi cantly increases  f S   by heavy atom effect. Therefore, 
 f S f V   of the fl uorinated aromatic carbons is larger than that of 
non-fl uorinated aromatic hydrocarbons, which results in the 
larger  k nr  ( T ) of the former (Supporting Information, Section 5).   

 3.2.2. Reduction of Nonradiative Deactivation from T 1  State Due 
to Weak Spin Orbit Coupling by Selection of Proper Substituent of 
Aromatic Carbons 

 It is suggested that the  f S   values of aromatic hydrocarbons 
cannot be increased by the introduction of secondary amines 
substituents (key 2, Figure  7 ). The  k nr  ( RT ) values in secondary 
amino-substituted aromatic hydrocarbons (circles, Figure  8 b) 
are around 10  − 1 -10 0  s  − 1  at RT, and are 100 times smaller than 
those of fl uorenes containing acceptor substituents (squares, 

because   ∆ E  is limited from 1.8 eV to 3.2 eV with RGB phospho-
rescence; however,  f S   and   h̄ω   can be controlled by changing the 
molecular structure of the guest compound. The decrease of  f S   
and   h̄ω   is important because it leads to decrease  k nr  ( T ) based on 
 Equations 3  and  4 . 

   Figure 7   summarizes a design of the guest to decrease both 
 f S   and   h̄ω   for effi cient persistent RTP; it is concluded that keys 
1-3 in Figure  7  are necessary for smaller  k nr  ( RT ) and key 4 is 
also important to obtain higher   Φ  ISC  ( RT ) for effi cient persistent 
RTP in air.  Figures    8  a–d and the following three paragraphs 
describe the rate constant of the nonradiative deactivation 
pathway ( k nr  ( T ) +  k q  ( T )) for each guest molecule, which shows 
adequacy of the guest design shown in Figure  7 . [  46  ]  In Figure 
 8 a–d, each guest molecule with phosphorescence energy lower 
than 2.6 eV is doped into   β  -estradiol host. The value of  k nr  ( T ) 
in Figures  8 a–d is the dominant component of the sum of 
 k nr  ( T ) and  k q  ( T ) below RT, because the value of  k q  ( T ) in host-
guest fi lm composed of the guest and   β  -estradiol host is less 

     Figure  7 .     Molecular design of a guest compound for effi cient persistent RTP. Effi cient per-
sistent RTP can be obtained by controlling molecular key elements (keys 1 to 4).  

Adv. Funct. Mater. 2013, 23, 3386–3397



 7 

 

Figure 1.4 | Chemical structures of designed phosphor and polymer and description of 
covalent cross-linking strategy. a, Chemical structures of the designed phosphor and polymer 
with functional groups for Diels-Alder click chemistry. b, A general Jablonski diagram showing 
the influence of molecular motion restriction by covalent-crosslinking strategy. Adapted from 
reference 18. 

 

It also should be noted that temperature significantly affects both intra- and intermolecular 

vibration. At high temperatures, such vibrations are more prominent. This is why conventionally 

metal-free organic molecules that strongly phosphoresce at low temperature such as 77K have no 

detectable phosphorescence at room temperature.  

Metal-free room-temperature phosphorescent (RTP)
materials are attractive alternatives to organometallic
phosphors because of their low cost, earth-abundant

constituent atoms and versatility of molecular design1. In
particular, these materials have great potential for high-contrast
bioimaging2, high-sensitivity optical sensing3–7, singlet fission
materials8, unconventional reverse saturable absorption
materials9 and advanced security imaging10. However,
developing highly efficient metal-free RTP materials is very
challenging, as, without heavy-metal atoms, both the rate of
intersystem crossing (ISC) from the lowest excited singlet state
(S1) to the triplet manifold (Tn) and the rate of radiative
deactivation from T1 to the ground state (S0) are typically slow,
and therefore cannot compete with fluorescence, internal
conversion (IC) and/or radiationless relaxation processes from
T1 to S0 via ISC or quenching by the host matrix and/or oxygen,
at ambient conditions (Fig. 1b).

ISC from S1 to Tn can be greatly promoted in special organic
moieties through efficient spin–orbit coupling (SOC) by the
effective mixing of the singlet and triplet states of different
molecular orbital (MO) configurations (El-Sayed rule; for
example, aromatic carbonyls and nitrogen heterocycles11–13)
and by heavy halogens14, and/or through small singlet–triplet
splitting energy (DEST)15. However, in such compounds, the rate
constant for phosphorescence is still small (kPB102 s! 1),
whereas in organometallic complexes, on the other hand, rate
constants are as high as kPB105 s! 1. Therefore, radiationless
relaxation processes from T1 to S0 must be sufficiently suppressed
to achieve bright RTP in metal-free organic phosphors.

A common method to enhance RTP in metal-free phosphors is
to make them a crystal10,14–19 or to embed them into a carefully
chosen matrix such as poly(vinyl alcohol)5,20,21, poly(methyl

methacrylate) (PMMA)4,22–24, steroid analogue6,9,25, micelles2,
the cavity of cyclodextrin26 or inorganic crystals27,28. Deuterium
substitution has been another route developed to enhance RTP in
metal-free phosphors, although it requires the rather synthetically
difficult deuterium substitution process6,9,25. These studies have
indicated that oxygen permeability, triplet energy and rigidity of
the matrix, and deuterium substitution of the phosphor are all
important contributors to the radiationless transitions. In
particular, rigidity of the matrix is a very important parameter,
which is also supported by the fact that polymer relaxation
behaviour (for example, a-, b- and g-relaxations) largely
influences the phosphorescent emission properties of metal-free
organic phosphors4,22. Although the influences of oxygen, the
triplet energy of the host matrix and deuterium substitution of
phosphors on the radiationless transitions have been well
investigated2,22,23,25, the correlation between the radiationless
relaxation pathways (for example, ISC from T1 to S0 and Dexter-
type triplet energy transfer (ET) processes) and the rigidity of the
environment is not fully understood, limiting the development of
a general design principle to realize efficient RTP in a variety of
polymer matrices. Moreover, the use of crystals and specific
matrices can significantly reduce the practical utility due to
difficult processing, undesired properties of matrices and
mechanical fragility of those composites. Therefore, finding a
new versatile method that enables the restriction of the
radiationless relaxation pathways in a variety of amorphous
polymer matrices, and that allows for a systematic study of their
dependence on the rigidity of the environment, is highly desired,
yet no such system has been reported.

Here we present a general design principle and a method to
effectively reduce radiationless relaxation pathways and hence to
achieve highly efficient RTP of metal-free organic materials in a
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Figure 1 | Chemical structures of designed phosphor and polymer and description of covalent cross-links strategy. (a) Chemical structures of the newly
designed DA1 and PFMA are shown. Diels–Alder click reaction in DA1-doped PFMA blend film forms covalent bonds between DA1 and PFMA, resulting in
greatly enhanced phosphorescence efficiency (FP) compared with Br6A-doped PFMA blend film having no covalent linkages. (b) A general Jablonski
diagram of organic emitters is presented. General rules for efficient RTP emitters are shown in the grey box. The influence of cross-linking via the Diels–Alder
reaction is described in the blue box. The restriction of motions of phosphors and matrices by cross-linking effectively reduces the collision frequency and
hence the Dexter-type triplet ET processes (kq) and the vibronic mixing that directs the reduction of the rate of the ISC process from T1 to S0 (kTS).
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1.4 Phosphorescence Quenching by Oxygen 

Organic phosphorescence signal from the long-lived triplet exciton is highly susceptible to 

quenching by molecular oxygen through triplet energy transfer (Figure 1.5).19-24 The ground state 

of most molecules are singlet because two electrons in the same highest occupied molecular orbital 

(HOMO) are antisymmetric due to Pauli exclusion principle. However, molecular oxygen is a rare 

exception in that it has two degenerate HOMOs (Figure 1.5a) filled with two electrons with the 

same spin according to Hund’s rule. Therefore, the ground state of molecular oxygen is triplet. 

 

 

Figure 1.5 | Possible mechanism of phosphorescence quenching by molecular oxygen. a, 
ground state electron configuration and spin multiplicity of molecular oxygen. b, oxygen 
quenching of organic phosphorescence of Br6A via triplet energy transfer. Adapted from reference 
23.  

www.advancedsciencenews.com
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To verify the suggested triplet oxygen consumption-based 
phosphorescence enhancement mechanism, we prepared 
methanol solutions of Br6A and BrPFL-TFK at various concen-
trations and studied singlet oxygen generation upon 365 and 
345  nm UV irradiation, respectively. As shown in Figure S13 
(Supporting Information) the singlet oxygen emission spectra 
at 1270 nm were observed. To further investigated the phospho-
rescence enhancement mechanism by preparing a camphorqui-
none-doped Br6A/a-PMMA film. Camphorquinone is known to 
generate triplet excitons upon photoexcitation at around 460 nm 
where Br6A is barely excited.[24] As demonstrated in Video S2 
(Supporting Information) and Figure 3, strong phosphorescence 
was observed from the camphorquinone-doped Br6A/a-PMMA 
film after 1 min of 455 nm LED irradiation due to the conver-
sion of triplet oxygen to singlet oxygen by the triplet excitons 
of camphorquinone, which is commonly used for photopolym-
erization of dental resins. Further phosphorescence enhance-
ment was negligible when 365  nm lamp was turned on. On 
the contrary, without camphorquinone, phosphorescence from 
Br6A/a-PMMA film was not brightened by 455 nm irradiation 

but sharp emission enhancement was clearly observed by 
365  nm irradiation. These results strongly support that the 
observed phosphorescence enhancement originates from the 
triplet oxygen conversion to singlet oxygen by photoexcited POP.

Based on these results, a phosphorescence emission 
enhancement mechanism through triplet oxygen consump-
tion is proposed as follows (Figure 2b). Upon excitation, Br6A 
is excited from its ground state to the singlet excited state, 
and quickly undergoes ISC to the triplet state. Then the triplet 
energy is transferred to surrounding oxygen molecules in the 
ground state (i.e., 3∑g

−).[25] This process might be efficient due 
to the sufficiently long triplet exciton lifetime of Br6A (0.21 ms). 
As a result, highly reactive singlet oxygen is generated[26] and, 
subsequently, consumed through reactions with chemical spe-
cies around the polymer matrices (e.g., oxidation of PMMA).[27] 
However, considering the reversible feature of the observed 
photoswitching, oxidation of PMMA is reasonably ruled out 
as the origin of the photoresponsive phenomenon. Moreover, 
PMMA does not absorb 365 nm. Therefore, the energy transfer 
of transient PMMA radical species cannot be the origin of the 

Figure 2. a) The emission spectra of 1 wt% Br6A doped a-PMMA films under unsealed and sealed conditions. b) The energy diagram of a possible 
enhancement mechanism. c) The relative phosphorescence intensity of 1 wt% Br6A doped a-PMMA films with different thicknesses compared to the 
initial value upon UV irradiation. As one can see, the enhancement in Figure 2c is not as significant as Figure 1c because the light source used for 
Figure 2c is a xenoflash lamp integrated in a fluorescence/phosphorescence spectrophotometer, whose power intensity is much lower than that of the 
UV lamp for the experiment shown in Figure 1c.

Adv. Optical Mater. 2020, 2000654
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1.5 Recent Advances in Room-Temperature Organic Phosphorescence Materials 

1.5.1 Crystal engineering 

In the crystalline state, the molecular motions are restricted by the crystal lattices and 

intermolecular interactions such as hydrogen bonding and halogen bonding. Thereby, the organic 

luminogens are firmly locked and their conformations are rigidified. Crystallization can also 

protect triplet states from oxygen quenching and collisional quenching. Yuan et al.12 first reported 

efficient crystallization-induced phosphorescence (CIP) from benzophenone and its derivatives 

under ambient conditions. It is important to note that these luminogens are non-phosphorescent 

when they are in good solvents, adsorbed on TLC plates, or doped into polymer films. Bolton et 

al.10 also designed a bright green phosphor Br6A (Φph ~3%) containing triplet-promoting aromatic 

aldehyde, heavy atom bromine, and crystalline state halogen bonding (Figure 1.6). One drawback 

of the dense crystal packing is aggregation-caused quenching. However, this was overcome by 

dilution via co-crystallization. When Br6A was doped into the crystal of Br6, the quantum yield 

was increased to 55%.  

 

Figure 1.6 | Crystallization-induced efficient room-temperature phosphorescence. a, In 
solution (disordered state), halogenated aromatic aldehydes produce fluorescence emission. b, In 
the crystalline form, halogen bonding promotes triplet formation, and vibrational motions are 
limited by tight packing, allowing triplets to decay radiatively. Adapted from reference 10. 

but does not interfere optically to contribute to self-quenching.
When substituted into the host crystal matrix the chromophore is
diluted, emitting much more efficient phosphorescence. The host
provides a halogen-bonding, but non-quenching, scaffold for the
chromophore. This design will be demonstrated empirically here.

Results
2,5-Dihexyloxy-4-bromobenzaldehyde (Br6A, 1; Fig. 2a) is a simple
and easily synthesized small molecule. The UV absorption spectrum
of Br6A has its S0 ! S2 band (Fig. 2c; commonly the lowest energy
absorption for aromatic carbonyls, p 2 p*) at 360 nm. When in
solution in chloroform and excited at 360 nm, this chromophore
is weakly fluorescent, emitting at 420 nm with a quantum yield of
0.5% and lifetime of 0.5 ns. However, when again excited at
360 nm but in its crystal form, Br6A emits distinct green phosphor-
escence at 500 nm, with a phosphorescent quantum yield of 2.9%
and lifetime of 5.4 ms (see Fig. 2b for a photograph, Fig. 2c for
the spectrum, and Fig. 2d for the emission dynamics).

Single-crystal X-ray diffraction (XRD) was used to reveal the
halogen bond that appears to be responsible for the green phosphor-
escence of Br6A crystals. Figure 2e shows the packing motif of Br6A,
highlighting the extremely close contact between the carbonyl
oxygen and the bromine of the neighbouring molecule. The
C¼O...Br angle of 1268 falls within the range of reported halogen
bonds and is very close to the ideal of 1208 (ref. 20). Measuring
2.86 Å, this is among the shortest bromine–oxygen halogen bonds

ever reported21, and clearly indicates a definite electronic interaction
between the two atoms. So short is this distance that it is very
reasonable to assume that such contact is rare in non-condensed
states (that is, solutions). This, we hypothesize, is why phosphor-
escence is strong from Br6A crystals, but not detected from Br6A
in solution (see Supplementary Movie for a demonstration of this;
as crystals grow from the molten liquid phase the phosphorescence
is activated in real time).

The ratio of phosphorescence to fluorescence is correlated to the
quality of the crystal. As Fig. 3 shows, crystals grown from quick
dropcasting predominantly exhibit fluorescence. As crystals are
grown more slowly, and are thus of greater quality and higher
order, phosphorescence increases to dominate fluorescence.

We suggest that the unusually short O...Br interaction leads to a
combination of effects that promote triplet emission. It may deloca-
lize the excited-state electrons from the carbonyl oxygen to the outer
orbitals of the heavy atom bromine, bringing those electrons closer
to the bromine nucleus, promoting spin–orbit coupling and there-
fore singlet-to-triplet and possibly triplet-to-singlet (T1 ! S0) inter-
system crossing. This short bond may also prevent any vibrational
freedom of the carbonyl by packing it tightly, preventing loss of
the triplet to heat. Although the degree to which these individual
effects contribute to the overall phenomenon is still unclear, the
optical and crystallographic observations made here, in combi-
nation with the established understanding of the photophysics of
aromatic carbonyl compounds and heavy atom effects, provide
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Figure 1 | Directed heavy atom organic phosphorescence and its design principle. a, Halogenated aromatic aldehydes produce fluorescent emission in
solution and disordered states. Triplets are generated, but not efficiently enough to prevent fluorescent singlet decay. Triplets are lost to vibration and no
phosphorescence is emitted. b, In crystal form, halogen bonding between these chromophores delocalizes the electrons of the carboxyl oxygen partially
towards the neighbouring halogen. Triplet generation is promoted, essentially quenching fluorescence. Vibrational freedom of the aldehyde is limited by tight
packing, allowing triplets to decay emissively. Phosphorescent emission is achieved. c, The chromophore, a brominated aromatic aldehyde. In its highly
ordered crystal, the directed heavy atom suppresses fluorescence and generates phosphorescence. Excimer formation is rampant, however, and self-
quenching limits quantum yield. d, The host, a dibrominated analogue to the chromophore. The chromophore is diluted by substitution into the host crystal.
The directed heavy atom effect again activates phosphorescence, but here the chromophores are isolated, preventing excimer-induced self-quenching.
Quantum yield becomes much higher.
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Lately, significant progress has been made in achieving persistent or ultralong RTP with 

lifetimes up to 102 seconds. An et al.25 presented a general design strategy used to prolong the 

emission lifetime of a wide range of luminescent organic molecules up to 1.35 s. Triplet states 

were effectively stabilized through strong intermolecular electron coupling in H-aggregated 

molecules. They further integrated this approach with polymeric nanoparticle formulation and 

developed water-soluble organic nanoparticles for in vivo afterglow imaging (Figure 1.7).26 

However, quantum yields of these systems were low (Φph < 10%) due to weak SOC and 

aggregation-caused quenching. Fateminia et al.27 developed a new design strategy to realize bright 

red persistent RTP (Φph ~11%) in nanocrystals. H-aggregation enhancement moiety was 

incorporated to facilitate persistent RTP. The nanocrystals were directly applied for the imaging 

of breast cancer cells, showing efficient cellular uptake and bright phosphorescence emission.  

 

 

Figure 1.7 | H-aggregation in nanocrystals prolongs phosphorescence emission lifetime. a, 
Chemical structures of organic phosphors. b, Proposed mechanism for ultralong phosphorescence 
based on H-aggregates formation. c, Top-down and bottom-up routes for organic phosphor-
encapsulated nanoparticles formulation. Adapted from reference 25. 

 

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1606665 (2 of 7)
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addition to those critical conditions that are less possible to be 
obeyed in biological systems, the non-water-soluble nature of 
these organic molecules further makes them incompetent for 
molecular imaging.

We herein report a top-down approach to synthesis water-
soluble organic semiconducting nanoparticles (OSNs) with 
ultralong phosphorescence for in vivo afterglow imaging. 
The approach takes advantage of strong molecular packing 
of organic phosphorescent semiconducting dyes to generate 
aggregates within nanoparticles. Our previous report has 
revealed that H-aggregates can effectively stabilize the triplet 
excited states and lead to the formation of ultralong lived exci-
tons for phosphorescence at room temperature (Figure 1).[14] 
Maximizing the formation of H-aggregates within nanopar-
ticles is thus the key factor to generate prolonged phospho-
rescence. A top-down approach is used to synthesize the 
nanoparticles (OSNs-T) directly from the solid crystals of the 
organic phosphorescent semiconducting dyes, while a bottom-
up approach (nanoprecipitation) is used to synthesize the 
nanoparticle with less aggregation (OSNs-B) from the homo-
geneously dissolved tetrahydrofuran (THF) solution of those 
dyes (Figure 1). To demonstrate the universal applicability of 
the proposed top-down approach in prolonging the lifetime of 
phosphorescence, a series of phosphorescent dyes including 
DPhCzT (OS1),CzPhF (OS2), and DClCzT (OS3) were synthe-
sized (Figures S1 and S2, Supporting Information) and trans-
formed to water-soluble nanoparticles and tested for afterglow 
optical properties.

To endow the OSNs with good aqueous solubility, an amphi-
philic triblock copolymer, PEG-b-PPG-b-PEG, was used to sta-
bilize nanoparticles in water during the sonication for both 
bottom-up and top-down approaches. Each pair of OSNs-T and 

OSNs-B are thus composed of the same phosphorescence dye. 
Despite having the same spherical morphology (Figures 1d,e), 
OSNs-T have a larger hydrodynamic diameter of ≈70–80 nm as 
compared to that of OSNs-B (≈20 nm) (Figure 1f) due to the 
difference in synthetic approach. However, as a result of the 
same PEG coating, the zeta potentials of OSNs-T and OSNs-B 
are quite similar, which are −7.36 ± 1.06 (OSN1-T), −8.24 ± 
0.45 (OSN2-T), −7.56 ± 1.24 (OSN3-T), −4.84 ± 0.49 (OSN1-B),  
−4.65 ± 0.87 (OSN2-B), and −5.23 ± 0.55 (OSN3-B) mV. No pre-
cipitation was observed for both OSNs after storage at 4 °C for 
weeks and their sizes remained nearly the same (Figure S3, 
Supporting Information). Besides, no obvious cytotoxicity was 
detected for both nanoparticles (Figure S4, Supporting Infor-
mation). The good aqueous stability and cytocompatibility of 
OSNs indicate their potential for biological applications.

The optical properties of OSNs were studied and compared 
at pH = 7.4 in 1× phosphate buffered saline (PBS). For each 
pair of OSNs, the absorption spectrum of OSN-T is broader 
than that of OSN-B (Figure 2a), showing a strong tail extending 
to long-wavelength range. Besides, the absorption maxima 
are different from those in organic solvent (Figure S5, Sup-
porting Information). For instance, both OSN1s have the dual 
absorption peaks at 320 and 330 nm (Figure 2a), which is dif-
ferent from the single absorption peak of OS1 at 325 nm in 
organic solvent. According to our previous experimental and 
theoretical studies, the blueshifted absorption peak at 320 nm 
is assigned to the H-aggregation of OS1,[14] which can prolong 
the luminesce lifetime of OS1 in solid state. The formation of 
H-aggregates during the aggregation of OS1 can be verified by 
the newly emerged and gradually enhanced absorption peak 
at 320 nm upon addition of the poor solvent (water) into the 
methanol solution of OS1 (Figure S6, Supporting Information). 

Adv. Mater. 2017, 29, 1606665

Figure 1. Design and characterization of OSNs for afterglow imaging. a) Chemical structures of OS1, OS2, and OS3, respectively. b) Proposed mecha-
nism for the ultralong phosphorescence of OSNs based on formation of H-aggregates. c) Top-down and Bottom-up routes to synthesize OSNs-T and 
OSNs-B, respectively. Representative TEM images of d) OSN1-T and e) OSN1-B, respectively. f) DLS of OSNs in 1× PBS (pH = 7.4).
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More recently, Cheng et al.28 reported ultralong RTP from rigid organic ionic crystals 

formed by terephthalic acid and NH4+, Na+, or K+ (Figure 1.8). The emission color can be readily 

tuned from yellow green to sky blue by using these three different cations. The lifetime of 

phosphorescence was ultralong (~500 ms) due to H-aggregation. 

 

 

Figure 1.8 | H-aggregates in organic ionic crystals facilitate ultralong (persistent) room-
temperature phosphorescence. a, Schematic illustration of organic ionic crystal. b, Chemical 
structure and photographs of ammonium hydrogen terephthalate (AHT) crystal before and after 
the irradiation with a 365 nm UV lamp was removed. c, Illustration of the torsion angle between 
the carboxyl group and benzene. d, Molecular packing in dimer. Adapted from reference 28. 

 

1.5.2 Host-guest amorphous film 

Although it is theoretically feasible to minimize the non-radiative deactivation of organic 

phosphors by doping them into rigid host molecules, it is experimentally challenging to develop 

such host-guest material systems containing both highly emissive phosphorescent guests and 

effective hosts capable of restricting molecular motions as well as blocking humidity and oxygen 

simultaneously. Multiple design criteria must be met. First, the organic phosphor needs to be 

highly compatible with the host for excellent dispersion within the host matrix; second, the host 

materials must be optically and chemically inert for both photoexcitation and luminescence 

extraction; third, host molecules should have higher T1 and S1 energy levels than that of the guest 

phosphors to prevent the luminescence quenching by energy transfer from the guest to the host. 
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When used in organic light-emitting diode (OLED), there are additional requirements such as host 

being electronically active for charge injection and transport to the guest emitters via electronic 

excitation. 

 Hirata et al.17 successfully developed a purely organic amorphous host-guest system with 

efficient persistent RTP under ambient condition. The concept involved a design of a secondary 

amino-substituted deuterated aromatic hydrocarbon guest surrounded by a rigid host with short π 

conjugation (thus high T1 energy level), amorphous hydroxy steroid (Figure 1.9). Deuteration of 

the guest slows down its non-radiative decay rate while the amino group promotes ISC for 

abundant T1 population. Moreover, hydroxy steroid provides excellent oxygen barrier. As a result, 

efficient red-green-blue (RGB) persistent RTP with remarkable afterglow performance (lifetime > 

1 s; Φph > 10%) was obtained.  

 

   

Figure 1.9 | Host-guest amorphous design for efficient persistent room-temperature 
phosphorescence. Adapted from reference 17. 

 

Following this material design principle, the authors further demonstrated a three-

component co-guest system, where two types of guests were dispersed in the amorphous hydroxy 
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excitation beam still remained after the second scan. Demon-
strations of effi cient persistent RTP in pure organic host-guest 
fi lms showing other phosphorescence colors are shown in Sup-
porting Information Movies S1 to S4. In addition to long RTP 
lifetimes (a few seconds), these materials have RTP quantum 
effi ciencies of  > 10% for RGB RTP in air.     

 2. Appropriate Conditions for Effi cient 
Persistent RTP 
 Appropriate compounds for effi cient persistent RTP were 
investigated using various organic luminescent molecules 

depopulates the T 1  state. [  28  ]  However, suppres-
sion of nonradiative and quenching processes 
of the T 1  state in conventional pure organic 
amorphous materials at RT are diffi cult to 
control, and RTP has not been observed from 
pure organic amorphous materials in air. 

 Here we present a systematic strategy to 
suppress the nonradiative deactivation path-
ways for long-lifetime RT triplet excitons and 
produce organic amorphous materials with 
effi cient red-green-blue (RGB) persistent RTP 
in air. The concept involves the design of aro-
matic guests with no heavy atoms such as 
metals and halogens to minimize nonradiative 
deactivation, because the introduction of such 
atoms shortens the excited state lifetime so that 
radiative lifetimes longer than 1 s become una-
vailable. In addition, different from the crystal-
line textures reported in previous studies, [  12  ,  13  ]  
we propose the new idea of a guest-host 
system in which the aromatic guests are sur-
rounded by a rigid amorphous host with short 
  π   conjugation. Such a host-guest amorphous 
fi lm would successfully realize compatibility 
of a signifi cantly long excited state lifetime and 
rather high photoluminescence (PL) effi ciency 
from a variety of aromatic carbons. 

 Amorphous organic materials composed 
of a secondary amino-substituted deuterated 
carbon as the guest and a hydroxyl steroidal 
compound as the host matrix (  Figure 1  (i)) 
were prepared. The use of an amorphous 
rigid steroidal compound as a host signifi -
cantly minimizes the quenching of long-
lifetime RT triplet excitons of the guest by 
interaction with the host matrix and oxygen 
( k q  ( RT )) (Figure  1 (ii)). Appropriate structural 
design of the guest reduces the nonradiative 
decay rate constant of the guest at RT ( k nr  ( RT )) 
(Figure  1 (iii)). This combination of guest and 
host leads to signifi cantly small nonradiative 
processes at RT ( k nr  ( RT ) +  k q  ( RT )) in air, which 
are smaller than the small radiative rate con-
stant ( k r   < 10 0  s  − 1 ) (Figure  1 (iv)), resulting in 
effi cient persistent RTP that remains in air 
after photoexcitation was stopped, as shown 
in Figure  1 (v).  Figure    2   shows a demonstration of effi cient per-
sistent RTP under atmospheric conditions. The transparent 
sample fi lm was a host-guest system composed of the appro-
priate designed guest (mass fraction 0.3%) and steroidal host 
matrix on a glass substrate. Effi cient red persistent RTP was 
clearly observed from the pure organic host-guest fi lm for sev-
eral seconds after scanning with an excitation beam at 405 nm 
under atmospheric conditions. After the excitation beam has 
passed through the guest-host layer from the lower to the upper 
side (i), the trajectory of bright red persistent RTP remained 
for several seconds (ii) because the phosphorescence lifetime 
was longer than 1 s. Figures  2 (iii,iv) show that the trajectory 
of red persistent RTP generated during the fi rst scan of the 

     Figure  1 .     Material design for effi cient persistent RTP in air. Organic amorphous materials with 
effi cient persistent RTP in air were constructed using a secondary amino-substituted deuter-
ated hydrocarbon as the guest and an amorphous hydroxy steroidal compound as the host (i). 
An amorphous rigid structure with a large energy gap, such as a hydroxy steroidal compound, 
minimizes quenching of the triplet excitons of the guest by interaction with the host matrix and 
oxygen ( k q  ( T )) (ii). Appropriate structural design of the guest, which is shown in Figure 7, reduces 
its nonradiative decay rate constant ( k nr  ( RT )) (iii). The combination of guest and host leads to 
a signifi cant decrease of the nonradiative decay rate, resulting in  k nr  ( RT )  + k q  ( RT )<<< k r   < 10 0  s  − 1  
(iv). The signifi cant decrease of the nonradiative decay rate provides effi cient persistent RTP 
that remains in air after photoexcitation (v).  

Adv. Funct. Mater. 2013, 23, 3386–3397
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excitation beam still remained after the second scan. Demon-
strations of effi cient persistent RTP in pure organic host-guest 
fi lms showing other phosphorescence colors are shown in Sup-
porting Information Movies S1 to S4. In addition to long RTP 
lifetimes (a few seconds), these materials have RTP quantum 
effi ciencies of  > 10% for RGB RTP in air.     

 2. Appropriate Conditions for Effi cient 
Persistent RTP 
 Appropriate compounds for effi cient persistent RTP were 
investigated using various organic luminescent molecules 

depopulates the T 1  state. [  28  ]  However, suppres-
sion of nonradiative and quenching processes 
of the T 1  state in conventional pure organic 
amorphous materials at RT are diffi cult to 
control, and RTP has not been observed from 
pure organic amorphous materials in air. 

 Here we present a systematic strategy to 
suppress the nonradiative deactivation path-
ways for long-lifetime RT triplet excitons and 
produce organic amorphous materials with 
effi cient red-green-blue (RGB) persistent RTP 
in air. The concept involves the design of aro-
matic guests with no heavy atoms such as 
metals and halogens to minimize nonradiative 
deactivation, because the introduction of such 
atoms shortens the excited state lifetime so that 
radiative lifetimes longer than 1 s become una-
vailable. In addition, different from the crystal-
line textures reported in previous studies, [  12  ,  13  ]  
we propose the new idea of a guest-host 
system in which the aromatic guests are sur-
rounded by a rigid amorphous host with short 
  π   conjugation. Such a host-guest amorphous 
fi lm would successfully realize compatibility 
of a signifi cantly long excited state lifetime and 
rather high photoluminescence (PL) effi ciency 
from a variety of aromatic carbons. 

 Amorphous organic materials composed 
of a secondary amino-substituted deuterated 
carbon as the guest and a hydroxyl steroidal 
compound as the host matrix (  Figure 1  (i)) 
were prepared. The use of an amorphous 
rigid steroidal compound as a host signifi -
cantly minimizes the quenching of long-
lifetime RT triplet excitons of the guest by 
interaction with the host matrix and oxygen 
( k q  ( RT )) (Figure  1 (ii)). Appropriate structural 
design of the guest reduces the nonradiative 
decay rate constant of the guest at RT ( k nr  ( RT )) 
(Figure  1 (iii)). This combination of guest and 
host leads to signifi cantly small nonradiative 
processes at RT ( k nr  ( RT ) +  k q  ( RT )) in air, which 
are smaller than the small radiative rate con-
stant ( k r   < 10 0  s  − 1 ) (Figure  1 (iv)), resulting in 
effi cient persistent RTP that remains in air 
after photoexcitation was stopped, as shown 
in Figure  1 (v).  Figure    2   shows a demonstration of effi cient per-
sistent RTP under atmospheric conditions. The transparent 
sample fi lm was a host-guest system composed of the appro-
priate designed guest (mass fraction 0.3%) and steroidal host 
matrix on a glass substrate. Effi cient red persistent RTP was 
clearly observed from the pure organic host-guest fi lm for sev-
eral seconds after scanning with an excitation beam at 405 nm 
under atmospheric conditions. After the excitation beam has 
passed through the guest-host layer from the lower to the upper 
side (i), the trajectory of bright red persistent RTP remained 
for several seconds (ii) because the phosphorescence lifetime 
was longer than 1 s. Figures  2 (iii,iv) show that the trajectory 
of red persistent RTP generated during the fi rst scan of the 

     Figure  1 .     Material design for effi cient persistent RTP in air. Organic amorphous materials with 
effi cient persistent RTP in air were constructed using a secondary amino-substituted deuter-
ated hydrocarbon as the guest and an amorphous hydroxy steroidal compound as the host (i). 
An amorphous rigid structure with a large energy gap, such as a hydroxy steroidal compound, 
minimizes quenching of the triplet excitons of the guest by interaction with the host matrix and 
oxygen ( k q  ( T )) (ii). Appropriate structural design of the guest, which is shown in Figure 7, reduces 
its nonradiative decay rate constant ( k nr  ( RT )) (iii). The combination of guest and host leads to 
a signifi cant decrease of the nonradiative decay rate, resulting in  k nr  ( RT )  + k q  ( RT )<<< k r   < 10 0  s  − 1  
(iv). The signifi cant decrease of the nonradiative decay rate provides effi cient persistent RTP 
that remains in air after photoexcitation (v).  
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steroidal host.29 One guest is the organic phosphor also served as an acceptor while the other is an 

organometallic complex functioned as a triplet donor to populate the T1 state of the acceptor via 

photosensitization. The phosphorescence lifetime reached 2.77s with a total quantum yield of 44%. 

Other host materials such as androstene derivatives have also been developed and showed 

promising performance for electronic device applications.30 

Transparent amorphous glassy polymers (high glass transition temperature) can also 

effectively rigidify guest organic phosphors embedded within and thus suppress non-radiative 

decay pathways at room temperature. Besides, some polymers have low oxygen and moisture 

permeability. Depending on the applications, polymers as host materials can provide versatile 

functionalities. Lee et al.31 reported bright RTP (Φph 7.5%) by embedding the previously 

discovered metal-free organic phosphor Br6A10 into poly(methyl methacrylate) (PMMA). Later, 

Kwon et al.32 further minimized both the diffusion motion of the matrix polyvinyl alcohol (PVA) 

and the vibration of the guest phosphor G1 by introducing the intermolecular hydrogen-bonding 

between them (Figure 1.10). The G1-PVA80 film achieved a quantum yield of 13%, which is 

much higher than that of the Br6A-doped counterpart (Br6A is incapable of forming hydrogen 

bonds), suggesting the important role of such strong non-covalent interactions. By using PVA100, 

which has more hydrogen-bonding sites than PVA80, quantum yield reached up to 24% in G1-

PVA100 films.  
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Figure 1.10 | Hydrogen bonding between organic phosphor guest and polymer matrix host 
enhances phosphorescence quantum efficiency. a, Chemical structures of Br6A, G1 and PVA. 
b, Schematic illustration of phosphorescence processes in the G1-PVA composite and system 
design rationale. On the left is a phosphorescence image of G1 embedded in PVA100 under UV 
365 nm. Adapted from reference 32. 

 

The interaction between the guest phosphor and the host polymer was further strengthened 

by covalent crosslinking between them via Diels-Alder click chemistry (Figure 1.4).18 Highly 

efficient green RTP was demonstrated with quantum efficiency enhanced up to 28%. Following a 

similar strategy, a water-dispersible core-shell polymeric nanoparticle system with the organic 

phosphor C1 crosslinked within the core via reversible addition-fragmentation chain-transfer 

(RAFT) dispersion polymerization was developed (Figure 1.11).24 Polymethyloxazoline was 

selected as the outer shell for good water dispersity and polystyrene as the core for its oxygen 

permeability. The resulting nanoparticles showed very high sensitivity for optical detection of 

dissolved oxygen (DO), with a detection limit of 60 nM. Such nanoparticle system can function as 

a novel versatile platform for sensitive oxygen quantification in both aqueous as well as gaseous 

hydrogen bonds (H-bonds) between matrix polymers as well
as between matrix polymers and phosphors were incorpo-
rated to restrict the vibration/diffusion motion of the matrix
and phosphors more efficiently. Thus, we designed a new
organic phosphor (G1; Scheme 1a) with a bromoaldehyde
core and carboxylic acid side chains as a dopant. The
bromoaldehyde core was expected to provide the structural
basis for strong halogen bonding in the assembly as well as for
triplet-exciton generation. The carboxylic acid periphery was
expected to enable the formation of strong H-bonds between
the phosphor and the selected amorphous matrix, that is,
poly(vinyl alcohol) (PVA), which has H-bonding capability.

As anticipated, we observed strong RTP from G1–PVA
blend films with Fph values of up to 24% at ambient
conditions, which is three times as high as that of previously
reported Br6A–iPMMA blend amorphous films (Fph =
7.5%). We also found that modulation of the H-bonding
strength in the G1–PVA system by water molecules produced
unique reversible “phosphorescence-to-fluorescence” switch-
ing behavior. Unlike traditional organometallic phosphors,
our purely organic phosphors emit RTP not from an isolated
species but from molecular assemblies because of the
necessary intermolecular halogen bonding to enhance spin–
orbit coupling. Thus, if external stimuli can break up the
molecular assembly, the efficiency of spin–orbit coupling
drops, thus resulting in fluorescence rather than phosphor-
escence emission. On the basis of this interesting stimuli-
responsive change in optical properties, we could successfully
demonstrate reversible direct writing of a fluorescent water-
mark (Figure 6a) and moisture sensing (see Figures S4 and S5
in the Supporting Information).

We first examined the solution-state luminescence prop-
erties of G1. An aqueous solution of G1 under ambient

conditions showed blue fluores-
cence emission at 460 nm
(Figure 1) with a quantum
yield of 11.5% and a lifetime
of 2.18 ns (see Figure S1). We
did not observe any phosphor-
escence emission from an aque-
ous solution of G1 even under
oxygen-free conditions. How-
ever, when the solution was
cooled to 77 K, strong green
phosphorescence emission at
510 nm was detected, with
a long lifetime of 5.9 ms (see
Figure S2). The solution was
diluted to 10!5m to rule out
intermolecular interactions
between molecules. At this
cryogenic temperature, solvents
are frozen, which greatly sup-
presses the vibrational dissipa-
tion of triplets and thus allows
phosphorescence emission.

A G1-doped PVA film was
prepared by simple drop casting
from an aqueous solution of G1

with 80 % hydrolyzed PVA (denoted PVA80; 1 wt% of G1 in
PVA80). PVA is a polyhydroxy polymer and can efficiently
form intermolecular H-bonds with various polymers[20] and
functionalized small-molecular dopants[21, 22] as well as inter-
and intramolecular H-bonds with PVA itself at room temper-
ature.[23] These unique characteristics of PVA enabled the use
of PVA as a host material for the newly synthesized phosphor,
G1. The resulting thin film showed strong phosphorescence
with lmax = 530 nm and only a soft shoulder in the fluores-
cence region at around 430 nm (Figure 2 a). The gated
photoluminescence (PL) spectrum (Figure 2a) and long
lifetime of 4.7 ms (see Figure S3) clearly confirmed that the
emission at 530 nm was phosphorescence. Notably, the
phosphorescence quantum efficiency reached 13%, which is

Scheme 1. a) Chemical structures of Br6A, G1, and PVA. b) Phosphorescence image of G1 embedded in
PVA100 under UV light (l = 365 nm; left) and schematic illustration of phosphorescence processes in the
G1–PVA composite (right).

Figure 1. UV/Vis absorption (black line), PL (blue line), and gated PL
spectra (green squares) of an aqueous solution of G1. The inset shows
photoluminescence images of an aqueous solution of G1 at room
temperature and at 77 K.
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environment. When crosslinked with PMMA, C1-PMMA film exhibited phosphorescence 

quantum efficiency as high as 40%. 

 

 

Figure 1.11 | Covalent crosslinking between guest phosphor and host polymer in 
nanoparticles produces bright organic room-temperature phosphorescence for oxygen-
sensing. a, Synthetic routes of C1-crosslinked nanoparticles (NPs). b, Photographic images 
obtained of the planar optical sensor upon UV 365 nm illumination. Top: green phosphorescence 
area was soaked with an anoxic aqueous solution containing 5 wt% of glucose and 0.05 wt% of 
glucose oxidase. Bottom: deoxygenated with a flow of nitrogen. c, Luminescence spectra for the 
sensor upon exposure to various oxygen tensions. Adapted from reference 24. 

 

1.5.3 Metal-organic frameworks 

Metal-organic frameworks (MOFs) are metal-organic ligand hybrid materials, which have 

three-dimensional periodic structures. The material is known for its high porosity and large surface 

areas.33-37 Tuning fluorescence color and quantum yield by rigidifying the fluorophore as organic 
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ligand linker of a robust MOF was reported by Wei et al.38 A new tetraphenylethylene-based 

zirconium MOF (PCN-94) exhibited a deep-blue fluorescent emission at 470 nm with a unity 

quantum yield (ca. 99%) under argon at room temperature in the solid state (Figure 1.12). 

Compared to the yellow fluorescent linker precursor, PCN-94 blue shifted ca. 3600 cm-1 and 

doubled radiative decay efficiency. The high quantum yield is attributed to the reduced intra- and 

intermolecular interactions by framework rigidity.  

 

 

Figure 1.12 | Rigidifying effect of metal-organic framework on the incorporated fluorophore. 
a, Schematic illustration of rigidifying the fluorophore (H4ETTC) into MOF and photographic 
images of H2ETTC and PCN-94 under UV light respectively. b, Solid-state absorption and 
emission spectra. Adapted from reference 38.  

 

This work demonstrated that MOF formation can produce significant effect on 

photophysical properties of the organic linker, which represented a new design strategy for 

constructing luminescent MOFs for potential applications in device and sensor. However, systems 

utilizing MOF platform to modulate the RTP behavior of organic luminogens have rarely been 

thoroughly investigated. The first example of MOFs with RTP was developed by Yang et al.39 by 

coordinating terephthalic acid (TPA), isophthalic acid (IPA), and trimesic acid (TMA) with Zn2+ 

and Cd2+. Among which, Zn-TPA showed a Φph value of 3.4% with phosphorescence lifetime of 

475 ms, a great enhancement in both features compared to the pristine TPA crystal with Φph of 
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0.5% and lifetime of 2.7 ms (Figure 1.13); Interestingly, Zn-IPA displayed the longest lifetime of 

1.3 s.  

 

Figure 1.13 | Persistent room-temperature phosphorescence via coordination into MOF. a, 
Schematic representation of persistent RTP (before and after turning off the excitation) within 
molecule-metal hybrid compared with crystalline, amorphous and solution states of molecular 
systems. b,c, Crystal structures of TPA (b) and Zn-TPA (c). d, phosphorescence decay curves of 
TPA and Zn-TPA. e, photographs of Zn-TPA taken at different time intervals before and after 
turning off the excitation source (365 nm) under ambient condition. Adapted from reference 39. 

 

The influence of metal ions on the RTP performance was further investigated by comparing 

the Zn (II)-based MOFs to Cd (II)-based ones. The corresponding lifetimes were relative shorter 

for Cd-MOFs than those of Zn counterparts. Moreover, RTP emissions were shifted as well, likely 
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due to different spatial arrangements of the organic ligands. As a result, it is unclear whether heavy 

atom effect from transition metals is involved in this material system since the crystal architecture 

changed simultaneously when the metal ions changed. In a follow-up study,40 the authors prepared 

dynamic MOFs (Zn-TPA-DMF and MOF-5) that can reversibly change structures and colors upon 

solvation or guest adsorption.  

MOFs can also be used as rigid host matrices to encapsulate guest organic molecules in 

their pores and to suppress non-radiative decay processes for RTP generation.41 Zeolite 

imidazolate framework ZIF-8 was selected as the host for its relatively small pore diameter (1.16 

nm) among all MOFs, which is close to the molecular size of the guest coronene (1.17 nm) (Figure 

1.14). Besides, the small aperture size (0.34 nm) of ZIF-8 would effectively trap coronenes within. 

A phosphorescence quantum yield of about 1.8% with lifetime of 7.4 s was observed at room 

temperature. It is important to note that the deuterated coronene guest still exhibited long-lived 

emission with a lifetime of 400 ms even at 460K. The remarkable thermal stability of persistent 

phosphorescence and chemical stability of MOFs imply the great potential of organic 

phosphorescent materials coupled with MOF structures in a wide range of applications. 

 

 

Figure 1.14 | Persistent and high-temperature phosphorescence via encapsulation into MOF 
pores. a, Structure of coronene@ZIF-8. b,c, Phosphorescence decay profiles (b) and temperature-
dependent phosphorescence lifetime (c) of coronene doped into PMMA, coronene-h12@ZIF-8, 
and coronene-d12@ZIF-8, respectively. Adapted from reference 41. 
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In summary, despite the progress made in developing organic materials with RTP, most of 

the focus to date has been largely centered on suppressing adversary factors such as molecular 

rotations and vibrations. Though these strategies can effectively extend the phosphorescence 

lifetime, very few metal-free organic material systems have the desirable brightness for practical 

applications, i.e., low quantum efficiency at room or elevated temperatures. This is inherently 

originated from the weak SOC and low ISC rate between singlet and triplet states in the purely 

organic materials. In this perspective, to improve the performance of organic RTP materials, it is 

of great importance to systematically investigate the enhancement of SOC especially through 

heavy atom effect.  

 

1.6 Dissertation Outline 

The dissertation work covers both the fundamental and applied aspects of triplet excitons 

in purely organic RTP molecules. The first section (Chapter 2 and 3) builds upon previous work 

and leverages triplet energy quenching by molecular oxygen for biosensing applications. A 

versatile oxygen-sensing platform technology based on lipid-polymer hybrid core-shell organic 

room-temperature phosphorescence (RTP) nanoparticles (NPs) is developed and applied toward 

in vivo tissue hypoxia imaging and in vitro phosphorimetric biodetection. Chapter 2 describes that 

these organic RTP NPs effectively detects chorioretinal tissue hypoxia in clinically relevant living 

animal models in real-time and with high signal-to-noise ratio. Chapter 3 reports the integration of 

organic RTP-based biosensor with a sandwich-DNA hybridization assay on 96-well plates for 

highly sensitive and quantitative detection of cell-free nucleic acids. 

The second (Chapter 4) and third (Chapter 5) sections focus on fundamental characteristics 

of triplet excitons and interactions between electronic states of different multiplicity, and yielded 
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rational material design strategies to modulate triplet excitons and harvest triplet energy more 

efficiently. Chapter 4 details an efficient intermolecular triplet-to-singlet energy transfer process 

in purely organic luminescent materials through a pseudo-Förster resonance energy transfer 

(pseudo-FRET) mechanism, challenging the notion of spin angular momentum conservation 

observed in conventional energy transfer pathways. Chapter 5 aims to address the weak SOC and 

molecular vibration issues simultaneously by coordinating organic phosphors with zirconium and 

hafnium metal clusters in a rigid metal-organic framework. Phosphorescence properties of 

obtained MOFs are examined. Future research directions are outlined at the end of each technical 

chapter. Finally, Chapter 6 provides a summary of key research findings and contributions, as well 

as a comprehensive outlook of organic phosphorescence field. 
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Chapter 2 

Chorioretinal Hypoxia Detection Using Lipid-Polymer Hybrid Organic Room-

Temperature Phosphorescent Nanoparticles 

 

Zeng, Y.§; Nguyen, V. P.§; Li, Y.; Kang, D.; Paulus, Y. M.; Kim, J. “Chorioretinal Hypoxia 
Detection Using Lipid-Polymer Hybrid Organic Room-Temperature Phosphorescent 
Nanoparticles.” 2021, submitted. (§Both authors contributed equally to this work.) 
 

Kim, J.; Zeng, Y.; Kang, D.; Paulus, Y. M.; Nguyen, V. P. “Room-Temperature Phosphorescence 
Nanoparticles and Methods of Making the Same.” US Patent App. 63/121, 688. December 4, 2020 
 

2.1 Introduction 

Ischemia-induced hypoxia is a common complication that can lead to neovascularization 

and severe vision impairment in several diseases, including retinal vein occlusion (RVO),1,2 

proliferative diabetic retinopathy (PDR), sickle cell retinopathy (SCR), retinopathy of prematurity 

(ROP), and choroidal ischemia.3-5 RVO is the 2nd most common retinal vascular disorder and 

represents a major cause of vision loss, affecting more than 16 million people worldwide.6-8 In 

RVO, the retina within the affected occluded retinal vasculature can become ischemic and thereby 

become hypoxic.9 RVO is a very heterogeneous disease with highly variable visual acuity 

outcomes. It is essential that physicians be able to prognosticate outcomes with patients to counsel 

them on treatments and set appropriate expectations. Therefore, it is critical to detect ischemia-

induced hypoxia, the most important pathogenic and prognostic factor of RVO, to better 

understand RVO pathogenesis.8 In addition, long-term visualization and quantification of retinal 
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hypoxia are strongly desirable and can lead to a better understanding of the pathophysiology of 

ischemic retinopathies, including RVO, PDR, SCR, and ROP.  

Recently, several techniques have been developed to monitor hypoxia such as oxygen-

sensitive microelectrodes, magnetic resonance imaging (MRI), flow oximetry system, dual 

wavelength retinal oximetry, and fluorescence and phosphorescence lifetime imaging.10-13 

However, these methods each have their limitations. Oxygen-sensitive microelectrode is very 

positionally-dependent. In tissue with focal hypoxia surrounded by physoxia (normal physiologic 

oxygen tension), multiple measurements are required, and hypoxic regions can be missed. In 

addition, this technique is a destructive procedure that requires the implantation of 

microelectrodes, limiting its clinical utility. Although MRI is a minimally invasive approach and 

provides a large field of view and depth information, it is unable to provide enough resolution to 

identify small areas of focal hypoxia (in-plane pixel size = 0.39 × 0.39 mm2).12 Retinal oximetry 

is a commercially available, non-invasive method to measure the percentage of hemoglobin 

oxygen saturation within the large retinal vasculature.13 However, it is unable to measure choroidal 

oximetry, which provides oxygen to the central vision or fovea, and it is unable to measure the 

perivascular oxygen tension within tissue, where there can be hypoxia due to impaired ability of 

the tissue to extract oxygen from the vasculature in many disease states.14-18 Fluorescence and 

phosphorescence lifetime imaging are minimally-invasive, optical approaches based on oxygen-

dependent quenching of fluorescence or phosphorescence, which can be used to image and 

measure oxygen tension within retinal vessels.10,19 One disadvantage of this technique is that it 

cannot provide long-term visualization of hypoxia due to rapid clearance of the injected small 

molecule dyes from the body. Thus, there is a critical clinical need for an effective, non-destructive 
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method to measure oxygen tension in the tissue microenvironment rather than strictly within retinal 

blood vessels, and no effective solution exists to this problem. 

Metal-free purely organic phosphors are an emerging class of room-temperature 

phosphorescence (RTP) materials with unique properties such as long lifetime (milliseconds to 

seconds) and large Stokes shift (wavelength difference between the absorption and emission peak 

maxima).20-24 These features endow organic phosphorescence-based sensors several advantages 

over traditional optical sensor design for hypoxia detection and imaging in biological systems. 

First, purely organic phosphorescence signal from the long-lived triplet excited state is highly 

susceptible to molecular oxygen quenching through triplet energy transfer,25-30 whereas 

conventional fluorescent probes have short-lived emission (nanoseconds), and thus are typically 

insensitive to oxygen tension change. Second, the large Stokes shift effectively eliminates the 

interference of the excitation light source or the background autofluorescence by wavelength-

based deconvolution, enabling high signal-to-noise ratio measurements. Last, unlike conventional 

inorganic or organometallic-based RTP materials such as Oxyphors31 containing precious rare-

earth and transition metals with potential toxicity or stability issues in bio-applications,32 purely 

organic phosphors are more cost-effective, robust, and biocompatible.  

There are several key design considerations to achieve bright organic RTP, including 

molecular motion suppression33-35 through doping in rigid hosts such as solid-state crystalline 

structures or rigid polymer films. However, these strategies limit the practical applicability of 

organic phosphors toward in vivo hypoxia detection since good oxygen diffusivity, excellent 

aqueous dispersibility, and biocompatibility also need to be integrated in material design and 

processing. Consequently, despite the great potential, there are very few organic RTP material 

systems exploited as in vivo oxygen sensors.36-39 
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This report describes a lipid-polymer hybrid core-shell, metal-free organic RTP 

nanoparticle (NP) platform that can optically visualize chorioretinal tissue hypoxia in real-time 

with high signal-to-noise ratio (SNR). Specifically, through a facile one-pot self-assembly 

protocol, the oxygen-sensitive organic phosphor is encapsulated in a rigid, oxygen-permeable 

polymer matrix core, which is further encased in a layer of phospholipid shell. Such formulation 

of organic phosphors into nanoprobes represents an effective strategy to enhance their 

biocompatibility and spatiotemporal resolution for in vivo bioimaging. The fabricated hybrid NPs 

exhibit long-lived bright RTP with high sensitivity toward oxygen quenching and good long-term 

stability in vitro, making them promising tissue hypoxia imaging agents for pre-clinical studies. 

As a proof of concept, the in vivo tissue oxygen-sensing efficacy and biosafety of these RTP NPs 

are assessed via intravitreal injection in a rabbit RVO model and intravenous (IV) injection in a 

rabbit choroidal vascular occlusion (CVO) model. To the best of our knowledge, this work 

represents the first non-destructive method to longitudinally visualize oxygen tension in the 

chorioretinal tissue rather than in hemoglobin within the retinal vasculature. The reported hybrid 

RTP NP platform could enable quantitative mapping of oxygen gradient and measure the degree 

of tissue ischemia with high spatiotemporal resolution. 

 

2.2 Results and Discussion 

2.2.1 Self-assembly of lipid-polymer hybrid organic RTP NPs  

A facile and versatile assembling approach for organic RTP nanomaterials is required for 

practical biosensing and bioimaging applications. Nanoprecipitation is a simple method which can 

produce homogenous NPs rapidly on a large scale by utilizing a sharp solubility change of host 

materials in miscible dissimilar solvents.40 Here we developed a new type of lipid-polymer hybrid, 
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core-shell RTP NPs, termed Br6A-LPS4Br NPs, with the metal-free organic phosphor embedded 

within the polymer matrix core, the surface of which was further coated with an amphiphilic lipid 

shell. Poly(4-bromostyrene) (PS4Br) was chosen as the host polymer, and Br6A, previously 

reported by our lab,41 as the metal-free organic phosphor for the NP assembly (Figure 2.1). In 

addition to the optical inertness, the rigidity and oxygen permeability of PS4Br are two critical 

parameters for the nanosensor design in order to achieve bright and sensitive RTP for tissue 

hypoxia detection. The high rigidity of the host polymer is required to effectively suppress the 

vibrational energy dissipation of the metal-free phosphor for bright RTP emission.33 Good oxygen 

permeability of the polymer matrix is necessary for the embedded organic phosphor to respond to 

oxygen tension change in the surrounding environment in real-time. Styrene-based polymers have 

desirable rigidity and proper oxygen permeability and have been exploited in sensors for dissolved 

oxygen detection.30,42,43 Additionally, we envision that PS4Br, the brominated polystyrene matrix 

can enhance the RTP emission of Br6A through external halogen bonding. The halogen bonding 

between the oxygen atom of the carbonyl group of Br6A and the neighboring bromine atom of 

PS4Br can further suppress the vibrational energy dissipation meanwhile enhancing spin–orbit 

coupling and intersystem crossing of Br6A.41 
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Figure 2.1 | Materials design strategy for biocompatible oxygen-sensing. a, Synthetic 
procedure of lipid-polymer hybrid core-shell, room-temperature phosphorescent nanoparticles, 
Br6A-LPS4Br NPs. The phosphorescence signal of NPs aqueous suspension is susceptible to 
oxygen quenching. b, Simplified Jablonski diagram showing the mechanism of phosphorescence 
quenching by molecular oxygen through triplet energy transfer. S0, S1, and T1 are the singlet 
ground state, first excited singlet state, and excited triplet state of the organic phosphor, 
respectively. 
 

Lipid coating on the solid polymeric core was achieved by adding an anionic phospholipid, 

1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA) in the aqueous outer phase during the 

nanoprecipitation process. As the main components of cellular membrane, phospholipids have 

excellent biocompatibility.44 Its amphiphilic and anionic structure can help increase the NPs’ 

stability in water by preventing their aggregation through electrostatic repulsion or hydration,45-49 

particularly at concentrated states and for long-term storage. It is important to note that direct 

injection of polymer solution at a high concentration (10 mg/mL PS4Br) to the aqueous outer phase 

without DMPA lipid resulted in massive aggregation instead of discrete NPs. Stable Br6A-PS4Br 
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NPs can be produced only at a low polymer concentration (1 mg/mL). Thus, the addition of DMPA 

lipids also ensured homogeneous dispersion of the polymer in the aqueous phase. Dynamic light 

scattering (DLS) data indicate fairly narrow-dispersed Br6A-LPS4Br NPs at an encapsulation ratio 

of 5 wt% Br6A (with respect to PS4Br), with an average hydrodynamic diameter of 163.9 ± 2.7 

nm (mean ± S.D., n = 3) and polydispersity index (PDI) of 0.134 ± 0.008 (mean ± S.D., n = 3) in 

Milli-Q water (Figure 2.2a,b). The more negative zeta potential (ζ) of the resulting Br6A-LPS4Br 

(−44.7 ± 0.5 mV) in comparison to bare Br6A-PS4Br (−32.1 ± 0.8 mV) suggests the successful 

coating of the negatively charged DMPA lipid on the NP surface (Figure 2.2c). Particle size and 

its spherical shape were further confirmed by scanning electron microscope (SEM, Figure 2.2d).  

The colloidal stability of RTP NPs is an important criterion for their long-term in vivo 

oxygen-sensing applications. We studied the temporal storage stability of Br6A-LPS4Br NPs by 

monitoring the change in their size and polydispersity over 13 weeks. The stock solution (2.5 

mg/mL) was stored in Milli-Q water under ambient conditions. There was no sign of aggregation 

of the RTP NPs suspension over 13 weeks, as shown in Figure 2.2e. Therefore, this simple one-

step nanoprecipitation method is suitable for robust production of lipid-stabilized, polymer-

supported organic RTP NPs.  
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Figure 2.2 | Chemophysical characterizations and colloidal stability of Br6A-LPS4Br NPs. a, 
Hydrodynamic size (diameter, nm) distribution of Br6A-LPS4Br NPs measured by dynamic light 
scattering (DLS). Well-dispersed NPs in aqueous solutions with an average hydrodynamic 
diameter of 163.9 nm (PDI: 0.134) were fabricated from a single-step nanoprecipitation process. 
b, Light-scattering image of Br6A-LPS4Br NPs visualized by Nanoparticle Tracking Analysis, 
corroborating well-dispersed NPs in aqueous solutions. c, Surface zeta potential change with and 
without lipid DMPA coating. Compared to bare Br6A-PS4Br NPs, Br6A-LPS4Br exhibited a 
relatively more negative value, indicating its surface was successfully coated with anionic DMPA. 
d, Morphology of Br6A-LPS4Br NPs observed by scanning electron microscopy. Scale bar: 300 
nm. e, Temporal stability of Br6A-LPS4Br NPs stored in Milli-Q water at room temperature. NPs 
size (orange line) and polydispersity (blue line) were monitored over the course of 13 weeks using 
DLS. No obvious aggregation was observed, suggesting long-term stability. All error bars indicate 
S.D. (n = 3).  
 

2.2.2 Phosphorescence properties of organic RTP NPs 

The RTP nature of the emission from the fabricated Br6A-LPS4Br NPs was then 

confirmed. As expected, the NPs aqueous suspension exhibited bright green emission under 365 

nm excitation after the removal of dissolved oxygen by argon purging (photograph in Figure 2.1). 

Steady state photoluminescence spectroscopy data confirmed the excitation and emission spectra 

maxima at 360 nm and 530 nm, respectively. The small shoulder peak around 425 nm corresponds 
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to the fluorescence emission of Br6A. The gated emission spectrum acquired after a 500 μs delay 

well-overlapped with the steady state emission maxima at 530 nm, which indicated that the green 

emission is indeed of phosphorescent nature rather than fluorescent (Figure 2.3a). Lifetime (τ) 

measurement of the green emission monitored at 530 nm resulted in 4.0 milliseconds (ms) (Figure 

2.3b), further corroborating the phosphorescent emission. Quantum efficiency of Br6A-LPS4Br 

NPs in anoxic aqueous suspension Φp (455–675 nm) was measured to be 16.9 ± 3.0%. Therefore, 

these photophysical characteristics of Br6A-LPS4Br NPs are in good agreement with those of 

Br6A in crystalline state41 or embedded in isotactic poly(methyl methacrylate) film35 reported 

previously, indicating the successful inclusion of Br6A into the NP matrix by nanoprecipitation 

method. We then tested the total emission intensity of Br6A-LPS4Br NPs aqueous suspension with 

various partial pressures of oxygen (pO2 from 0–21%). The green phosphorescence emission is 

highly responsive to small changes in pO2, with gradually quenched phosphorescence signal as the 

pO2 increased, whereas the fluorescence emission at 420 nm remained the same (Figure 2.3c). This 

confirms our hypothesis that the phosphorescence emission of Br6A-based RTP NPs can be 

applied for sensitive hypoxia detection. Though measurements with more precise control over pO2 

would be needed to calculate the hypoxia detection range, it is reasonable to estimate that these 

RTP NPs will be able to distinguish differences of approximately 3% in pO2, and hence with great 

potential to determine different degrees of tissue ischemia. In addition, we studied the optical 

stability of Br6A-LPS4Br NPs and found that the total emission intensity of the NPs suspension 

upon Argon purging remained the same after 13 weeks (Figure 2.3d). 
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Figure 2.3 | Photophysical characterizations and optical stability of Br6A-LPS4Br NPs. a, 
Steady state photoluminescence excitation, emission, and delayed emission (delayed for 500 μs) 
spectra of Br6A-LPS4Br NPs dispersed in Argon (Ar)-purged, anoxic aqueous solution. b, 
Phosphorescence lifetime of RTP NPs in an anoxic aqueous solution monitored at 530 nm (λex = 
365 nm). Photophysical properties of Br6A-LPS4Br NPs confirmed that the green, 530 nm 
emission is indeed of phosphorescent nature. c, Oxygen sensitivity calibration. Steady state 
photoluminescence emission of Br6A-LPS4Br NPs suspension at various O2 saturation levels (0–
21%). λex = 365 nm. d, Optical stability of Br6A-LPS4Br NPs measured by steady state 
photoluminescence spectroscopy. The NPs stock solution (2.5 mg/mL) was stored in Milli-Q water 
under ambient conditions. The total emission intensity of the NPs suspension upon Argon purging 
remained the same after 13 weeks. 
 

2.2.3 In vivo imaging of organic RTP NPs in rabbit RVO models 

To evaluate the efficiency of organic RTP NPs as in vivo nanosensors for the detection of 

tissue hypoxia, the synthesized Br6A-LPS4Br NPs were administrated intravitreally into six 

rabbits with laser-induced hemi-RVO as described previously to obtain localized hypoxia.50,51 

After acquiring baseline images one week post laser-induced RVO (Figure 2.4), 50 µL of Br6A-
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LPS4Br NPs at a concentration of 2.5 mg/mL was administrated to the rabbits via intravitreal 

injection. Longitudinal distribution and phosphorescence signal of the NPs was monitored for up 

to 7 days post-injection using color fundus photography and fundus phosphorescence imaging 

(Figure 2.5). The phosphorescence intensity was determined using the regions of interest (ROI) 

analysis method. Figure 2.5 shows in vivo longitudinal visualization of hypoxia and the 

surrounding retinal vasculature pre- and post-administration of Br6A-LPS4Br NPs at different 

time points such as 15 min, 1, 2, 4, 8, and 24 hours, and 2, 4, and 7 days. Figure 2.5a and 2.5c 

illustrate the color fundus images of two different sides of the same rabbit eye: the hypoxic RVO 

side and the physoxic control (untreated) side. There was no phosphorescent signal observed 

before the injection of Br6A- LPS4Br NPs and the NPs were clearly visualized starting at 1 h post-

injection (Figure 2.5b). These images demonstrate dynamic changes of the RTP signal of Br6A-

LPS4Br NPs over time. The location of NPs is clearly visualized at 1–2 h post-injection and is still 

visible up to 7 days on the hypoxic side. This contrast indicates the ability of these organic RTP 

NPs to track tissue hypoxia in vivo over multi-day period without having to do re-injection. As 

expected for the untreated side, no phosphorescence signal was detected over time given the 

normal tissue oxygen tension (Figure 2.5d). By applying an image segmentation algorithm to 

separate the contrast derived from the distribution of Br6A-LPS4Br NPs, average phosphorescence 

intensity (API) was quantified for each time point (Figure 2.5e). This quantification shows that 

API significantly increased post-injection compared to pre-injection of Br6A-LPS4Br NPs. The 

API in the hypoxia increased by 4.97-fold over the first hour post-injection from 8.58 ± 1.46 (a.u.) 

pre-injection to 42.67 ± 0.07 (a.u.) (p < 0.001) and reached a peak at 2 h post-injection (API = 

45.13 ± 1.31 (a.u.)), yielding a SNR of 12.5 (First Standard Deviation method). Although the API 
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then decreased over time, it was still 168 % higher at day 7 (API = 14.45 ± 8.86 (a.u.)) compared 

to pre-injection.  

 

 

Figure 2.4 | Rose-Bengal RVO model generation demonstrating occlusion of the retinal 
vasculature of the medullary ray after laser irradiation. Color fundus photography (top left) 
and fluorescein angiography (FA) (top right) images show the location of the optic nerve and 
retinal vessels (RVs, white arrows) and normal blood flow. In contrast, the blood vessels were 
completely occluded with significantly reduced blood flow (white arrow) observed on the FA 
image after laser irradiation (bottom right). 
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Figure 2.5 | Longitudinal phosphorescence imaging of intravitreal Br6A-LPS4Br NPs in 
living rabbit retinal hypoxia and control over 7 days (λex = 365 nm, λem = 530 nm). a,c, Color 
fundus photographs of the hypoxic (a) and the physoxic control (c) side  of the same rabbit before 
and after intravitreal administration of Br6A-LPS4Br NPs (50 µL, 2.5 mg/mL) at different time 
points (15 min, 1, 2, 4, 8 h and day 1, 2, 4, and 7). The color fundus photographs show rabbit 
fundus features such as retinal vessels (RVs) (yellow arrow), choroidal vessels, optic nerve 
(turquoise arrows), and distribution of NPs in the vitreous. b,d, Phosphorescence images of the 
hypoxic (b) and the physoxic control (d) side before and up to 7 days after intravitreal 
administration of Br6A-LPS4Br NPs. Black dotted circles (a) and white dotted circles (b) indicate 
the position of NPs. Red arrow (b) indicates the location of phosphorescence signal. e, Average 
phosphorescence intensity measured from the hypoxic side (blue line) and the control side (red 
line). Error bars show the standard deviations of three independent measurements. The 
phosphorescence signal increased significantly on the hypoxic side by 1 h post-injection, peaked 
at 2 h post-injection, and persisted for at least 7 days. 
 

The in vivo reproducibility of retinal hypoxia detection by organic RTP NPs was verified 

in other rabbits with laser-induced RVO two weeks prior to intravitreal injection of Br6A-LPS4Br 

NPs with the same dose and concentration (50 µL, 2.5 mg/mL) (Figure 2.6). Hypoxia was 

monitored for 7 days. Phosphorescence images showed high contrast and peaked at 2 h post-

injection, reconfirming the in vivo hypoxia detecting and tracking capability of these organic RTP 

NPs for different degrees of tissue ischemia. To further validate that the phosphorescence signal 

is activated by local hypoxia, Br6A-LPS4Br NPs (50 µL, 2.5 mg/mL) was injected into a normal 

rabbit and imaged with color fundus photography and fundus phosphorescence imaging at 

different time points over a period of 17 days (Figure 2.7). Phosphorescence signal was not 
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detected either in the nanoparticle-injected side or in the non-injected side (Figure 2.7b,d), and 

ROI analysis shows that API did not change over time (Figure 2.7e). These results confirmed that 

the RTP signal of Br6A-LPS4Br NPs is quenched under normal oxygen tension in a healthy retina, 

and hence the developed RTP NPs can selectively detect ischemia-induced hypoxia.  

 

 

Figure 2.6 | In vivo phosphorescence imaging of retinal hypoxia acquired at different time 
points post-intravitreal injection of Br6A-LPS4Br NPs in a living rabbit. a,c, Color fundus 
photograph of the hypoxic (a) and the physoxic control (c) side of the same rabbit eye acquired 
pre- and post-injection of Br6A-LPS4Br NPs (50 µL, 2.5 mg/mL) at day 14 post laser-induced 
RVO model. Yellow arrow indicates the location of retinal vessels (RVs), black arrow represents 
the RVO site, turquoise arrow illustrates the position of optic nerve, and red arrow shows the 
position of Br6A-LPS4Br NPs after injection. b,d, In vivo phosphorescence images of the hypoxic 
(b) and the physoxic control (d) side acquired at pre, 15 min, 1, 2, 4, 8 h and day 1, 2, 4, and 7 
post-injection of Br6A-LPS4Br NPs. The distribution of RTP NPs post-injection is co-registered 
with the fundus color photograph (white dotted circle). RTP NPs clearly showed up on 
phosphorescence images at 1 h post-injection with high contrast. 
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Figure 2.7 | Longitudinal phosphorescence imaging of a healthy control rabbit before and up 
to 17 days after the injection of Br6A-LPS4Br NPs. a,c, Color fundus photography at the 
injection side (a) and non-injection side (c) in normal, healthy control rabbits. b,d, Corresponding 
phosphorescence images of the injection (b) and non-injection (d) side. Black dotted line in a 
shows the margin of RTP NPs post-injection. e, Average phosphorescence intensities from the 
injection (blue line) and non-injection (red line) side over 17 days. No phosphorescence emission 
was observed on the phosphorescence images at any time point since there is no tissue hypoxia. 
 

2.2.4 In vivo multimodal imaging of organic RTP NPs 

We then sought out to confirm that the signal generated in the hypoxic area of the RVO 

model is truly arising from the phosphorescence emission of Br6A in RTP NPs. A near-infared 

fluorescent dye (IR-780) was co-encapsulated with the organic phosphor Br6A, yielding narrow-

dispersed (PDI: 0.108 ± 0.012) Br6A-IR780-LPS4Br NPs with an average hydrodynamic diameter 

of 130.5 ± 1.7 nm (Figure 2.8a), to allow for dual phosphorescence and fluorescence imaging. 

Since the fluorescent signal of IR-780 is not affected by oxygen tension change, co-localizing the 

fluorescence and phosphorescence signals allows us to track the post-injection distribution of RTP 

NPs. Intravitreal injection of Br6A-IR780-LPS4Br NPs (50 µL, 2.5 mg/mL) into the RVO rabbit 

showed co-localization of the fluorescence signal of IR780 and the phosphorescence signal (Figure 

2.8b,c), indicating the hyperphosphorescence signal in the RVO model originates from Br6A in 

the RTP NPs in response to tissue hypoxia. 
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Figure 2.8 | In vivo multimodal fluorescence and phosphorescence images of intravitreal 
Br6A-IR780-LPS4Br NPs and retinal hypoxia in living rabbits. a, Hydrodynamic size 
distribution of Br6A-IR780-LPS4Br NPs measured by dynamic light scattering. Narrow-dispersed 
(PDI: 0.108 ± 0.012), fluorescent dye (IR-780) and organic phosphor (Br6A) co-encapsulated RTP 
NPs with an average hydrodynamic diameter of 130.5 ± 1.7 nm were synthesized using a similar 
nanoprecipitation method. b,c, Fundus photography, fluorescence, and phosphorescence images 
obtained before (b) and after (c) intravitreal administration of 50 µL of Br6A-IR780-LPS4Br NPs 
at a concentration of 2.5 mg/mL. White dotted lines show the distribution of RTP NPs in the 
vitreous post-injection, the corresponding fluorescence emission from IR-780, and the 
corresponding phosphorescence emission from Br6A. The results show close correlation between 
the fluorescent and phosphorescent signal, indicating that the phosphorescent signal in the rabbit 
RVO model is emanating from RTP NPs. 
 

2.2.5 In vivo imaging of organic RTP NPs in rabbit CVO models 

To realize minimally invasive delivery of these organic RTP NPs for in vivo hypoxia 

imaging, we identified an RTP NPs formulation suitable to be administrated intravenously. 

Nanotherapeutics via intravenous delivery are usually formulated with average sizes of 10–150 

nm in diameter to reduce reticuloendothelial system (RES) clearance and evade the 5 nm renal 

filtration cut off.52,53 Unlike normal blood vessels with endothelial tight junctions and blood–retina 

barrier, occluded retinal vessels tend to be disorganized and demonstrate hyperpermeability.54,55 

With these design criteria in mind, we hypothesized that smaller RTP NPs in the sub-100 nm range 

will more effectively extravasate and accumulate at occluded sites, leveraging the enhanced 

permeability and retention (EPR) effect. They will also more likely to have higher diffusivity, 

allowing for more efficient penetration into the hypoxic chorioretinal tissue. Therefore, we used a 
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more hydrophilic diblock copolymer, polystyrene-b-poly(4-vinylpyridine) (PS4VP, PS block MW 

35.5 kD and P4VP block MW 4.4 kD, Figure 2.9a), as the host matrix to construct NPs’ polymeric 

core, which leads to smaller RTP NPs via bulk nanoprecipitation. Similar to polystyrene, P4VP is 

highly rigid at room temperature, and is oxygen-permeable.56 The low block ratio of P4VP in the 

overall diblock copolymer allows PS4VP to have similar characteristics in its rigidity and oxygen 

permeability compared to polystyrene. Hence, the resulting RTP NPs have brightness and 

sensitivity comparable to those of Br6A-LPS4Br NPs toward hypoxia detection. IR-780 was co-

encapsulated for particle tracking in blood vessels and the retina. To improve RTP NPs’ 

biocompatibility and pharmacokinetics for systemic delivery, a FDA-approved lipid-PEG 

conjugate, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-

2000] (DSPE-PEG2000), was used instead of DMPA to create a “stealth” shell on the surface of 

the organic RTP NPs.57 By means of a similar nanoprecipitation procedure as described before, 

RTP NPs Br6A-IR780-LPS4VP-PEG with an average hydrodynamic diameter of 46.1 ± 0.6 nm 

and PDI of 0.134 ± 0.005 were successfully synthesized (Figure 2.9b).  

The choroid is a vascular-rich tissue immediately deep to the retina which supplies oxygen 

to the outer half of the retina including the fovea, or central vision, and thus it is critical to 

understand tissue oxygen tension within both the retina and choroid. Using an established rabbit 

model of CVO with laser photocoagulation58 (Figure 2.10), we found that intravenously 

administrated Br6A-IR780-LPS4VP-PEG NPs were able to effectively accumulate at the laser 

lesions (~ 300 µm in diameter) in the choroid and detect focal tissue hypoxia in a “turn-on” 

modality with a peak RTP signal at 2 h post-injection (Figure 2.9d–f). While the phosphorescence 

signal wasn’t clearly visualized until 1 h post intravitreal injection in rabbits with RVO, it was 

clearly visible here at 15 min post IV injection. This is likely due to the different initial oxygen 
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levels in RTP NPs. For intravitreal injection, the NPs suspension is initially saturated with 

atmospheric oxygen (~ 21% O2). It takes time to deplete the dissolved oxygen injected along with 

the NPs at the hypoxia site before the phosphorescence signal can be turned on. In contrast, NPs 

after IV injection is immediately diluted with high volume of blood and hence can be considered 

at physoxia, i.e. much lower levels of oxygen universally found in blood and normal tissues, 

approximately 5–13% and 4–7.5%, respectively.59  

 

 

Figure 2.9 | CVO model generation and leakage confirmation at day 7 post photocoagulation. 
Top row images show color fundus photography (left) and fundus autofluorescence (FAF) image 
(right). Middle and bottom rows exhibit fluorescein angiography (FA) and indocyanine green 
angiography (ICGA) images acquired at different phases (early, middle, and late) after intravenous 
injection of fluorescein sodium and ICG, respectively. This demonstrates whitening on fundus 
photography, progressive hyperfluorescence on FA, and hypofluorescence on ICGA, consistent 
with CVO. 
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Figure 2.10 | In vivo phosphorescence images of Br6A-IR780-LPS4VP-PEG NPs and 
chorioretinal hypoxia in living rabbits. a, Chemical structure of polymer PS4VP and 
phospholipid DSPE-PEG2000. b, Dynamic light scattering measurement of Br6A-IR780-
LPS4VP-PEG NPs fabricated from PS4VP and DSPE-PEG2000. Fairly narrow-dispersed (PDI: 
0.134 ± 0.005), fluorescent dye (IR-780) and organic phosphor (Br6A) co-encapsulated RTP NPs 
with an average hydrodynamic diameter of 46.1 ± 0.6 nm were synthesized using a similar 
nanoprecipitation method. c–e, Color fundus photography (c), fluorescence (d), and 
phosphorescence (e) images before and after intravenous injection of 4 mL Br6A-IR780-LPS4VP-
PEG NPs at a concentration of 2.5 mg/mL. Color fundus images in c show the healthy retinal 
vessels (RVs), choroidal vessels (CVs) as well as the location of laser injured sites (white spots). 
Fluorescence and phosphorescence images obtained before and post injection at different time 
points, demonstrating the accumulation of RTP NPs at laser lesions (white arrow) and the 
corresponding phosphorescent signal from the RTP NPs (red arrows) detecting tissue hypoxia. f, 
Quantification of mean phosphorescence intensities at laser lesions over 7 days. Phosphorescent 
signal was not visible before the injection of RTP NPs or on the physoxic control side. In contrast, 
the phosphorescent signal increased significantly in the hypoxic areas at 15 min post-injection, 
peaked at 2 h post-injection, and gradually decreased after that. Error bars show the standard 
deviations of three independent measurements. 
 

To confirm the phosphorescent signal detected is attributed to RTP NPs selectively sensing 

hypoxia rather than tissue autofluorescence, NPs encapsulated with IR-780 only and no Br6A 

(IR780-LPS4VP-PEG NPs) was injected intravenously into rabbits with CVO. Consequently, only 
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the fluorescent signal showing NPs location was observed, and no hyperphosphorescence at the 

occluded hypoxic laser lesions (Figure 2.11). 

 

 

 

Figure 2.11 | In vivo hypoxia visualization of CVO in rabbits. a, hydrodynamic size distribution 
of IR780-LPS4VP-PEG NPs measured by dynamic light scattering. Narrow-dispersed (PDI: 0.109 
± 0.012) NPs, containing fluorescent dye IR-780 only, with an average hydrodynamic diameter of 
46.3 ± 0.6 nm were synthesized using a similar nanoprecipitation procedure. b, Color fundus 
photography of the eye pre- and post-intravenous injection of IR780-LPS4VP-PEG NPs. White 
arrows show the local hypoxia induced by laser photocoagulation. c, Fluorescent images obtained 
after injection of 4 mL NPs (2.5 mg/mL). The treated areas were clearly observed from the leakage 
of NPs from occluded choroidal vessels at 15 min (yellow arows). d, Phosphorescence images 
showed no signal emitted from the NPs since no organic phosphor was incorporated in them. These 
results ensure that tissue autofluorescence or other noise signals will not interfere with the 
phosphorescence imaging settings, and the phosphorescent signal detected in CVO model injected 
with IR-780 and Br6A co-encapsulated RTP NPs is attributed to Br6A selectively detecting 
hypoxia.  
 

To increase the clinical translatability, the in vivo reproducibility of choroidal hypoxia 

detection by Br6A-IR780-LPS4VP-PEG NPs via IV injection was verified in multiple Dutch 
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Belted rabbits (Figure 2.12). These RTP NPs initially clustered at the rim of laser lesions (15 min) 

and gradually penetrated into the center region. At 4 h, patches of RTP NPs accumulated at the 

center regions of laser lesions can be clearly visualized on the fluorescence channel (Figure 2.12b). 

Strong fluorescence signal was still detectable in both retinal and choroidal blood vessels even at 

48 h post-injection, suggesting that Br6A-IR780-LPS4VP-PEG NPs exhibit prolonged blood 

circulation. 

 

 
Figure 2.12 | In vivo multimodal visualization of retinal hypoxia in Dutch belted rabbit CVO 
model. a–c, Color fundus photograph (a), fluorescence (b), and phosphorescence (c) images of a 
rabbit retina before and after laser-induced choroidal vessel occlusion (white arrows), and various 
time points post-intravenous injection of Br6A-IR780-LPS4VP-PEG NPs (4 mL, 2.5 mg/mL). 
Color fundus photography images show healthy retinal vessels (RVs) and choroidal vessels (CVs) 
network as well as laser injured sites (white arrows). Fluorescent images indicate the RTP NPs can 
effectively extravasate through fenestrations in the vasculature and accumulate at laser lesions 
(yellow arrows). Phosphorescence images demonstrate that choroidal tissue hypoxia is visualized 
by RTP NPs in CVO rabbit choroids (green). d, Quantitative analysis of mean phosphorescence 
intensity at laser lesions in the choroid of CVO rabbits. Error bars show the standard deviations of 
three independent measurements. 
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2.2.6 In vivo toxicity and biosafety analysis of organic RTP NPs 

To test the potential toxicity of IV and intravitreal administration of RTP NPs in these 

rabbits, several biosafety analyses were performed, including body weight analysis, liver function 

tests (LFT), kidney function tests (KFT), TUNEL assay, and histopathology. All rabbits used in 

this study had their weight measured daily (Figure 2.13 and 2.14). Body weight of intravenously 

treated, intravitreally treated, and untreated groups increased appropriately over 7 days, 

demonstrating that these RTP NPs do not induce negative systemic impact on living rabbits. 

Hematoxylin and eosin (H&E) staining demonstrates preserved normal retinal cellular 

morphology and nuclei without fragmentation or extracellular debris (Figure 2.13b,c and Figure 

2.14b,c). TUNEL assay analysis demonstrates no evidence of cells undergoing apoptosis (Figure 

2.13d and Supporting Information, Figure 2.14d). To inspect potential local inflammations post-

intravitreal administration, slit lamp examination was performed and there was no evidence of 

intraocular inflammation, either anterior uveitis or vitritis. Serum blood tests were performed to 

examine the acute toxicity of RTP NPs to liver or kidney function of the animals. As shown in 

Table 2.1 for intravenous injection and Table 2.2 for intravitreal injection, all LFTs and KFTs are 

within normal range at 14 days after RTP NPs administration in all animals, indicating normal 

liver and kidney functions with no systemic toxicity. According to a National Institute for 

Occupational Safety and Health report on ocular ultraviolet effects from 295 nm to 400 nm in the 

rabbit eye, the effect on the lens abruptly drops at 313 nm.60 Therefore, the excitation wavelength 

of 365 nm for only a short period of exposure for imaging will not likely to cause harmful effect, 

and indeed in our study no ocular or systemic complications were observed in the rabbit models 

after imaging. 
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Figure 2.13 | Biosafety evaluation in living rabbits after intravenous injection. a, Body weight 
increase measured daily for 7 days from three different groups: untreated control and intravenously 
treated CVO models in White New Zealand and Dutch Belted pigmented rabbits, showing no 
evidence of systematic toxicity through equivalent, appropriate weight gain in both RTP NPs 
treated and untreated control groups. b,c, H&E staining of tissues obtained 1 month post-
intravenous injection of Br6A-IR780-LPS4VP-PEG NPs (b) compared to the untreated control 
group (c), demonstrating preserved cellular morphology and nuclei without fragmentation or 
extracellular debris from dead cells in all of the evaluated organs, including eye, heart, kidney, 
lung, liver, and spleen. d, TUNEL assay analysis at 1-month post-intravenous injection of Br6A-
IR780-LPS4VP-PEG NPs. DAPI (blue) indicates cell nuclei. Green color stained with FITC 
evaluates for any potentially apoptotic cells, which are not noted. Scale bar: 75 μm. 
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Figure 2.14 | Biosafety evaluation in living rabbits after intravitreal injection. a, Body weight 
increase of untreated control and RTP NPs treated RVO model in White New Zealand rabbits via 
intravitreal injection measured daily for 7 days. The results show that rabbit weights are gradually 
increased at similar rates for both treated and untreated groups, indicating no evidence of 
systematic toxicity caused by RTP NPs via intravitreal injection. b,c, H&E images of tissues after 
intravitreal injection of Br6A-LPS4Br NPs (b) compared to the untreated control group (c). Scale 
bar: 100 μm. d, TUNEL assay analysis. DAPI (blue) indicates cell nuclei. Green color stained with 
FITC evaluates for any potentially apoptotic cells, which are not noted. Scale bar: 75 μm.  
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Table 2.1 | Liver and Kidney Function tests at 14 days post-administration for untreated control 
and intravenously treated choroidal vascular occlusion model in New Zealand white and Dutch 
Belted pigmented rabbits, demonstrating normal liver and kidney function tests 
 

 Br6A-IR780-LPS4VP-PEG Control 

Liver Function 
Tests (LFT) 

Normal 
Range Unit 

NZ 
White 
Rabbit 

Pigmented 
Rabbit #1 

Pigmented 
Rabbit #2 

NZ White 
Rabbit 

Albumin 2.7–5 g/dL 3.7 4.1 4.2 4.0 ± 0.3 
Total Protein 

(TPRO) 5–7.5 g/dL 5.3 6 6.2 5.8 ± 0.5 

Alanine 
aminotransferase 

(ALT) 
25–65 U/L 35 43 41 39.7 ± 4.2 

Alkaline 
phosphatase (ALP) 

10.0–
86.0 U/L 76 86 66 76.0 ± 10.0 

Total Bilirubin 
(TBIL) 0.2–0.5 mg/dL 0.4 0.3 0.2 0.3 ± 0.1 

Kidney Function Tests (KFT)  

Blood urea nitrogen 
(BUN) 5.0–25.0 mg/dL 15 21 21 19 ± 3.5 

Creatinine (CREA) 0.5–2.6 mg/dL 0.67 0.68 1.11 0.8 ± 0.2 

Calcium 5.6–12.1 mg/dL 12.0 14 12.9 13.0 ± 1.0 
Glucose 74–148 mg/dL 137 111 189 145.7 ± 39.7 
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Table 2.2 | Liver and Kidney Function tests obtained 14 days after intravitreal injection of Br6A-
LPS4Br NPs. All values for both untreated control and RTP NPs treated groups are within normal 
limits. 
 

Liver Function Tests 
(LFT) 

Normal 
Range Unit Control Treated 

#1 
Treated 

#2 
Treated 

#3 

Albumin 2.7–5 g/dL 4.2 3.4 3.5 3 

Total Protein (TPRO) 5–7.5 g/dL 6.6 6.7 5 7.3 
Alanine 

aminotransferase 
(ALT) 

25–65 U/L 31 25 51 29 

Alkaline phosphatase 
(ALP) 10.0–86.0 U/L 77 81 51 85 

Total Bilirubin (TBIL) 0.2–0.5 mg/dL 0.4 0.3 0.33 0.22 

Kidney Function Tests (KFT) 

Blood urea nitrogen 
(BUN) 5.0–25.0 mg/dL 25 20 15 17 

Creatinine (CREA) 0.5–2.6 mg/dL 1.35 0.68 0.78 0.74 

Calcium 5.6–12.1 mg/dL 11.2 11.4 11.7 9.7 

Glucose 74–148 mg/dL 102 122 133 114 
 

2.3 Conclusion and Outlook 

In this work, we have successfully developed a versatile lipid-polymer hybrid assembly 

platform to generate efficient metal-free organic RTP NPs for longitudinal optical visualization of 

chorioretinal tissue hypoxia in living rabbits in a non-destructive fashion. The facile 

nanoformulation involves (1) a rigid and oxygen-permeable polymer core for the effective 

activation of bright RTP from the embedded organic phosphor in hypoxic environments, and (2) 

an amphiphilic phospholipid shell, allowing for excellent water dispersity, biocompatibility, and 

colloidal stability. The phosphorescent signal of the fabricated organic RTP NPs demonstrates 

milliseconds decay time and is highly responsive toward oxygen quenching, which enables them 

to be exploited as “turn-on” imaging probes for chorioretinal tissue hypoxia. When tested in vivo 
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using rabbit RVO and CVO models, both oxygen-sensing efficacy and biosafety of the organic 

RTP NPs were demonstrated. The phosphorescence signal was exclusively generated with high 

SNR in the RVO side or laser lesions in the CVO side of the rabbit eye where tissue hypoxia was 

present. Specifically, when administrated intravenously in rabbit CVO model, the RTP NPs 

exhibited prolonged blood circulation and were able to effectively accumulate at target laser 

lesions in the choroid and detect focal tissue hypoxia. The fluorescent dye and organic phosphor 

co-encapsulated NPs showed co-localization of fluorescence and phosphorescence signals via 

multimodal imaging, confirming the hyperphosphorescence in both RVO and CVO models 

originates from organic RTP NPs in response to tissue hypoxia. No ocular or systemic 

complications or toxicity were noted after either intravenous or intravitreal administration of RTP 

NPs. These data provide proof-of-concept that the developed nanoformulation of organic RTP 

materials allows for biocompatible, non-destructive detection of hypoxia in chorioretinal tissue, 

currently unachievable by other methods.  

The oxygen sensitivity of these organic RTP NPs can be optimized for visualizing the 

hypoxia in the retina and choroid by tuning the host polymer’s oxygen permeability. If the oxygen 

sensing window of the current nanoformulation falls outside of the clinically-relevant range for 

retinal and choroidal tissue hypoxia, the chemical composition of RTP NPs’ polymeric core can 

be tuned to modulate its oxygen sensitivity and detection range. For example, poly(methyl 

methacrylate) (PMMA), particularly isotactic PMMA, is known to have low permeability toward 

oxygen35,43,61. Therefore, a mixture of PS4VP and PMMA of different compositions can be used 

to encapsulate Br6A. 
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While further studies will be conducted to assess this RTP nanosensor’s hypoxia detection 

window, in vivo oxygen tension determination, and pharmacokinetics, the results of this work 

provide a strong indication that the developed organic RTP NPs hold significant promise as an 

advanced non-invasive imaging tool for long-term visualization of tissue oxygen levels and 

evaluation of various hypoxia-driven vascular diseases. Since the light-generating mechanism of 

the organic phosphor Br6A in response to oxygen tension is at molecular scale, and RTP particles 

are at nanoscale, it is reasonable to anticipate high spatial resolution (nanoscale) for in vivo hypoxia 

imaging, though in practice the resolution will be limited to around 5 µm due to optical resolution 

in the eye without adaptive optics. This study lays a solid foundation demonstrating that this 

organic RTP nanosensor has a great potential to serve as a general tissue hypoxia tracking probe 

via minimally invasive systemic delivery, beyond the retina and choroid. 

 

2.4 Experimental Section 

2.4.1 Materials 

Reagents used to synthesize the organic phosphor Br6A were purchased from Millipore 

Sigma. Phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA) and 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-PEG2000) were 

purchased from Avanti Polar Lipids. Polystyrene-b-poly(4-vinylpyridine) (PS4VP) was purchased 

from Polymer Source. Other chemicals and materials such as IR-780 iodide, poly(4-bromostyrene) 

(PS4Br, Mw ~65,000), solvents, and Amicon® Ultra-4 centrifugal filters (MWCO 30 kD) were 

also purchased from Millipore Sigma. Malvern Panalytical folded capillary zeta cells were 

purchased from Fisher Scientific. 
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2.4.2 Preparation of lipid-polymer hybrid organic RTP NPs for intravitreal injection 

The metal-free organic phosphor, Br6A was synthesized according to a published 

procedure from our lab,41 and its purity was confirmed by 1H NMR. The lipid-polymer hybrid NPs 

containing the organic phosphor were fabricated by a single-step nanoprecipitation method. To 

prepare Br6A-LPS4Br NPs, phospholipid DMPA was dispersed into 4 wt% ethanol-water solution 

at a concentration of 0.15 mg/mL (15 wt% to PS4Br) as the aqueous outer phase. The dispersion 

was then heated up to 65 °C until the solution became completely transparent to ensure that all the 

lipids were in the liquid phase. A stock solution of 10 mg/mL PS4Br mixed with Br6A (5 wt% to 

PS4Br) was prepared in tetrahydrofuran (THF) as the organic internal phase. Then 1 mL of this 

THF mixture solution was rapidly injected into the aqueous outer phase with vigorous stirring. 

The resulting suspension was subsequently sonicated for 10 min using a bath sonicator (Bransonic 

2510-DTH) at a frequency of 42 kHz and power of 100 W. It was then further stirred at room 

temperature for 30 h to allow for the complete evaporation of organic solvents. Purification was 

done by washing the NPs in Milli-Q water 3 times using Amicon® Ultra-4 centrifugal filters with 

a molecular weight cutoff of 30 kD. The purified Br6A-LPS4Br NPs were re-suspended in Milli-

Q water to make 2.5 mg/mL stock concentration. The fluorescent dye co-encapsulated Br6A-

IR780-LPS4Br NPs were synthesized using a similar procedure except when mixing PS4Br with 

organic phosphor Br6A, IR-780 iodide (stock solution prepared in acetone at 1mg/mL) was also 

added at 2 wt% to PS4Br. 

 

2.4.3 Preparation of lipid-polymer hybrid organic RTP NPs for intravenous injection 

To prepare Br6A-IR780-LPS4VP-PEG NPs for intravenous administration, PS4VP was 

used as the polymer matrix instead of PS4Br, and DSPE-PEG2000 (30 wt% to PS4VP) was used 
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as the phospholipid instead of DMPA. To make 1 mL of the organic internal phase containing 

polymer, organic phosphor (5 wt% to polymer), and fluorescent dye (2 wt% to polymer), 400 µL 

THF was used to dissolve 10 mg of PS4VP, followed by adding 100 µL of Br6A stock in THF at 

5 mg/mL and 200 µL of IR-780 iodide stock in acetone at 1mg/mL. Then 300 µL of acetone was 

added to the mixture to adjust the volume ratio of THF and acetone (1:1). The rest of the steps 

were similar to the nanoprecipitation procedure described above. 

 

2.4.4 Characterization of lipid-polymer hybrid organic RTP NPs 

Hydrodynamic size (diameter, nm), PDI, and surface charge (ζ potential, mV) of the lipid-

polymer hybrid NPs were measured in Milli-Q water on Malvern Zetasizer Nano ZSP (Model 

number: ZEN5600) using disposable cuvettes and folded capillary zeta cells, respectively. All 

measurements were conducted at a backscattering angle of 173° (NIBS default) at 25 °C. Size and 

polydispersity analyses were performed using Malvern Zetasizer software (Ver. 7.11). The average 

hydrodynamic diameters of NPs are reported using the peak means of size distribution plots by 

intensity. Particle size and morphology were further examined by SEM (Thermo Fisher Nova 200 

Nanolab) after carbon coating. Photophysical properties including steady state emission and 

excitation spectra, delayed emission, lifetime, and absolute quantum yield were measured using a 

Photo Technologies International (PTI) QuantaMaster spectrofluorometer equipped with an 

integrating sphere. Anoxic aqueous suspensions of RTP NPs were prepared by bubbling argon gas 

through sample solutions placed in rubber septum-capped quartz cuvettes for 30 min. Then to 

achieve various pO2 (0–21%) in the aqueous suspension, different amount of air was refilled back 

into the anoxic sample. All experiments were performed in triplicate from freshly prepared 

samples (n = 3). Data are expressed as the mean ± standard deviation. 
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2.4.5 Animal model preparation 

All animal studies were implemented under the guidelines of the Association for Research 

in Vision and Ophthalmology (ARVO) Statement on the Care and Use of Laboratory Animals in 

Ophthalmic and Vision Research. The experimental protocol was approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of Michigan (Protocol number: 

PRO00008566, PI: Y. Paulus). 

A total of 11 rabbits were used in this study. Nine New Zealand white rabbits (2–4 months 

and 2.5–3.0 kg) were obtained from the Center for Advanced Models and Translational Sciences 

and Therapeutics (CAMTraST) at the University of Michigan Medical School, and two Dutch 

Belted rabbits (3 months and 1.3–1.5 kg) were purchased from Covance.  The animals were divided 

into three groups: control, RVO, and choroidal vascular occlusion (CVO). In the RVO control 

group, the animals received intravitreal injection of organic RTP NPs (50 µL, 2.5 mg/mL) and had 

normal, healthy retinas.  In the RVO group, the animals received hemi-retinal vein occlusion 

(RVO) by Rose Bengal dye-enhanced photochemical thrombosis laser photocoagulation. In the 

CVO group, the rabbits were treated with laser photocoagulation without administration of Rose 

Bengal. Throughout experiments and recovery, the animal condition including mucous membrane 

color, body temperature, heart rate, and respiratory rate was recorded and documented every 15 

minutes. To induce anesthesia, a dose of ketamine (40 mg/kg) and xylazine (5 mg/kg) was injected 

intramuscularly (IM). The rabbit’s pupils were dilated using tropicamide 1% and phenylephrine 

2.5% ophthalmic. A drop of 0.5% tetracaine was applied for topical anesthesia before experiments. 

In addition, lubricant (Systane, Alcon Inc., TX, USA) was provided every minute to avoid corneal 

dehydration during experiments. To maintain the animal’s body temperature, a water-circulating 

heating blanket was used. 
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2.4.6 RVO model generation 

RVO model was generated using Rose Bengal dye-enhanced photochemical thrombosis as 

described in detail in previous studies.50,51,62 Briefly, a 532 nm green light laser mounted on a slit 

lamp was used to create the RVO model (Vitra 532 nm, Quantel Medical, Cournon d’Auvergne, 

France). To visualize the target retina vessels, a contact lens (Volk H-R Wide Field, laser spot 2x 

magnification, Volk Optical Inc, Mentor, OH, USA) was placed on the cornea. Rabbits under 

anesthesia were injected IV with Rose Bengal (50 mg/mL). 5–10 seconds after the injection, 20 

spots of 532 nm laser at a power of 150 mW, aerial spot diameter of 75 µm, and pulse duration of 

500 ms were illuminated at the same position at a distance of one-half to one disc diameter from 

the optic nerve to avoid optic neuropathy.63 To avoid reperfusion, 20 laser spots were further 

applied with a power of 300 mW. The treated position on the veins was carefully selected to 

prevent damaging the adjacent arteries or optic nerve.64 

 

2.4.7 CVO model generation 

To induce CVO model, a contact lens was placed on the cornea of the rabbit eye. Gonak 

Hypromellose Ophthalmic Demulcent Solution 2.5% was placed on the surface of the contact lens 

for coupling. The rabbit eye was irradiated with a 532 nm green light laser at a power of 450 mW, 

aerial beam diameter of 150 µm, and pulse duration of 500 ms using a Zeiss SL 130 slit lamp (Carl 

Zeiss Meditec, Jena, Germany), to which the Vitra photocoagulator was connected. Fifteen shots 

of the laser were illuminated into the eye at different positions. To create CVO model in Dutch 

Belted rabbits, the laser power was reduced from 450 mW to 300 mW due to melanin absorption. 

Twelve spots were illuminated on the retina with aerial spot size of 150 µm and pulse duration of 

500 ms. After taking color fundus photographs, fluorescein angiography (FA) and indocyanine 
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green angiography (ICGA) were performed to evaluate the vasculature and confirm vascular 

occlusion.  

 

2.4.8 Follow-up RVO and CVO evaluation 

All rabbits with RVO model were examined fifteen minutes after the laser treatment, and 

at day 7 and day 14 post-photocoagulation. The rabbit models were assessed by color fundus 

photography, fluorescein angiography (FA), indocyanine green (ICG) angiography, and 

phosphorescence photography. 

 

2.4.9 Color fundus photography 

All retinal vessel network and laser-induced hypoxia were imaged using a custom-modified 

50-degree color fundus photography (Topcon 50EX, Topcon Corporation, Tokyo, Japan). The 

digital images were captures by EOS 5D camera with a resolution of 5472×3648 pixels with a 

pixel size of 6.55 µm2. Color fundus images were obtained using the maximum 50-degree angle 

of coverage centered at five different positions of the eye: the optic nerve, the superior retina above 

the optic disc, the inferior retina below the optic disc, the temporal medullary ray, and the nasal 

medullary ray. Color fundus montages were created using the I2K Retina software (Topcon 

Corporation, Tokyo, Japan). 

 

2.4.10 Fluorescein angiography and indocyanine green angiography 

FA and ICGA were performed on the Topcon 50EX camera by changing the camera’s 

appropriate internal excitation and emission filters for each. For FA, a dose of 0.2 mL fluorescein 

sodium at a concentration of 10% fluorescein (Akorn, Lake Forest, IL, USA) was intravenously 
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injected into the rabbit via the marginal ear vein. For ICGA, 2.0 mL of ICG solution at 

concentration of 2.5 mg/mL (Akorn, Lake Forest, IL, USA) was injected intravenously via the 

marginal ear vein. FA and ICGA images were subsequently acquired after fluorophore injection, 

and late phase FA and ICGA images were acquired at every minute for a period of at least 20 

minutes. 

 

2.4.11 Phosphorescence photography examinations 

To evaluate the potential of organic RTP NPs as an oxygen sensor for detection of hypoxia 

in vivo, phosphorescence photography was evaluated on rabbit models using a custom-modified 

Topcon 50EX camera with custom-made filters (excitation filter with the bandpass wavelengths 

of 335 to 379 nm (FF01-357/44, Semrock, NY, USA) and barrier filter with a bandpass of 498 to 

542 nm (FF01-520/44, FF01-357/44, Semrock, NY, USA) and UV-excitation light source (4.4 x 

10-4 W/cm2) with center wavelength of 365 nm and bandwidth of 9 nm (M365LP1, Thorlabs, 

USA). All rabbits with the RVO model received intravitreal injection of 50 µL organic RTP NPs 

at a concentration of 2.5 mg/mL. Phosphorescent photography was acquired immediately after the 

injection and follow-ups for different time points: 15 min, 1, 2, 4, 8, 24 h and day 2, 4, and 7. For 

intravenous injection, the rabbits with CVO model were injected with 4 mL of RTP NPs at a 

concentration of 2.5 mg/mL. Phosphorescent imaging was acquired immediately after the injection 

and follow-ups for different time points: 15 min, 2, 4, 8, 16, 24 h, 48 h and day 7. It took about 2 

seconds to capture each fundus phosphorescence image of the rabbit models. The control groups 

were monitored over a period of 17 days post-injection. The dynamic changes of phosphorescent 

signal over time were determined by region of interest (ROI) using ImageJ software. 
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2.4.12 Biosafety analysis 

Biosafety analysis was performed on the treated animals using different methods such as 

body weight analysis, hematoxylin and eosin (H&E) staining, TUNEL assay, liver function test 

(LFTs), and kidney function tests (KFTs). Body weight was measured daily post administration of 

RTP NPs for each group over a period of 7 days. At day 14 after injection of RTP NPs, 400 µL of 

blood sample was collected from each rabbit for LFTs and KFTs. Then, the rabbits were 

euthanized by intravenous injection of euthanasia solution (0.22 mg/kg) via the marginal ear vein 

(Beuthanasia-D Special, Intervet Inc., Madison, NJ, USA). The organs and eye tissues were 

harvested and fixed with 10% neutral buffered formalin (VWR, Radnor, PA, USA).  To prevent 

retinal detachment, eye tissues were fixed with Davidson’s fixative solution (Electron Microscope 

Sciences, PA, USA) for 24 h. Afterwards, the samples were placed in 50% alcohol solution for 8 

h and then replaced with 70% alcohol solution and kept at room temperature for 24 h.  The fixed 

tissues were embedded in paraffin, sectioned into 6 µm thick sections, and stained with 

hematoxylin and eosin (H&E) for histopathological examination. TUNEL assay analysis were 

performed using TUNEL in situ Cell Death Detection Kit protocol (Sigma-Aldrich, USA). The 

stained slides were analyzed using DM6000 microscope. H&E images were captured using the 

BF450C camera and TUNEL fluorescence images were obtained using the FF363x camera 

(DM600, Leica Biosystems, Nussloch, Germany). 
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Chapter 3 

Organic Room-Temperature Phosphorescent Lipid-Polymer Hybrid Nanoparticles for 

Highly Sensitive and Quantitative Biodetection 

 

Kang, D.§; Zeng, Y.§; Tewari, M.; Kim, J. “Organic Room-Temperature Phosphorescent Lipid-
Polymer Hybrid Nanosensors for Highly Sensitive and Quantitative Biodetection.” 2021, 
submitted. (§Both authors contributed equally to this work.) 
 

3.1 Introduction 

Optical biosensors are crucial tools in a variety of clinical medicine and biological research 

areas because they can provide both rapid, qualitative analyses by the naked eye and high-

throughput, precise quantifications using more sophisticated optical spectrometers.1-9 Most of the 

developed optical biodetection sensors have utilized colorimetric (i.e. absorbance), fluorometric, 

or chemiluminometric changes of the signal transducing unit, which are triggered by a specific 

recognition and binding event between the targeted bioanalytes and devised receptors.10-16 

However, these methodologies have their own inherent drawbacks. Colorimetric sensors have a 

narrow linear correlation detection range due to the deviation in absorptivity of the signal 

transducing substrates at high concentrations.17 Fluorometric detection has a low signal-to-noise 

ratio due to the small Stokes shift and short lifetime (nanoseconds regime) of fluorescent probes.  

In this study, we devised a new organic phosphor-based sensor system for bio-detection 

applications. Phosphorescence is the delayed light emission generated by relaxation of excited 

electrons from a triplet excited state to the singlet ground state, offering bright emission with a 
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larger Stokes shift and a longer lifetime (milliseconds to seconds regime for metal-fee purely 

organic phosphors) than fluorescence.18 These unique features provide organic phosphorescence-

based sensors with a few advantages: (i) ample time to respond to environmental changes and/or 

external stimuli, such as oxygen tension change, temperature variation, and presence of analytes; 

(ii) high signal-to-noise ratio owing to minimal interference from the excitation light source or the 

background autofluorescence. However, phosphorescence-based generic biosensors have not been 

extensively explored likely due to unclear toxicity and stability of conventional inorganic or 

organometallic room temperature phosphorescent (RTP) materials for bio-applications.19 

Metal-free purely organic phosphors are an emerging class of RTP materials showing 

attractive advantages over their conventional inorganic or organometallic counterparts, such as 

low cost, high earth-abundance, low toxicity, and flexibility in molecular design. Various metal-

free organic phosphors such as BF2-chelates,20-24 phenylthiobenzene,25 benzophenone,26-29 

fluorene,30-32 triazine,33-35 boronic ester,36 naphthalimide,37 sulfone,38 bromobenzaldehyde,39-44 and 

polyaromatic analogues45,46 have been recently reported. However, employing these organic 

phosphors in biosensor applications is still at an early stage. Among the successful demonstrations 

are detection of dissolved oxygen (DO) and bioimaging.23,44,47-51 In such sensing systems, DO is 

detected in a signal “turn-off” manner by measuring the decreased phosphorescence intensity, 

induced by energy transfer from the excited triplet state of phosphors to the ground triplet state of 

oxygen present44,52 (Figure 3.1a). We previously reported dissolved oxygen sensing by core-shell 

polymeric nanoparticles having bromobenzaldehyde-based organic phosphor covalently 

crosslinked with the polymer matrix by reversible addition-fragmentation chain-transfer (RAFT) 

polymerization.44 This dissolved oxygen detection platform showed a very high sensitivity (limit 

of detection of 60 nM DO) and good compatibility with aqueous environment. 
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Figure 3.1 | Materials design and detection mechanism of the “turn-on” phosphorescence-
based assay platform. a, Energy level diagram illustrating fluorescence and phosphorescence 
generation process upon photoexcitation, and the phosphorescence quenching process via energy 
transfer to the triplet state of atmospheric molecular oxygen. b, Schematic illustration of the 
phosphorimetric sandwich hybridization assay detecting DNA using oxygen-sensitive 
phosphorescent nanoparticles coupled with oxygen-scavenging enzymatic reaction. c, Oxygen-
scavenging enzymatic reaction of glucose and glucose oxidase. 
 

In this work, we designed an RTP-based “turn-on” biosensor platform by combining the 

oxygen-sensing capability of the metal-free organic phosphor with an enzymatic oxygen 

scavenging reaction induced by the presence of targeted analytes. Glucose oxidase enzyme (GOx) 

is a well-known oxygen scavenger that efficiently consumes DO in the process of oxidizing 

glucose to gluconic acid (Figure 3.1b,c).53 Our unique methodology for the phosphorescence-
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based biodetection consists of the following three steps; i) the targeted bioanalyte binds to the 

probe and bioreceptor through specific interaction such as nucleic acid hybridization; ii) the bound 

bioreceptor will then be labeled with GOx through another specific binding such as avidin-biotin 

interaction; and iii) finally a solution containing glucose and oxygen-sensitive RTP nanoparticles 

will be introduced to the target-bioreceptor-GOx complex, as depicted in Figure 3.1c. As the GOx 

scavenges the DO in the surrounding environment, the signal transducing RTP nanoparticles emit 

the “turn-on” phosphorescence signal, whose intensity correlates with the concentration of target 

bioanalytes. It is reasonable to expect that the cyclic enzymatic signal generation will allow for a 

significant signal amplification hence high sensitivity toward practical applications.54-57 As a proof 

of concept, a tumor-associated TP53 gene fragment was tested as the target DNA analyte. Our data 

support sequence-specific detection with sub-picomolar sensitivity. 

 

3.2 Results and Discussion 

3.2.1 Nanoparticle assembly and characterization 

To realize our organic RTP-based detection system, we developed a new type of lipid-

polymer hybrid core-shell nanoparticles with the metal-free organic phosphor embedded within 

the polymer matrix core, whose surface was passivated with an amphiphilic lipid shell. Our group 

has previously reported a synthetic method based on RAFT polymerization to achieve efficient 

organic RTP in nanoparticles, where metal-free organic phosphors were cross-linked with the 

polymer matrix.44 In this study, we adapted a more facile and versatile fabrication method, 

nanoprecipitation, which can produce homogenous nanoparticles rapidly on a large scale by 

utilizing a sharp change in the solubility of host materials.58 In detail, to the aqueous phase, a 

mixture of the host polymer and guest molecules dissolved in water-miscible organic solvent (e.g. 
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tetrahydrofuran) was injected. The drastic change of the solubility precipitates the host polymer as 

insoluble solid nanoparticles encapsulating the guest molecules. The nanoprecipitation is a very 

instant process occurred when the two solvents are mixed. Therefore, we expected that the 

nanoprecipitation would result in efficient phosphorescence emission from the uniformly 

embedded metal-free organic phosphors. 

We chose poly(4-bromostyrene) (P4BrS, Mw ~65,000) as the host polymer and Br6A as 

the metal-free organic phosphor respectively for the nanoparticle assembly (Figure 3.2a). In 

addition to the optical inertness, the rigidity and oxygen permeability of the host polymer are two 

critical parameters for the sensor design in order to achieve bright and sensitive RTP for the 

dissolved oxygen detection. The high rigidity of the host polymer can effectively suppress the 

vibrational energy dissipation of metal-free phosphors and allow for bright RTP emission.43 The 

moderate oxygen permeability of the polymer matrix is necessary for balancing the 

phosphorescence emission intensity and quenching of the signal by oxygen. Styrene-based 

polymers have desirable rigidity and proper oxygen permeability for dissolved oxygen 

detection.59,60 We further expected that P4BrS, the brominated polystyrene, matrix can enhance 

the RTP emission of the guest Br6A through additional halogen bonding. The halogen bonding 

between the oxygen atom of the carbonyl group of Br6A and the neighboring bromine atom of 

P4BrS can further suppress the vibrational energy dissipation meanwhile enhancing spin−orbit 

coupling and intersystem crossing of Br6A.39 About 3% increase in the RTP quantum yield was 

observed for Br6A-P4BrS nanoparticles (17.1 ± 3.5%) compared to that of Br6A-PS nanoparticles 

(13.2 ± 3.1%).  

We further synthesized the lipid-polymer hybrid core-shell organic RTP nanoparticle, 

termed Br6A-LP4BrS, by adding an anionic phospholipid, 1,2-dimyristoyl-sn-glycero-3-
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phosphate (DMPA) in the aqueous phase during the nanoprecipitation process. The purpose of 

phospholipid coating on the nanoparticle surface is to increase the dispersion stability in water at 

concentrated states, particularly for long-term storage, by preventing aggregation through the 

electrostatic repulsion or hydration.61-65 When the DMPA lipid was used at 15 wt% with respect 

to P4BrS, dynamic light scattering (DLS) data indicate narrow-dispersed (polydispersity index 

(PDI): 0.063) nanoparticles with a Z-average diameter of 161.7 nm (Figure 3.2b black line). The 

particle size and its spherical shape were further confirmed by scanning electron microscope 

(SEM, Figure 3.2c). In contrast, nanoparticles prepared without DMPA lipid have a higher 

polydispersity (PDI; 0.158) and a larger hydrodynamic diameter of 250 nm (Figure 3.2b orange 

line) when the initial P4BrS concentration is 1 mg/ml in THF. It is also important to note that the 

highly concentrated polymer solution (10 mg/ml) injected into the aqueous phase without the 

DMPA lipid resulted in massive aggregation instead of discrete nanoparticle formation. Thus, the 

addition of DMPA lipids is necessary to ensure homogeneous dispersion of the polymer in the 

aqueous phase by serving as a surfactant, which reduces the surface and interfacial tension and 

stabilizes the polymer-water interface during the nanoprecipitation process.66,67 The decrease in 

the zeta potential (ζ) of the resulting Br6A-LP4BrS nanoparticles (-43.6 ± 2.0 mV) in comparison 

with bare Br6A-P4BrS (-23.4 ± 0.8 mV) suggests the successful coating of the negatively-charged 

DMPA lipid on the nanoparticle surface (Figure 3.2d). This simple one-step nanoprecipitation 

method is easy to scale up for mass and reproducible production of such organic RTP 

nanoparticles. 
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Figure 3.2 | Synthesis and chemophysical characterizations of lipid-polymer hybrid organic 
room-temperature phosphorescent nanoparticles Br6A-LP4BrS. a, Schematic illustration on 
nanoprecipitation process for the rapid generation of lipid-polymer hybrid nanoparticles having a 
metal-free organic phosphor, Br6A. b, Size distribution of phosphorescent lipid-polymer hybrid 
nanoparticles (LP4BrS, black line) compared to bare polymer nanoparticles without lipid coating 
(P4BrS, orange line). c, Scanning electron microscope image of phosphorescent lipid-polymer 
hybrid nanoparticles. d, Zeta potential of lipid polymer-hybrid nanoparticles (LP4BrS) and the 
control polymer nanoparticles prepared without lipid coating (P4BrS). 
 

We then confirmed the RTP nature of the emission from the fabricated Br6A-LP4BrS 

nanoparticles, shown in Figure 3.3a. As expected, the nanoparticle solution exhibited bright green 

emission under 365 nm excitation after removal of the dissolved oxygen by the enzymatic reaction 

of GOx and glucose (the inset photograph in Figure 3.3a). Steady state photoluminescence 

spectroscopy data confirmed the emission and excitation spectra maxima at 525 nm and 365 nm, 

respectively. The gated emission spectrum acquired after 500 μs delay well overlapped with the 

steady state emission, confirming that the green emission is indeed of phosphorescent nature rather 

than fluorescent. Lifetime (τ) measurement of the green emission monitored at 525 nm resulted 
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4.0 ms (Figure 3.3b), further corroborating the phosphorescent emission. In summary, 

photophysical characteristics of these Br6A-LP4BrS nanoparticles are in good agreement with 

those of Br6A in the crystalline state24 or embedded in isotactic poly(methyl methacrylate) film25 

reported previously, indicating the successful inclusion of Br6A into the nanoparticle matrix by 

the nanoprecipitation method. 

 

 

Figure 3.3 | Photophysical characterizations of lipid-polymer hybrid organic room-
temperature phosphorescent nanoparticles Br6A-LP4BrS. a, Photoluminescent excitation 
(black line), steady-state emission (green line), and gated emission spectra (blue dots) of 
phosphorescent lipid-polymer hybrid nanoparticles. The inset photograph shows phosphorescent 
lipid-polymer hybrid nanoparticles dispersed in air-saturated (left) and oxygen-scavenged (right) 
aqueous solutions at room temperature under 365 nm UV irradiation. b, Phosphorescence emission 
decay profile of Br6A-LP4BrS nanoparticles suspended in an anoxic aqueous solution monitored 
at 525 nm (λex = 365 nm), confirming the long-lived character of the green phosphorescence with 
a lifetime (τ) of 4.0 ms. 
 

3.2.2 Phosphorescence-based detection of avidin-biotin interaction 

We next constructed the novel organic RTP-based biodetection system using the 

phosphorescent lipid-polymer hybrid nanoparticles. The commercially available 96-well plate was 

selected as our biodetection platform since these plates have been widely used for various high-

throughput biosensor systems such as enzyme-linked immunosorbent assay (ELISA) or DNA 

detection. Therefore, successful demonstration of organic RTP-based biosensors using the 96-well 
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plate will be beneficial for various biomedical applications. We first examined the feasibility of 

our design on a commercial biotin-coated plate by detecting the avidin-biotin interaction between 

glucose oxidase-conjugated streptavidin molecules (STA-GOx) and the surface-tethered biotin 

(Figure 3.4a). Various concentrations of STA-GOx were added to the biotin-coated plate, followed 

by one-hour incubation. Non-specifically bound STA-GOx molecules were removed by thorough 

washing, and finally the plate was filled with a solution containing Br6A-LP4BrS nanoparticles 

and glucose. In addition, we covered the top of the solution in the well with heavy mineral oil 

(density: 0.862 g/ml) to form an oxygen diffusion barrier that prevents rapid diffusion of 

atmospheric oxygen into the sample solutions during the course of the experiment (Figure 3.4c).68 

As expected, the oil-based oxygen barrier enhances the phosphorescence signal about 1.5 times, 

as compared with that of the uncovered pristine wells. This measure ensures that the resulting RTP 

signal truly correlates with the bound STA-GOx. 

We confirmed the phosphorescence emission in the well by using a 365 nm handheld UV 

lamp (4W) as the excitation light source. Strong green phosphorescence signal was observed by 

the naked eye, within 30-min of incubation, suggesting that the organic RTP nanoparticles are 

capable of providing rapid biodetection. Both the camera image and the quantitative signal 

measurement by a plate reader showed that the phosphorescent emission was enhanced as the 

loaded concentration of STA-GOx increased, as a “turn-on” biodetection sensor (Figure 3.4b). 

These results assure the feasibility of our detection methodology, indicating that STA-GOx was 

immobilized onto the plate well through the specific avidin-biotin interaction, and subsequently 

the dissolved oxygen concentration in the well was reduced through the enzymatic oxygen 

scavenging reaction between the immobilized STA-GOx and glucose in the solution. It should be 

noted that the fluorescence emission peak of GOx69 coincides with the RTP emission peak of 
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Br6A-LP4BrS nanoparticles. However, under our experimental conditions, the fluorescence 

emission from the immobilized STA-GOx, even at the highest working concentration (50 μg/ml), 

was negligible in comparison with the strong phosphorescence signal generated by RTP 

nanoparticles in the solution. The heavy mineral oil layer on top of sample solutions remarkably 

reduced the phosphorescent signal quenching by ambient oxygen (Figure 3.4c). In other words, 

stable monitoring of the oxygen consumption in response to the targeted analyte concentration 

using a 96-well plate platform was successfully achieved.  
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Figure 3.4 | Phosphorescence-based detection of avidin-biotin interaction. a, Schematic 
illustration on the phosphorescent detection of avidin-biotin interaction. For the development of 
phosphorescence signal by the phosphorescent nanoparticles, the dissolved oxygens are scavenged 
by glucose oxidase-conjugated streptavidin molecules (STA-GOx) combined with the surface-
tethered biotin on the well plate. b, Smartphone camera image presenting the phosphorescent 
detection of avidin-biotin interaction, and the corresponding relative phosphorescent intensity 
graph. Each well having surface-tethered biotins were exposed to the various concentrations of 
STA-GOx respectively by 1hr incubation, and then the phosphorescent signals were developed. 
The middle well between the wells treated with two different concentrations of STA-GOx were 
intended to be empty to avoid the crosstalk of light emission by the adjacent wells. c, 
Phosphorescence signal enhancement by using a heavy mineral oil (density: 0.862 g/ml) as an 
oxygen diffusion barrier. The bar graph indicates that the phosphorescence emission from wells 
covered with oil barrier was 1.5 times greater than that from the uncovered wells. The wells were 
pre-incubated with 10 μg/ml of STA-GOx. 
 

3.2.3 Phosphorescence-based cell-free DNA detection by sandwich hybridization 

Based on the successful detection of avidin-biotin interaction using our turn-on sensor 

design, we further investigated a feasible detection scheme for a fragment of human TP53 gene to 

demonstrate the versatility of our detection system. The TP53 gene is a very important clinical 
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marker because its mutation has been found in many types of human cancers.70,71 The p53 protein 

encoded by the TP53 gene functions as a tumor suppressor which can repair DNA damage or can 

initiate apoptosis to remove damaged DNA.72,73 Therefore, the mutation of TP53 means that such 

tumor suppression pathways regulated by the p53 protein are not operating, and only one-base pair 

mismatch can deactivate the P53 protein function. Importantly, TP53 gene DNA can be extracted 

from blood plasma or other biofluids as cell-free DNAs, enabling convenient “liquid biopsy” 

instead of conventional invasive tumor tissue biopsies.74-78 

We designed a sandwich type of DNA hybridization assay using two half-length DNA 

probes complimentary to the target DNA strand for selective detection. As shown in Figure 3.1c 

and Figure 3.5a, the first half-length DNA probe having an amine group at its 3’-end (5’-GAG 

AGA CCG GCG CAC-NH2-3’) was immobilized onto the epoxy-coated well plate through the 

amine-epoxy chemistry. The second half-length DNA probe strand has a biotin group conjugated 

at its 5’-end (5’-biotin-TTG TGC CTG TCC TGG-3’) for further binding with STA-GOx. Through 

the sandwich hybridization, biotin groups can be immobilized on the plate surface only when the 

target DNA strand (5’-GTG CGC CGG TCT CTC CCA GGA CAG GCA CAA-3’) is present in 

the sample. STA-GOx is then attached to the biotin groups, and subsequently induces the 

phosphorescence signal when Br6A-LP4BrS nanoparticles solution containing glucose is added 

(Figure 3.1b). As we anticipated, the green phosphorescence intensity was promoted gradually as 

the concentration of the target DNA strand increased (Figure 3.5b) within the tested concentration 

range (0.05 pM to 5 μM). Notably, the detection limit of our sensor design is around 0.5 pM, 

comparable to or better than that of the reported optical biosensors for TP53 gene detection, 

demonstrating its high sensitivity.79-81 Furthermore, when an one-mismatch sequence (5’-GTG 

CGT CGG TCT CTC CCA GGA CAG GCA CAA-3’) was introduced, there was no remarkable 
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phosphorescence emission generated. With a three-mismatch sequence (5’-GTG CGT CGG TTT 

CTC TCA GGA CAG GCA CAA-3’), the RTP signal showed more significant drop, verifying the 

detection selectivity (Figure 3.5c). We also tried to detect TP53 fragments spiked in human urine 

samples by using our phosphorescent assay (Figure 3.5d). Though the deviations become wider, 

our system still shows phosphorescent signals correlated with target DNA concentrations in the 

urine sample, presenting a similar level of detection limit (0.5 PM). The demonstrated sensitivity, 

selectivity, and suitability for detecting target biomolecules in body fluid samples indicates that 

our system could be suitable for various practical biodetection applications. 
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Figure 3.5 | Phosphorescence-based cell-free DNA detection by sandwich hybridization. a, 
Schematic illustration on phosphorescent detection of DNA fragment molecules. For the 
phosphorescence signal development by the nanoparticles, the dissolved oxygens are scavenged 
by STA-GOx combined with sandwich DNA complex having a biotin end group. b, Smartphone 
camera image presenting the phosphorescent detection of various concentrations of DNA 
fragments, and the corresponding relative phosphorescent intensity graph. c, Selectivity of this 
phosphorescence-based DNA assay to the one-mismatch and three-mismatch DNA fragments. d, 
Phosphorescence-based detection of various concentrations of target DNA fragments spiked in 
human urine samples. 
 

3.3 Conclusion and Outlook 

In summary, we have successfully demonstrated a new organic RTP-based biosensor 

platform based on the sensitive phosphorescence quenching of metal-free organic phosphors in the 

presence of oxygen. Phosphorescent lipid-polymer hybrid nanoparticles were fabricated by 
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nanoprecipitation of metal-free organic phosphorescent molecules, Br6A, and rigid and oxygen 

permeable poly(4-bromostyrene) in an aqueous solution having an anionic phospholipid, DMPA. 

The hybrid nanoparticle is used as a turn-on signal generation unit in connection with glucose 

oxidase enzyme (GOx) and glucose solution on the widely used 96-well plates. The sensory 

platform is rationally designed such a way that only target-specific recognition events can retain 

the hybrid nanoparticles and GOx in the glucose solution to produce sensitive phosphorescence 

turn-on signal. A cancer biomarker, a fragment of human TP53 gene, was successfully detected 

with a sub-picomolar detection limit owing to the oxygen sensitivity of metal-free organic 

phosphors and enzymatic signal amplification. Our unique methodology can be adapted to a broad 

range of biosensor applications requiring highly sensitive and quantitative optical biodetection 

with a high signal-to-noise ratio. Simply by re-programming the detection probe, our organic RTP-

based sensor design has a strong potential to serve as a universal sensor platform for biomarkers 

of great clinical importance but difficult to detect due to their low abundance in vivo. The detection 

limit of this phosphorimetric assay is partly controlled by oxygen sensitivity of organic RTP NPs, 

and can be further improved (i.e., lowered) by choosing a polymer matrix or polymer blends with 

relatively lower oxygen permeability to encapsulate organic phosphor. 

To realize point-of-care (POC) diagnostics,82 future work could be to adapt the 96-well 

plate-based platform to more portable substrates, such as papers and capillary tubes. We envision 

that one day patients may apply their own urine or blood samples to a prefabricated test (an “off-

the-shelf” product similar to a home pregnancy test), record the result with a smartphone and 

electronically submit the outcome to their healthcare team for interpretation and long-term 

monitoring (Figure 3.6). This technology could have a profound impact on patient compliances, 

as well as early diagnosis and prognosis of cancer in resource-limited settings. 
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Figure 3.6 | Schematic illustration of point-of-care process flow for cell-free DNA analysis. a 
microfluidic device that has a capillary-based disposable tip at the inlet and a rubber bulb at the 
outlet to create negative pressure for sample loading and washing steps. A smartphone optical 
attachment is used for organic RTP signal readout and transmission. Adapted from reference 82. 
 

3.4 Experimental Section 

3.4.1 Materials 

Poly(4-bromostyrene) (PS4Br, Mw ~65,000), glucose, bovine serum albumin, 

ethanolamine, solvents, buffers, heavy mineral oil, and reagents used to synthesize the organic 

phosphor Br6A were all purchased from Millipore Sigma and used without further purification. 

Phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA) was purchased from Avanti Polar 

Lipids. FisherBrandTM disposable cuvettes (10 mm pathlength, PMMA) and Malvern Panalytical 

folded capillary zeta cells for dynamic light scattering measurements were purchased from Fisher 

Scientific. Amicon® Ultra-4 centrifugal filters (MWCO 30 kD) for nanoparticle purification were 

purchased from Millipore Sigma. The streptavidin-conjugated glucose oxidase (STA-GOx) was 

purchased from Fitzgerald. Biotin-coated 96 well plates were purchased from Thermo Fisher 

Scientific, and epoxy-modified 96 well plates were obtained from Arrayit technology.  
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All DNAs were obtained from Integrated DNA Technologies, Inc. and the sequences are 

as follows:  

1) Complementary target strand: 5’-GTG CGC CGG TCT CTC CCA GGA CAG GCA CAA-3’  

2) Three-base-mismatched strand: 5’-GTG CGT CGG TTT CTC TCA GGA CAG GCA CAA-3’ 

3) One-base-mismatched strand: 5’-GTG CGT CGG TCT CTC CCA GGA CAG GCA CAA-3’  

4) Biotin-conjugated probe: 5’-biotin-TTG TGC CTG TCC TGG-3’  

5) Amine-terminated probe: 5’-GAG AGA CCG GCG CAC-NH2-3’ 

 

3.4.2 Preparation of lipid-polymer hybrid organic RTP NPs Br6A-LP4BrS 

The metal-free organic phosphor Br6A was synthesized according to a published procedure 

from the Kim lab39, and its purity was confirmed by 1H NMR. The lipid-polymer hybrid 

nanoparticle containing metal-free organic phosphor, Br6A-LP4BrS, was fabricated by a single-

step nanoprecipitation method. 1.5 mg of DMPA (15 wt% to P4BrS) was dispersed into 10 ml of 

4 wt% ethanol-water solution to prepare the aqueous outer phase. The dispersion was then heated 

up to 65 °C until the solution became completely transparent to ensure that all the lipids were in 

the liquid phase. A stock solution of 10 mg/ml PS4Br mixed with 1 wt% Br6A was prepared in 

THF. Then 1 ml of this mixture solution was injected into the aqueous outer phase with vigorous 

stirring. The resulting suspension was subsequently sonicated for 10 minutes using a bath sonicator 

(Bransonic 2510-DTH) at a frequency of 42kHz and power of 100 W. It was then further stirred 

at room temperature overnight to allow for the complete evaporation of organic solvents. 

Purification was be done by washing nanoparticles in milli-Q water 3 times using Amicon® Ultra-

4 centrifugal filters with a molecular weight cutoff of 30 kD. The purified Br6A-LP4BrS 
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nanoparticles were re-suspended in milli-Q water to make 1 mg/mL stock concentration. The 

suspension was stable for months stored under ambient condition. 

 

3.4.3 Characterization of lipid-polymer hybrid organic RTP NPs Br6A-LP4BrS 

Hydrodynamic Size (diameter, nm), surface charge (zeta potential ζ, mV), and PDI of the 

lipid-polymer hybrid NPs were measured in Milli-Q water on Malvern Zetasizer Nano ZSP (Model 

number: ZEN5600) using disposal cuvettes and folded capillary zeta cells, respectively. All 

measurements were conducted at a backscattering angle of 173° (NIBS default) at 25 °C. Size and 

polydispersity analyses were performed using Malvern Zetasizer software (Ver. 7.11). The average 

hydrodynamic diameters of NPs are reported using the Z-average of size distribution plots by 

intensity. Particle size and morphology were further examined by scanning electron microscope 

(SEM, FEI Nova 200 Nanolab) after carbon coating. Photophysical properties including steady 

state emission and excitation spectra, gated emission, lifetime, and absolute quantum yield were 

measured using a Photo Technologies International (PTI) QuantaMaster spectrofluorometer 

equipped with an integrating sphere. Anoxic aqueous suspensions of RTP NPs were prepared by 

bubbling argon gas through sample solutions placed in rubber septum-capped quartz cuvettes for 

30 min. All experiments were performed in triplicate from freshly prepared samples (n = 3). Data 

are expressed as the mean ± standard deviation. 

 

3.4.4 Phosphorescence-based detection of avidin-biotin interaction 

To the wells of a biotin-coated 96-well plate, 100 μl of 1x PBS buffer containing various 

amount of streptavidin-conjugated glucose oxidase (STA-GOx) were added. After one-hour 

incubation, the wells were washed three times with 1x PBST Buffer (1x PBS containing 0.05% 
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Tween 20) and three times with 1x PBS, and then were dried carefully with air blowing. The 

nanoparticle solution for phosphorescent signal generation was prepared freshly in every 

experiment by mixing 1 mg/ml Br6A-LP4BrS nanoparticle suspension, 100 mg/ml glucose 

solution, and 10x PBS Buffer (8:1:1 volume ratio). The wells were filled with 200 μl of the 

phosphorescent nanoparticle solution, and then overlaid with 150 μl of heavy mineral oil to inhibit 

the oxygen diffusion from the outside. The phosphorescent signal generation in the wells was 

qualitatively monitored by the naked eye or iPhone camera, while being illuminated by the 365 

nm UV light (4W handheld lamp) at a distance of 10 cm. Quantification of the phosphorescent 

signal was acquired on Biotek Synergy Neo plate reader. 

 

3.4.5 Phosphorescence-based TP53 DNA detection in buffer by sandwich hybridization 

(1) Immobilization of amine-probe onto 96-well plate: The wells of an epoxy-coated plate 

were incubated overnight with 100 μl of 150 mM sodium phosphate buffer (pH ~ 8.5) containing 

the amine-probe (1.0 μM). After washing four times with 1x PBST Buffer (1x PBS containing 

0.05% Tween 20) and four times with 1x PBS, the wells were incubated for an hour with 200 μl 

of 10% (v/v) ethanolamine solution (the solution pH was adjusted to 9 using HCl). The wells were 

washed twice and were then dried carefully with air blowing. 

(2) Sandwich DNA hybridization on 96-well plate: The biotin-conjugated DNA probe (20 

nM) and various amount of target DNA (or mismatched DNAs) were dissolved in 5x saline sodium 

citrate (SSC) buffer separately. After mixing the biotin-probe solution and the target DNA solution 

(1:1 volume ratio), the mixture was incubated for 5 mins at 85 °C. Typically, to 100 μl of the 

biotin-probe solution, various concentrations of target DNA solutions (100 μl) were added and 

mixed. Afterward, 99 μl of the mixed solution were loaded into the wells of the amine-probe coated 
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plate, and then 1 μl of 10% SDS solution added to the solution in the wells directly. After 3-hour 

incubation at 60 °C, the plates were washed three times with 0.2x SSC buffer. The plates were 

further blocked by one-hour incubation with 20 mg/ml of bovine serum albumin solution (1x PBS, 

loading volume: 100 μl). The wells were washed two times with 1x PBST and two times with 1x 

PBS, and then were dried carefully with air blowing. 

(3) Phosphorescent Signal Generation: Phosphorescent signals in the well were developed 

according to a similar way to the phosphorescent detection of avidin-biotin interaction. After the 

sandwich DNA hybridization, the wells were incubated with 10 μg/ml STA-GOx solution (1x PBS 

containing 1 mg/ml BSA, 100 μl) for one hour. Subsequently, the wells were washed four times 

with 1x PBST and four times with 1x PBS, and then were dried carefully with air blowing. The 

phosphorescent signal generation solution was prepared freshly by mixing 1 mg/ml Br6A-LP4BrS 

nanoparticle suspension, 100 mg/ml glucose solution, and 10x PBS Buffer (8:1:1 volume ratio). 

The STA-GOx-treated wells were added with 200 μl of the phosphorescent signal generation 

solution, and then covered directly with 200 μl of heavy mineral oil. The phosphorescent signal in 

the well were monitored by the protected naked eye, iPhone camera, or Biotek Synergy Neo plate 

reader. 

 

3.4.6 Phosphorescence-based TP53 DNA detection in urine sample 

Urine samples were collected from 2 healthy control subjects. Subjects provided signed 

informed consent to participate in research under University of Michigan Institutional Review 

Board protocol HUM00092161. Briefly, a single urine void was collected and immediately mixed 

with 100 mL of 0.5M EDTA as a preservative. Urine samples were centrifuged at 1,600 xg for 10 

minutes at room temperature. Urine supernatant was transferred to a fresh tube and centrifuged 
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again at 3,000 xg for 10 minutes at room temperature. Urine supernatant was transferred to a fresh 

tube and frozen at -80 ℃. The collected urine samples were spiked with various concentrations of 

target DNAs. The target DNAs in the urine sample were detected in the same way as for the DNA 

detection in buffer. 
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Chapter 4 

Ambient Delayed Fluorescence via Triplet-to-Singlet Energy Transfer from Purely 

Organic Phosphor 

 

Zeng, Y.; Kim, J. “Ambient Delayed Fluorescence via Triplet-to-Singlet Energy Transfer from 
Purely Organic Phosphor.” 2021, manuscript in preparation. 
 

4.1 Introduction 

Intramolecular or intermolecular energy transfer processes play pivotal roles in the 

functions of a wide range of material systems, including the interactions and biofunctions of 

proteins1,2 and nucleic acids,3,4 properties of luminescent materials,5 performance of light-emitting 

devices.6,7 Fundamental understandings of energy transfer processes can yield valuable insights 

and design principles to manipulate the probability, rate, and efficiency of these processes, which 

ultimately affects the properties of electronic materials and their applications. 

Well-established classic energy transfer mechanisms include singlet-to-singlet (S-S) 

Förster energy transfer, triplet-to-triplet (T-T) Dexter energy transfer, and S-S Dexter energy 

transfer. The mechanism of S-S energy transfer was initially explained by Förster theory,8-10 and 

Förster resonance energy transfer (FRET) strategy has since been explored extensively in multi-

chromophore assemblies for probing donor-acceptor distance and molecular conformation change 

(spectroscopic molecular ruler), designing chemical sensors, or achieving tunable fluorescence.11-

13 FRET occurs via dipole-dipole coupling between donor and acceptor, and typically manifests in 

the range of 1-10 nm. The rate (kET) and efficiency (ΦET) of FRET are inversely proportional to 
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the 6th power of donor-acceptor distance (Equation (1)). r is the distance between the donor and 

acceptor; R0 is the Förster radius, a donor-acceptor distance corresponding to 50% FRET 

efficiency; kR is the rate constant of donor’s radiative decay (fluorescence); kNR is the rate constant 

of other non-radiative decay processes depopulating the excited singlet state of the donor (Sn). 
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  (1) 

In contrast, Dexter-type energy transfers between triplets (T-T) or singlets (S-S) are via 

electron transfer to exchange both spin and energy, which require direct orbital overlap between 

donor and acceptor.14,15 Therefore, efficient Dexter energy transfer processes take place in short 

ranges (< 1 nm) and the rate constant exponentially decays as the donor-acceptor distance 

increases.  

Unlike FRET or Dexter process, triplet-to-singlet energy transfer (T-S ET) involves donor 

and acceptor electronic states of different spin multiplicity and has been relatively less explored, 

even though strategies derived from this T-S ET concept using organometallic phosphors as triplet 

photosensitizers has been considerably exploited in electroluminescence to enhance the efficiency 

of fluorescent organic light-emitting diodes (OLEDs).16-21 There are even fewer literature reports 

studying T-S ET in purely organic luminescent materials in the context of photoluminescence.22-

25 This could be largely caused by the unclear underlying mechanism that governs such 

photophysical process, which in turn leads to the lack of design principles for various applications. 

In fact, there are divided opinions in the scientific community on the matter of spin angular 

momentum conservation during energy transfer. One school of thought follows Wigner’s spin 

conservation rule,26 which is also presented in classic textbooks on molecular photochemistry of 

organic molecules27, whereby a photochemical or a photophysical process is spin-allowed if the 

spin angular momentum space spanned by the reactants intersects the spin angular momentum 



 93 

space spanned by the products. In the context of energy transfer, the process is thermodynamically 

viable if the total electron spin does not change before and after. Both Förster and Dexter energy 

transfer mechanisms observe this rule. However, in the process of T-S ET, an excited triplet (Tn) 

interacts with a ground singlet (S0) and subsequently produces a ground singlet (S0) and an excited 

singlet (Sn), and hence the total spin multiplicity is not conserved, and such process is supposed to 

be quantum-mechanically forbidden. Guo et al. experimentally investigated intramolecular dipolar 

energy transfer in organometallic complexes where the donor and acceptor moieties were linked 

together, and found that the dipolar energy transfer only occurs in the material system where the 

spin conservation condition is satisfied.28 One caveat the authors stated was the spin constraint 

would likely manifest more strictly in inorganic materials rather than organic systems. Another 

school of thought supports the notion that T-S ET can occur via FRET without conserving the spin 

angular momentum. Since the resonance energy transfer mechanism is based on oscillating dipole-

dipole coupling, which is essentially electrostatic interaction, the total spin angular momentum of 

the involved electronic states should have no influence on the probability or efficiency of the 

energy transfer process. Cravcenco et al.29 described a donor (IrIII complex)-bridge-acceptor 

(perylene) dyad molecule in which intramolecular T-S ET was observed and the rate constant of 

energy transfer matched well with the Förster model. The requirement for T-S ET to efficiently 

occur is a strong oscillation strength from the excited triplet state of the donor, i.e., the donor is 

efficiently phosphorescent.16 This can be realized by increasing the spin-orbit coupling (SOC) 

strength in the donor, such as incorporating heavy atoms or aromatic carbonyls into donor 

structures.30-32 

In this chapter, we show that it is possible to achieve efficient intermolecular T-S ET in 

purely organic chromophore systems through a pseudo-FRET pathway. A phosphor donor with 
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long-lived, strong organic room-temperature phosphorescence and an organic fluorescence 

acceptor were co-assembled and embedded in rigid polymeric nanoparticles. The intermolecular 

energy transfer from the donor phosphor to the acceptor fluorophore was investigated by 

spectroscopic methods. Such T-S ET process quenches the RTP emission from the excited donor 

triplet state and sensitizes the excited singlet state of the acceptor, which induces ambient delayed 

fluorescence (DF). The efficiency of T-S ET in the demonstrated donor-acceptor pair was as high 

as 75.5% under our experimental conditions, and is tunable by varying the encapsulation ratio of 

donor and acceptor in the nanoparticles. The rate of T-S ET (kET) and the lifetime of the resulting 

ambient DF is modulated by donor’s SOC strength, with stronger donor SOC leading to faster kET 

and shorter DF lifetime. The T-S ET process studied here can be employed as a material system 

design strategy to harvest the energy of excited triplet state tailored toward different applications, 

which includes increasing the rate of light extraction from the excited triplet states to boost OLED 

efficiency, and achieving persistent delayed red/NIR luminescence with high quantum efficiency. 

 

4.2 Results and Discussion 

4.2.1 Chromophores co-assembly in rigid nanoparticles 

To demonstrate the concept and investigate the underlying mechanism of T-S, we co-

assembled the organic phosphor donor and the fluorophore acceptor into a single NP. This 

represents an effective strategy to ensure chromophores are in close proximity to each other, a 

factor that drives high energy transfer efficiency. Specifically, through a facile one-step 

nanoprecipitation protocol utilizing a sharp solubility change of host materials in miscible 

dissimilar solvents,33 the organic phosphor donors and the fluorophore acceptors are co-embedded 

homogenously in rigid polymeric NPs.  
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We chose poly(4-bromostyrene) (PS4Br) or isotactic poly(methyl methacrylate) (iPMMA) 

as the polymer matrix to host the chromophores (Figure 4.1a) because of their optical inertness, 

high rigidity, and different oxygen permeability. The high rigidity of the host polymer is required 

to effectively suppress the vibrational energy dissipation of the metal-free phosphor34-36 hence the 

triplet state of the donor is preserved for the subsequent T-S ET. Additionally, while iPMMA is 

an excellent oxygen barrier, PS4Br on the other hand is oxygen permeable.37-39 As we discussed 

in Chapter 2 and Chapter 3, the phosphorescence emission (i.e., triplet state energy) of purely 

organic phosphors is highly susceptible to oxygen quenching. Therefore, comparing the 

photophysical processes between the phosphor donor and the fluorophore acceptor in PS4Br and 

iPMMA NPs systems will provide insight into the effect of oxygen quenching of triplet state on 

T-S ET efficiency. 

A synthetic purely organic phosphor Br6A and a commercially available red fluorescent 

dye Nile red (NR) with a decent quantum efficiency40 were chosen as the pseudo-FRET pair 

(Figure 4.1). Br6A is a green RTP emitter (λem = 530 nm) with strong spin-orbit coupling (SOC) 

reported by the Kim lab previously41, was used as the organic phosphor donor in the NP assembly. 

The absorption of the acceptor NR has a good spectral overlap with Br6A’s RTP emission, i.e., a 

small energy gap between the triplet state of Br6A and the singlet state of NR, which is a 

prerequisite for efficient ET processes.  
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Figure 4.1 | Donor-Acceptor co-assembly and proposed triplet-to-singlet energy transfer 
pathway. a, Schematic illustration of the rigid nanoparticle assembly where the phosphorescence 
energy transfer takes place and molecular structures of the donor phosphor Br6A, acceptor 
fluorophore NR, and host polymer matrices. b, Simplified Jablonski diagram showing the 
photophysical processes in the pair of donor phosphor Br6A and acceptor fluorophore NR after 
photoexcitation at 360 nm. S0, S1, and T1 are the singlet ground state, first excited singlet state, 
and excited triplet state of the chromophores, respectively. ISC = intersystem crossing. T-S 
pseudo-FRET = triplet-to-singlet pseudo Förster Resonance Energy Transfer. F, RTP, and DF are 
prompt fluorescence, room-temperature phosphorescence, and delayed fluorescence, respectively.  
 

At a polymer concentration of 1mg/mL in the internal organic phase for nanoprecipitation, 

a series of narrow-dispersed Br6A-NR-PS4Br NPs with various donor Br6A and acceptor NR 

encapsulation ratio can be produced. Dynamic light scattering (DLS) data indicate that these NPs 

have an average hydrodynamic diameter of approximately 150 nm and polydispersity index (PDI) 

of 0.1 in Milli-Q water (Figure 4.2a). The similarity in NP sizes and PDIs for a broad range of 

donor and acceptor composition allows us to readily tune donor-acceptor distance by varying the 
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encapsulation ratio. Furthermore, we kept the total chromophore loadings in the polymer matrix 

under 2 wt% to eliminate potential Dexter energy transfer.21 

 

4.2.2 Br6A-NR triplet-singlet energy transfer in PS4Br NPs 

Steady state emission spectrum of Br6A-PS4Br NPs confirmed an intense RTP peak at 530 

nm and a weak fluorescence peak around 425 nm (Figure 4.2b). The UV-Vis spectrum of NR in 

tetrahydrofuran (THF) solution at 5 μg/ml shows a major absorption band in the 450-600 nm 

region with maxima at 530 nm, which confirms the good spectral overlap with the RTP emission 

of Br6A but negligible overlap with the fluorescence emission of Br6A. Therefore, S-S FRET 

from Br6A to NR would be unlikely. Due to its broad absorption bands, NR can be excited by both 

530 nm and 360 nm light, and fluoresce at around 592 nm (peak maxima). While it was highly 

fluorescent under 530 nm excitation, NR’s emission was very minimal under 360 nm.  

When 1 wt% Br6A was doped with 0.1 wt% NR in the PS4Br NPs, steady state emission 

spectrum (λex = 360 nm) under argon (Ar) atmosphere showed a decrease of Br6A RTP peak 

around 530 nm and a concurrent drastic enhancement of NR fluorescence peak around 592 nm 

compared to ambient conditions (Figure 4.2c). This was also evident from the visible color change 

from green (pure RTP of Br6A) to orange (combination of minor green RTP and major red 

fluorescence) in PS4Br NPs solutions (Figure 4.2e). Time-resolved emission spectrum (500 μs 

delay) further supports the energy shift from the long-lived green RTP to the red DF. Notably, 

under ambient conditions, there was no significant RTP peak of Br6A nor red DF peak of NR 

(inset of Figure 4.2c), largely due to the predominant oxygen quenching of Br6A triplet energy 

competing with intermolecular energy transfer.39,42 These results indicate that the energy transfer 
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process in the present study involves the oxygen-sensitive triplet state of the donor and the singlet 

state of the acceptor, i.e., T-S ET. 

 

 

Figure 4.2 | Chemophysical and photophysical characterizations of triplet-to-singlet energy 
transfer in Br6A-NR-PS4Br NPs. a, Hydrodynamic size (diameter, nm) distribution of Br6A-
NR-PS4Br NPs measured by dynamic light scattering. NPs with various donor Br6A and acceptor 
NR were fabricated from a single-step nanoprecipitation process, with average hydrodynamic 
diameters of ~150 nm (PDI: ~0.1). b, Absorption spectrum of NR in THF, steady state emission 
of Br6A-PS4Br NPs (λex = 360 nm) and NR in THF (λex = 360 nm and 530 nm). The absorption 
of acceptor shows a good spectral overlap with the emission of donor Br6A. c, Steady state, and 
time-resolved emission (PhEm) of 1-0.1 wt% Br6A-NR-PS4Br NPs under ambient and Ar 
conditions (λex = 360 nm). The decreased peak around 530 nm is the green RTP of Br6A and the 
enhanced peak around 592 nm matches with the red fluorescence of NR and is of delayed nature. 
d, Emission decay profiles of 1 wt%Br6A alone and further doped with 0.1 wt% NR in PS4Br NPs 
monitored at 530 nm (RTP) or 592 nm (DF), showing a quenching of the donor Br6A’s triplet 
lifetime along with a prolonging in the acceptor NR’s singlet lifetime. e, Photographs of NR alone, 
Br6A-NR co-assembled, and Br6A alone in PS4Br NPs suspensions under a 365 nm UV-lamp, 
showing a ref shift in the emission compared to Br6A alone when it is doped with NR. 
 

Lifetime (τ) measurement (Figure 4.2d) of the green RTP of Br6A in PS4Br NPs under Ar 

monitored at 530 nm showed a decrease in the average lifetime (τavg) from 5.60 ms (pure Br6A) to 
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2.22 ms (1 wt% Br6A doped with 0.1 wt% NR), yielding a non-radiative T-S ET efficiency ΦET 

of 60.4% (Table 4.1). As expected, the average lifetime of the red DF of NR monitored at 592 nm 

was prolonged to 0.959 ms under Ar. It is important to note that, even under ambient conditions, 

an increase in the average lifetime of the red DF can already be observed, from 3.8 ns reported in 

the literature43 to 188 μs in our study. This suggests that such T-S ET process from donor Br6A to 

acceptor NR is fast enough to compete with the oxygen quenching of the triplet state in Br6A with 

the caveat that its efficiency is much higher in oxygen-free environments. These decay profiles 

also indicate that the non-radiative T-S ET is the predominant energy transfer pathway in our 

materials system rather than an emission-reabsorption process, where donor’s lifetime is not 

expected to change.  

 

Table 4.1 | Summary of lifetime τ components and energy transfer efficiency ΦET in Br6A-NR-
PS4Br NPs 
 

wt% in PS4Br NPs τ fast 
(μs) 

τ slow 
(μs) 

% 
fast τavga (ms) 

Energy Transfer 
Efficiency ΦETb 

(%) 
1 Br6A_360/530_Ar  5.60  

1-0.1 Br6A-NR_360/530_ambient 274.8 1291 94.37 0.332  
1-0.1 Br6A-NR_360/592_ambient 169.9 759.8 96.96 0.188  

1-0.1 Br6A-NR_360/530_Ar 944.5 4703 66.18 2.22 60.4 
1-0.1 Br6A-NR_360/592_Ar 512 3027 82.22 0.959  

aThe average lifetime τavg was calculated according to τavg = τ fast * percent fast + τ slow * (1-percent fast). 
bEnergy transfer efficiency was calculated according to ΦΕΤ = 1-τDA/τD0.44 τDA: donor lifetime in the presence 
of acceptor. τD0: pure donor lifetime without any acceptor. 
 

4.2.3 Br6A-NR triplet-singlet energy transfer in iPMMA NPs 

To further suppress oxygen quenching of donor’s triplet exciton and promote T-S ET 

efficiency, we then used iPMMA as the polymer matrix to incorporate donor Br6A and acceptor 

NR into nanoparticles by a similar means of nanoprecipitation. When 1 wt% Br6A was co-
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encapsulated with 1 wt% NR in the iPMMA NPs (~150 nm), steady state emission spectra (λex = 

360 nm) under both ambient and argon (Ar) atmosphere showed a substantial decrease of Br6A 

RTP peak around 530 nm and a concomitant significant enhancement of a peak centered around 

608 nm (Figure 4.3a). The 608 nm peak matches with the fluorescence emission of NR alone in 

the iPMMA NPs excited by either 360 nm or 530 nm. The normalized time-resolved emission 

spectra (500 μs delay) further support the gradually increasing energy migration from the green 

RTP to the red DF as the doping ratio of acceptor NR increases (Figure 4.3b). This also confirms 

the long-lived character of the red DF. Furthermore, the normalized time-resolved excitation 

spectra revealed the same 360 nm excitation peak that contributes to the 530 nm RTP emission in 

Br6A-iPMMA NPs and the 608 nm DF emission in Br6A-NR-iPMMA NPs (1:1 wt%). As 

discussed in the previous section, NR’s prompt red fluorescence emission is mainly attributed to 

the 530 nm absorption band. Steady state excitation scan further corroborated the increased 

contribution of 360 nm excitation to the red 608 nm fluorescence (Figure 4.3c). Taking these 

results into consideration, it is evident that the long-lived triplet excitons of donor Br6A are the 

only source of the delayed population of the singlet state of the acceptor NR via an efficient T-S 

ET pathway. Notably, while the RTP emission of Br6A alone in iPMMA NPs exhibited an increase 

under Ar compared to ambient conditions, the intensity of the RTP peak of Br6A and the DF peak 

of NR in Br6A-NR-iPMMA NPs were almost the same in both conditions. This suggests that at 1 

wt%: 1wt% Br6A:NR in the iPMMA NPs, the T-S ET process is so efficient that the effect from 

the competing oxygen quenching pathway is almost negligible.  
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Figure 4.3 | Photophysical characterizations of triplet-to-singlet energy transfer in Br6A-NR-
iPMMA NPs. a, Steady state emission spectra of 1 wt% Br6A alone, 1-1 wt% Br6A-NR co-
encapsulated, and 1 wt% NR alone in iPMMA NPs under ambient and Ar conditions (360ex and 
530ex denote λex). A quenching in the green RTP band of Br6A and a concurrent boost of the red 
fluorescence band of NR was clearly observed, indicating a non-radiative energy transfer from 
Br6A triplet to NR singlet. b, Normalized time-resolved emission and excitation spectra of Br6A-
NR-iPMMA NPs with different weight percent of acceptor NR, showing further red shift in the 
delayed emission with higher doping ratio of acceptor. The delayed red fluorescence of NR at 608 
nm was contributed by 360 nm excitation, the same excitation that contributed to the RTP band of 
Br6A, indicating Br6A triplet excitons were the source that populated the excited singlet state of 
NR. c, Normalized steady state excitation spectra of 1 wt% Br6A alone, 1-1 wt% Br6A-NR co-
encapsulated, and 1 wt% NR alone in iPMMA NPs, further confirmed the increased contribution 
of 360 nm excitation to the red 608 nm fluorescence in the donor-acceptor co-assembled NPs, 
most prominent under Ar condition. d, Emission decay profiles of Br6A-NR-iPMMA NPs with 
different weight percent of acceptor NR monitored at 530 nm (RTP) or 608 nm (DF), showing a 
gradual quenching of the donor Br6A’s triplet lifetime along with a increasing in the acceptor NR’s 
singlet lifetime.  
 

Lifetime (τ) measurement (Figure 4.3d) of the green RTP of Br6A in iPMMA NPs under 

Ar monitored at 530 nm showed a gradual decrease in τavg from 6.20 ms (pure 1 wt% Br6A) to 

1.87 ms in the presence of 0.5 wt% NR, and further down to 1.52 ms with 1 wt% NR doped in. 

These resulted in non-radiative T-S ET efficiencies of 69.8% and 75.5%, respectively (Table 4.2). 
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To the best of our knowledge, this materials system demonstrates one of the highest energy transfer 

efficiencies in intermolecular T-S ET processes reported for purely organic systems. The τavg of 

the red DF of NR monitored at 600 nm was prolonged to about 0.64 ms for both the 0.5 wt% and 

1 wt% NR doped NPs. This lifetime is relatively shorter compared to that of Br6A-NR-PS4Br NPs 

at a doping ratio of 1wt%:0.1wt%. We think this is likely caused by the shortened distance between 

the donor and the acceptor at a higher loading ratio in the iPMMA NPs system, which in turn 

increases the rate of T-S ET process (kET). Additionally, this further confirms that the long-lived 

triplet excitons of donor Br6A are the source of the delayed population of the singlet state of the 

acceptor NR.  

 

Table 4.2 | Summary of lifetime τ components and energy transfer efficiency ΦET in Br6A-NR-
iPMMA NPs 
 

aThe average lifetime τavg was calculated according to τavg = τ fast * percent fast + τ slow * (1-percent fast). 
bEnergy transfer efficiency was calculated according to ΦΕΤ = 1-τDA/τD0.44 τDA: donor lifetime in the presence 
of acceptor. τD0: pure donor lifetime without any acceptor. 
 

Although the decay profiles in our co-assembled materials system indicate a predominant 

non-radiative T-S ET pathway rather than a trivial energy transfer based on reabsorption, we next 

sought out to rule out the possibility of emission-reabsorption process. As a control, we 

encapsulated 1 wt% Br6A and 1 wt% NR in separate iPMMA NPs and then probed the 

photophysical processes in the mixture of the two corresponding NPs suspension at a volume ratio 

wt% in iPMMA NPs_Ar τ fast (μs) τ slow 
(μs) % fast τavga (ms) 

Energy Transfer 
Efficiency ΦETb 

(%) 
1 Br6A_360/530  6.20  

1-1 Br6A-NR_360/530 785.5 4049 77.52 1.52 75.5 
1-1 Br6A-NR_360/608 417.1 2502 89.63 0.633  

1-0.5 Br6A-NR_360/530 804.5 4122 67.77 1.87 69.8 
1-0.5 Br6A-NR_360/600 396.4 2114 85.5 0.65  
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of 2:1. As shown in Figure 4.4a, steady state emission scans displayed a physical addition of two 

separate emission profiles of Br6A and NR. Time-resolved emission spectra suggests that the 

delayed emission from the mixture is predominately the RTP peak of Br6A, and the red 

fluorescence emission is mainly of prompt character rather than long-lived. Therefore, the physical 

separation of the two chromophores shuts off the T-S ET pathway and Br6A undergoes 

phosphorescent radiative decay. Lifetime analyses (Figure 4.4b and Table 4.3) revealed a similar 

τavg of Br6A of the mixture compared to that of Br6A-iPMMA NPs alone. Interestingly, the 

lifetime of NR of the mixed suspension was prolonged to 2.86 ms, even longer than that of the co-

encapsulated Br6A-NR-iPMMA (1wt%:0.5wt%) where there was efficient T-S ET present. We 

think this is likely due to emission-reabsorption in the mixed NPs suspension with an overall 

acceptor NR concentration at 0.3 wt%, when there is no T-S ET pathway available. In such a case, 

the apparent lifetime of acceptor’s fluorescence is dictated by the combination of donor’s 

phosphorescence lifetime and acceptor’s inherent prompt fluorescence lifetime. However, in the 

previous donor-acceptor co-assembled NPs, the T-S ET pathway is readily available and occurs at 

a much faster rate than the reabsorption process in which the long-lived phosphorescent photon 

needs to be emitted first. Thus, it is reasonable to rule out the possibility of reabsorption in Br6A-

NR co-encapsulated NPs. The calculated ΦET is based on acceptor’s contribution to donor’s 

lifetime reduction, hence it is only considering the predominant non-radiative T-S ET and not the 

trivial radiative emission-reabsorption process since the later does not affect donor’s lifetime. 
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Figure 4.4 | Photophysical characterizations of iPMMA-NPs mixture with donors and 
acceptors encapsulated separately. 1 wt% Br6A-iPMMA NPs and 1 wt% NR-iPMMA NPs 
mixture at a 2:1 volume ratio. a, Steady state (ssEm) and time-resolved emission (PhEm) of the 
mixture under Ar (360ex and 530ex denote λex). Br6A underwent phosphorescent radiative decay, 
and the absence of delayed red fluorescence from the mixture indicates the T-S ET pathway was 
shut off. b, Emission decay profiles (λex = 360 nm) of the NPs mixture. No significant change in 
donor Br6A lifetime suggests no non-radiative energy transfer. The substantial increase in the 
acceptor NR’s lifetime (ms regime) in the mixture compared to that in the co-assembled NPs is 
likely caused by emission-reabsorption. 
 

Table 4.3 | Summary of lifetime τ components in the mixture suspension of 1 wt% Br6A-PS4Br 
NPs and 1wt% NR-iPMMA NPs (v:v 2:1) 
 

wt% in iPMMA NPs_Ar τ fast (μs) τ slow (μs) % fast τavga (ms) 

1 Br6A NPs + 1 NR NPs_360/530 1501 7535 42.12 4.99 

1 Br6A NPs + 1 NR NPs_360/608 784.3 5812 58.64 2.86 
aThe average lifetime τavg was calculated according to τavg = τ fast * percent fast + τ slow * (1-percent fast). 
 

4.2.4 Effect of donor spin-orbit coupling strength on triplet-singlet energy transfer efficiency 

T-S ET is essentially an outlier in the classic energy transfer mechanisms landscape. We 

hypothesized that strong SOC and consequently efficient RTP in the donor molecules can override 

the spin constraints governed by Wigner spin conservation law. In such cases, the strong oscillation 
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strength of the donor’s phosphorescence emission often indicates some singlet character in the 

donor’s excited triplet state, which facilitates dipole–dipole coupling between the excited donor 

and ground singlet state of the acceptor. We termed this T-S ET process pseudo-FRET. 

Organometallic phosphors such as Tris(2-phenylpyridine)iridium (III) (Ir(ppy)3) are known to 

have strong SOC due to the heavy metal effect.45,46 Ir(ppy)3 and its derivatives have been widely 

used as phosphorescent sensitizers in fluorescent OLEDs16-21, in which the electrically excited 

triplet exciton of Ir(ppy)3 undergoes energy transfer to the ground singlet state of a fluorophore. 

However, the mechanism of such intermolecular energy transfer process has rarely been elucidated 

in the context of photoluminescence.29  

To investigate how the donor phosphor’s SOC strength plays a role in pseudo-FRET 

efficiency, we co-assembled Ir(ppy)3 and NR in narrow-dispersed (PDI: 0.1) ~118 nm PS4Br NPs 

(Figure 4.5a,c). Ir(ppy)3 emits strong green RTP in THF solution under ambient conditions, with 

its absorption and emission bands in similar regions compared to those of Br6A. This result 

experimentally confirmed that Ir(ppy)3 has a much stronger SOC than Br6A, and as a consequence, 

its RTP is not as sensitive to molecular vibration or oxygen quenching. UV-Vis spectrum of NR 

showed a good spectral overlap with the RTP emission of Ir(ppy)3 (Figure 4.5b). These are good 

indicators of a high T-S pseudo-FRET efficiency in Ir(ppy)3-NR-PS4Br NPs. 
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Figure 4.5 | Ir(ppy)3-NR as the donor-acceptor pair for triplet-to-singlet energy transfer in 
PS4Br NPs. a, Molecular structures of the donor organometallic phosphor Ir(ppy)3 and fluorescent 
acceptor NR. b, Absorption spectrum of NR, Ir(ppy)3, and steady state emission of Ir(ppy)3 (λex = 
360 nm) in THF solutions, showing a good spectral overlap between NR absorption and Ir(ppy)3 
emission. The major absorption band of Ir(ppy)3 around 360 nm is not expected to excite NR 
effectively. c, Hydrodynamic size (diameter, nm) distribution of Ir(ppy)3-NR-PS4Br NPs 
measured by dynamic light scattering. NPs with various donor Br6A and acceptor NR 
compositions were fabricated via nanoprecipitation, with average hydrodynamic diameters of 
~118 nm (PDI: ~0.1).  

 

Comparing steady state emissions (λex = 360 nm) between Ir(ppy)3 alone, NR alone, and 

Ir(ppy)3-NR at 1 wt%:0.5 wt% in PS4BR NPs revealed a similar trend of red shift, a decrease at 

the green RTP peak of Ir(ppy)3 and enhancement at the red fluorescence peak of NR (Figure 4.6a). 

In contrast, the mixture of separate 1wt% Ir(ppy)3-PS4Br NPs and 0.5 wt% NR-PS4Br NPs (v:v = 
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2:1) did not show a red shift in the emission spectra (Figure 4.6b) but a physical addition of the 

two corresponding chromophores’ emission profiles, indicating there was no pseudo-FRET 

process once the donor and the acceptor were separated at a long distance. These results were 

evident from the visible color change in PS4Br NPs solutions (Figure 4.6c), green from pure RTP 

of Ir(ppy)3, to orange from a combination of minor green RTP and major red DF, and to yellow 

from an addition of green RTP and red fluorescence of almost equal intensity. Lifetime 

measurement using Time-Correlated Single Photon Counting (TCSPC) method (Figure 4.6d) 

further confirmed that the non-radiative pseudo-FRET from Ir(ppy)3 to NR contributes to the 

reduction of donor’s τAVG from 1.3 μs to 0.5 μs, yielding an energy transfer efficiency ΦET of 

61.5%. Interestingly, this is on a similar magnitude compared to those of the material systems 

where the purely organic Br6A was used as the phosphor donor. This suggests pseudo-FRET 

efficiency does not scale with donor phosphor’s SOC strength, but once a threshold enough to 

overcome the spin conservation is reached, pseudo-FRET can happen efficiently. However, donor 

phosphor’s SOC strength for T1 → S0 does dictate the rate of pseudo-FRET kET and in turn the DF 

lifetime of the acceptor. In Ir(ppy)3-NR-PS4Br NPs, NR’s fluorescence lifetime was increased to 

140 ns whereas in Br6A-NR-PS4Br NPs, it was prolonged to nearly 1 ms. 
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Figure 4.6 | Photophysical characterizations of triplet-to-singlet energy transfer in Ir(ppy)3-
NR-PS4Br NPs. a, Steady state emission spectra of 1 wt% Ir(ppy)3 alone, further doped with 0.5 
wt% NR, and 0.5 wt % NR alone in PS4Br NPs under ambient and Ar conditions (λex =360 nm). 
A quenching in the green RTP band of Ir(ppy)3 along with a boost in the red fluorescence band of 
NR was observed, indicating a non-radiative energy transfer from Ir(ppy)3 triplet to NR singlet. b, 
Steady state emissions (λex =360 nm) of separate and mixture of Ir(ppy)3-PS4Br NPs and NR-
PS4Br NPs under both ambient and Ar conditions. The absence of a red shift in the emission profile 
of the NPs mixture indicates the lack of non-radiative T-S ET. c, Photographs of Ir(ppy)3-PS4Br 
and NR-PS4Br NPs mixture, Ir(ppy)3-PS4Br NPs alone, NR-PS4Br NPs alone, and co-assembled 
Ir(ppy)3-NR-PS4Br NPs (from left to right) under a 365 nm UV-lamp. In the donor-acceptor co-
assembled NPs, there was a red shift in emission color due to efficient T-S ET, yielding an overall 
color of orange, whereas the mixture showed yellow which is the addition of the inherent colors 
from the two separate NPs. d, Emission decay profiles of Ir(ppy)3 alone and doped with NR in 
PS4Br NPs measured by Time-Correlated Single Photon Counting. λex =360 nm and monitored at 
530 nm (RTP of Ir(ppy)3). A significant reduction in donor Ir(ppy)3 lifetime implies an efficient 
T-S ET pathway. 
 

4.3 Conclusion and Outlook 

In summary, we have demonstrated efficient T-S ET via pseudo-FRET mechanism in 

purely organic materials, expanding the conventional energy transfer pathways. T-S ET from long-

lived triplet excitons in a metal-free organic phosphor donor to the ground singlet state of a 

fluorescent acceptor in a co-assembled rigid polymeric NPs system results in ambient DF, with an 

energy transfer efficiency as high as 75.5%. Such T-S ET process also induces an unprecedentedly 

large Stokes shift of 240 nm. The energy transfer efficiency can be tuned by the encapsulation 

ratio of donor and acceptor. At higher acceptor loading ratios, the average distance between the 
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donor and the acceptor is shorter in NPs of a defined size, and donor molecules are surrounded by 

more acceptor molecules, hence higher T-S ET efficiencies. Donor’s T1 → S0 SOC strength 

influences the rate of pseudo-FRET and in turn the lifetime of the induced ambient DF. Stronger 

SOC leads to faster kET and shorter DF lifetime. Further studies such as a systematic investigation 

of T-S ET efficiencies over a range of controlled donor-acceptor distances would allow us to gain 

more insight into how the pseudo-FRET mechanism deviates from the classic Förster model. Atom 

transfer radical polymerization (ATRP) and Langmuir-Blodgett (LB) are attractive approaches to 

construct polymer layers of well-defined length as space rulers between the donor and acceptor. 

Purely organic RTP materials have been around for about a decade since the pioneering 

work from the Kim group41 and the Tang group,47 yet it is still challenging to achieve organic long-

lived emission and high quantum efficiency simultaneously through molecular design, especially 

toward the red and NIR region.31,32,48 By utilizing T-S ET, we can envision that an organic 

phosphor with a long RTP lifetime paired with a highly fluorescent red or NIR dye can result in 

bright afterglow red or NIR fluorescence. The concept of T-S ET also serves as an effective 

strategy to achieve DF with narrow emission when the acceptor fluorophore has a sharp emission 

profile, an alternative to thermally activated delayed fluorescence (TADF) which is difficult to 

molecular engineer and often has color purity issues.49,50 The presence of the acceptor fluorophore 

essentially speeds up the rate of light extraction from the long-lived triplet excitons, which can be 

exploited to relieve the long-standing efficiency roll-off issue in OLEDs,51,52 particularly in deep 

blue-emitting devices. Therefore, the T-S ET process studied here can be employed as a material 

system design strategy and be readily tailored toward different end applications. 
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4.4 Experimental Section 

4.4.1 Materials 

Poly(4-bromostyrene) (PS4Br, Mw ~65,000), isotactic poly(methyl methacrylate) 

(iPMMA, > 80% isotactic), Nile red (NR), Tris(2-phenylpyridine)iridium (III) (Ir(ppy)3), solvents, 

reagents used to synthesize the organic phosphor Br6A were all purchased from Millipore Sigma 

and used without further purification. 0.8 µm Millex-AA sterile syringe filters (mixed cellulose 

esters membrane, 33 mm) and LUDOX® CL colloidal silica (30 wt% suspension in water) were 

also purchased from Millipore Sigma. FisherBrandTM disposable cuvettes (10 mm pathlength, 

PMMA) for dynamic light scattering measurements were purchased from Fisher Scientific. 

 

4.4.2 Synthesis of RTP and fluorescent dye co-encapsulated NPs 

The metal-free organic phosphor, Br6A was synthesized according to a published 

procedure from our lab41, and its purity was confirmed by 1H NMR. All NPs used in this study 

were fabricated by a single-step nanoprecipitation method using Milli-Q water as the aqueous outer 

phase. To prepare Br6A-PS4Br NPs, a stock solution of 1 mg/mL PS4Br mixed with the desired 

amount of Br6A (wt% to PS4Br) was prepared in tetrahydrofuran (THF) as the organic internal 

phase. The solution was sonicated to ensure homogenous dissolution. Then 1 mL of this THF 

mixture solution was slowly injected into the aqueous outer phase under vigorous stirring. It was 

then further stirred at room temperature overnight to allow for the complete evaporation of organic 

solvent THF. Purification of Br6A-PS4Br NPs was done by slowly passing them through 0.8 µm 

Millex-AA sterile syringe filters to remove potential aggregation. The filtered Br6A-PS4Br NPs 

suspension was then used for further photophysical characterizations. The fluorescent dye co-

encapsulated Br6A-NR-PS4Br NPs were synthesized using a similar procedure except when 
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mixing PS4Br with organic phosphor Br6A, Nile red (stock solution prepared in THF at 1mg/mL) 

was also added at a corresponding weight ratio (wt% to PS4Br). Ir(ppy)3-containing PS4Br NPs 

were fabricated using the same procedure and replacing Br6A with Ir(ppy)3. To prepare Br6A-

iPMMA and Br6A-NR-iPMMA NPs, similar protocols were followed with the exception that 

iPMMA was used as the polymer host matrix instead of PS4Br.  

 

4.4.3 Size characterization of RTP and fluorescent dye co-encapsulated NPs 

Hydrodynamic size (diameter, nm), and PDI of the lipid-polymer hybrid NPs were 

measured in Milli-Q water on Malvern Zetasizer Nano ZSP (Model number: ZEN5600) using 

disposable cuvettes. All measurements were conducted at a backscattering angle of 173° (NIBS 

default) at 25 °C. Size and polydispersity analyses were performed using Malvern Zetasizer 

software (Ver. 7.11). The average hydrodynamic diameters of NPs are reported using the peak 

means of size distribution plots by intensity. All experiments were performed in triplicate from 

freshly prepared samples (n = 3). 

 

4.4.4 Photophysical characterizations of RTP and fluorescent dye co-encapsulated NPs 

Electronic absorption spectra were collected on Varian Cary 50 Bio UV/Vis spectrophoto 

meter with solution samples in quartz cuvettes (10 mm path length). Steady state emission and 

excitation spectra, time-resolved emission scan, and lifetime were measured using a Photo 

Technologies International (PTI) QuantaMaster spectrofluorometer (QM-400) equipped with a 

Horiba DeltaDiodes Time-Correlated Single Photon Counting (TCSPC) instrument. Lifetime of 

purely organic phosphor-containing NPs were measured under the phosphorescence mode (Single-

Shot Transient Digitizer) using a Xenon flash lamp as the light source. Lifetime values were 
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obtained by fitting the decay profiles to one-phase or two-phase exponential decay using GraphPad 

Prism 8. Lifetime of Ir(ppy)3-encapsulated NPs were measured using the TCSPC method. A 360 

nm LED head with a maximum pulse repetition rate of 10 MHz was used as the light source. The 

instrument response function (IRF) was collected using very diluted LUDOX® CL colloidal silica 

as the scatterer. Lifetime fitting was performed using the FelixGX software. Anoxic aqueous 

suspensions of NPs were prepared by bubbling argon gas through sample solutions placed in 

rubber septum-capped quartz cuvettes for 30 min. All experiments were performed in triplicate 

from freshly prepared samples (n = 3). 
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Chapter 5 

Efficient High-Temperature Organic Phosphorescence from Metal-Organic Phosphor 

Frameworks 

 

Zeng, Y.§; Ma, J.§; Matzger, A. J.; Kim, J. “Efficient High-Temperature Organic Phosphorescence 

from Metal-Organic Phosphor Frameworks.” 2021, manuscript in preparation. (§Both authors 

contributed equally to this work.) 

 

5.1 Introduction 

Materials with room temperature phosphorescence (RTP) have demonstrated great 

potentials in a large variety of advanced applications that can hardly be realized by short-lived 

fluorescence, such as phosphorescence organic light emitting diodes (OLEDs), optical recording, 

anti-counterfeiting, chemical sensing, bioimaging, and information encryption and decryption.1-9 

Efficient RTP is conventionally limited to organometallic complexes containing heavy metals to 

promote spin-orbit-coupling (SOC) and intersystem crossing (ISC) for abundant triplet state 

generation and to facilitate radiative decay.10,11 While this strategy allows for bright and efficient 

phosphorescence, it also presents problems that have greatly limited practical applications of 

organometallic complexes. These include high cost and potential toxicity of noble/rare-earth 

metals, instability toward blue phosphorescence, and color fade, etc. The long-standing efficiency 

roll-off issue at high brightness levels in OLEDs,12,13 particularly in deep blue-emitting devices 
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due to deteriorating metal-ligand bonds, is detrimental to device operation lifetime and have yet to 

be resolved.  

In the past decade, metal-free purely organic RTP materials14-17 have been extensively 

explored as greener and more cost-effective alternatives to organometallic complexes. However, 

they usually have dark triplet states with weak organic RTP due to slow, spin-forbidden transitions 

between singlet and triplet states in the absence of heavy atoms and strong SOC. Non-radiative 

relaxations by molecular vibrations typically deactivate the triplet excitons before the material can 

phosphoresce. Researchers have developed several strategies to mitigate these challenges, 

including crystallization,18-22 embedment in host matrices such as steroids,23,24 glassy 

polymers,16,25-27 and metal-organic frameworks (MOFs),28 and formation of ionic crystals.29 

However, crystal qualities can significantly affect materials’ RTP performance; there are also 

stringent requirements for selecting a proper host matrix such as solubility, energy levels, rigidity, 

and optical inertness. Moreover, the guest-host confinement approaches tend to fail rapidly above 

room temperature since the weak secondary bonding (< 10 kcal/mol) is not sufficient to suppress 

the non-radiative vibrational loss caused by stronger molecular vibrations at higher temperatures. 

More importantly, these approaches mostly aimed at suppressing the adversary molecular motions 

of organic phosphors hence reducing non-radiative decay30 while leaving the issue of inherent 

weak SOC in purely organic emitters largely unaddressed. Thus, although these methods have 

extended phosphorescence lifetime, very few material systems have desirable quantum efficiency 

for practical photofunctional applications. Therefore, promoting SOC and suppressing molecular 

motions simultaneously in the material system is the key to achieving high performance organic 

phosphorescence for applications in optoelectrical devices. Yet this aspect has rarely been 

thoroughly investigated and remains a demanding task. 
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One approach to achieve this is to coordinate organic phosphors with metal ions and form 

metal-organic frameworks (MOFs). MOFs are a class of attractive materials of great importance 

in both fundamental research and industrial applications, with highly ordered, porous three-

dimensional network consisting of isolated organic linker connected by metal clusters.31-35 We 

envision that metals act as structure-directing elements in MOFs and be positioned in close 

proximity (typically < 1 nm) to the coordinated organic phosphor. This potentially facilitates the 

enhancement of SOC in the organic phosphor via an external heavy atom effect from the metal 

centers, similar to the external heavy halogen effect found in conjugated organic salt-based 

phosphorescence materials.36,37 Additionally, the strong coordination bond (~100 kcal/mol in 

crystals) and framework rigidity can effectively suppress non-radiative deactivations by restricting 

molecular motions of the incorporated organic phosphors. Yang et al. have reported a few 

examples of RTP MOFs by coordinating phthalic acids with Group 12 metals (Zn2+ and Cd2+).38,39 

However, the resulted RTP emission typically involves metal-to-ligand or ligand-to-metal charge 

transfer (MLCT or LMCT) processes,40 which makes the color tuning challenging since metal ions 

can modify the electronic structures of the organic phosphors (emitters). It is also unclear whether 

heavy atom effect from transition metals is involved in this material system by comparing the Zn2+-

based MOFs to the Cd2+-based counterparts since the MOF crystal architecture changed 

simultaneously when the metal ions were changed.  

With this in mind, we herein describe a new design strategy to achieve efficient organic 

RTP and even high-temperature phosphorescence (HTP) by coordinating organic phosphors as 

ligand linkers to Zr4+ and Hf4+metal ions and assembling them into highly ordered and rigid metal-

organic phosphor frameworks, isostructural to UiO-67. The organic emitting center is not directly 

conjugated to the metal clusters to ensure that the phosphorescence emission of the UiO-67-type 
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MOF material stems from the organic phosphor without the influence of the metal ions. The 

obtained MOF materials exhibit strong long-lived RTP under ambient conditions and stable HTP 

that persists at temperatures as high as 400K, whereas the organic phosphor precursor has dark 

triplet states at room temperature, confirming effective molecular vibration restriction via strong 

coordination bonding and rigid UiO-67 framework. The heavier UiO-67 (Hf) provides an even 

stiffer scaffold to withhold the coordinated organic phosphor and hence is more efficient at 

facilitating phosphorescence emission. Although it is unclear if significant external heavy atom 

effect from metal clusters is present in our MOF system, the results from our study can aid in the 

identification of critical design parameters and structural basis for organic phosphorescence of 

high brightness and desirable stability. 

 

5.2 Results and Discussion 

5.2.1 Materials design rationale 

It has been previously reported by the Kim lab that G1 embedded in polyvinyl alcohol 

(PVA) demonstrates greatly enhanced organic RTP.26 The hydrogen bonding between the rigid 

polymer matrix PVA and G1 restrict the molecular motion of the organic phosphor and suppressed 

non-radiative decay. We hypothesized that if stronger rigidifying force such as coordination 

bonding with metal clusters were applied to fix G1 in a highly ordered framework and isolated 

from each other, collision-based molecular vibration should be further suppressed even under 

conditions with high thermal energy, e.g., above room temperature. The close proximity of metal 

clusters to the organic phosphor within the framework, specifically the triplet exciton generating 

benzaldehyde group20 can also potentially exert heavy atom effect through space and enhance 

SOC. Thus, it is anticipated that strong HTP can be achieved.  
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Zirconium-based UiO-type MOFs show exceptional chemical and thermal stabilities, and 

isostructural materials can be synthesized with hafnium.41-43 Hafnium (atomic number 72) is a 

significantly heavier metal element than zirconium (atomic number 40), and both are earth-

abundant metals. As such, these systems are ideal for probing the external heavy atom effect of 

metal clusters on organic phosphorescence enhancement. Zirconium-based UiO-67 is a highly 

porous three-dimensional network formed by connecting Zr6O4(OH)4 clusters with 4, 4’-

biphenyldicarboxylic acid (BPDC) struts.42,44 G1 has two carboxylic acid groups on its side chains, 

and geometry optimized G1 and BPDC show similar carboxylate distances, 10.0 Å and 9.67 Å, 

respectively, which makes G1 a suitable UiO-67-type MOF ligand linker (Figure 5.1). Importantly, 

the methylene spacer in G1 structure between the bromobenzaldehyde core and the carboxylate 

group effectively intercept orbital mixing between the phosphorescence-emitting unit and the 

metal, hence preventing MLCT or LMCT processes. Additionally, both Zr4+ and Hf4+ lack d-

electrons for possible MLCT process. Therefore, the role of the metal element in the MOF scaffold 

is different from that in conventional organometallic compounds. 

In the first study, we attempted to use G1 in replacement of BPDC to coordinate with Zr4+ 

and form UiO-67-type structure Zr-G1 (Figure 5.1a). However, the presence of broad diffraction 

features at low angles on powder X-ray diffraction (PXRD) spectrum (Figure 5.1b) indicates the 

lack of long-range order in the synthesized material. This is likely due to the much higher 

flexibility in G1 structure in comparison to that in BPDC.45 Given the similarity in their 

geometries, we used a mixed ligand approach (Figure 5.2) which allows for the incorporation of 

G1 into UiO-67 forming Zr-G1-BPDC without altering its framework topology. 
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Figure 5.1 | Synthetic scheme and powder X-ray diffraction of Zr-G1 MOF. a, Synthetic 
procedure of Zr-G1 MOF and structure of Zr6 metal cluster in UiO-type MOF. b, Powder X-ray 
diffraction of obtained Zr-G1. The presence of broad diffraction features at low angles indicates 
the lack of long ranger order, likely due to the structural flexibility in G1. 
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Figure 5.2 | Synthetic scheme and structure of UiO-67 Zr-G1-BPDC. G1 is incorporated into 
UiO-67 framework through coordination bonding with Zr6 metal clusters. The simplified Jablonski 
diagram shows possible photophysical processes of G1 ligand in UiO-67 Zr-G1-BPDC, generating 
high-temperature organic phosphorescence.  
 

5.2.2 Synthesis and structural characterizations of UiO-67 Zr-G1-BPDC 

Zr-G1-BPDC was synthesized via solvothermal processes similar to the methods reported 

for UiO-67,46 using a mixture of G1 and BPDC as ligand linkers at a molar ratio of 2:1. The 

reaction was carried out at a lower temperature (65℃) compared to conditions reported in the 

literature considering the thermal stability of G1. To prevent G1 from being physically adsorbed 

or entrapped within the framework, the synthesized materials were thoroughly washed with DMF, 



 124 

which readily dissolves G1. The resulting material shows high crystallinity as evidenced by its 

PXRD data (Figure 5.3 a). The PXRD pattern matches well with that of simulated from UiO-67, 

confirming that the obtained MOF material indeed possesses UiO-type structure. Furthermore, the 

activated Zr-G1-BPDC sample exhibited high porosity evidenced by its BET surface area similar 

to the reported values of UiO-67. G1 passively trapped inside framework pores would largely 

reduce the BET surface area, contradicting our observation here. To determine the amount of G1 

incorporated, 1H NMR after acid digestion (concentrated DCl and DMSO-d6 at 1:1 volume ratio) 

of the obtained powder reveals a 2:3 molar ratio between G1 and BPDC (Figure 5.3b). Moreover, 

Fourier-transform infrared spectroscopy (FTIR) data were acquired, and no peaks were observed 

in the region of 2500 cm-1 and 3000 cm1 corresponding to –OH in the free carboxylic acid form of 

G1. Therefore, these results indicate successful incorporation of G1 into UiO-67 framework as a 

ligand linker through coordination bonding with metal clusters. We next investigated 

phosphorescence properties of the obtained UiO-67-type MOF to test our previous hypotheses on 

structure-rigidifying effect and heavy atom effect from the framework. 

 

 
Figure 5.3 | Powder X-ray diffraction and ligand composition analysis of UiO-67 Zr-G1-
BPDC. a, Powder X-ray diffraction pattern of synthesized Zr-G1-BPDC compared to that 
simulated from UiO-67, confirming Zr-G1-BPDC MOF possesses UiO-type structure. b, 1H NMR 
of UiO-67 Zr-G1-BPDC after acid digestion, indicating a 2:3 molar ratio between G1 and BPDC. 
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5.2.3 Phosphorescence properties of UiO-67 Zr-G1-BPDC under ambient conditions 

Under daylight, Zr-G1-BPDC powder exhibits pale yellow color. As expected, under 

ambient conditions, its gated emission spectrum (500 μs delay, λex = 360 nm) shows strong RTP 

peaked around 610 nm, remarkably brighter than the G1 precursor (Figure 5.4a). This was also 

evident from on photograph (inset in Figure 5.4a) of the samples under 365 nm illumination where 

Zr-G1-BPDC displays a bright blueish green color (a mixture of the blue fluorescence of BPDC 

and the orange phosphorescence of G1) whereas G1 powder alone is hardly emissive. The gated 

emission spectrum of G1 alone was acquired under vacuum at 250K under which condition the 

phosphorescence of G1 was detectable. The data shows a similar emission profile compared to 

that of Zr-G1-BPDC, indicating that the RTP of Zr-G1-BPDC arises from the G1 ligand within 

the framework without the influence of the co-ligand BPDC or the metal clusters. To further verify 

this, UiO-67 (Zr-BPDC) was synthesized and studied as a control material. Compared to Zr-G1-

BPDC, UiO-67 is not phosphorescent under ambient conditions (Figure 5.4b). Interestingly, the 

gated excitation spectrum of Zr-G1-BPDC reveals that the 610 nm RTP band is contributed about 

equally from 360 nm and 420 nm excitation. In the previously published G1-PVA blend film 

system ,26 Kwon et al. reported an absorption band around 350 nm for G1 in aqueous solution at 

room temperature. The additional 420 nm gated excitation band we observed for Zr-G1-BPDC is 

likely attributed to an H-aggregated47 form of G1 ligand in the MOF scaffold. To test this theory, 

the gated emission spectrum of Zr-G1-BPDC was collected using 420 nm excitation, which shows 

a slightly red-shifted emission profile (peaked around 625 nm) compared to 360 nm excitation 

(Figure 5.4c). This is consistent with characteristics associated with H-aggregation. Lifetime (τ) 

measurements of Zr-G1-BPDC reveal 911.2 μs and 1085 μs under 360 nm and 420 nm excitation, 

respectively (Figure 5.4d), indicating the long-lived character of the observed RTP bands. The 
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slightly longer phosphorescence decay under 420 nm excitation is likely due to intermolecular 

exciton coupling involved in H-aggregation. These photoluminescence properties of Zr-G1-BPDC 

confirmed our hypothesis that the strong coordination bonding and rigid MOF scaffold are very 

effective at suppressing molecular vibrations at room temperature and hence promoting the 

phosphorescence decay pathway. Notably, the lifetime observed in our MOF system falls slightly 

under the typical millisecond regime for purely organic phosphors. This could be caused by 

potential heavy atom effect from Zr6 clusters in the framework, accelerating the RTP decay. 

Additionally, given the high porosity of the framework, significant phosphorescence quenching 

by oxygen is anticipated under ambient conditions, leading to a shorter RTP lifetime. 
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Figure 5.4 | Phosphorescence properties of UiO-67 Zr-G1-BPDC under ambient conditions. 
a, Gated emission spectra of Zr-G1-BPDC (ambient condition, orange line), G1 (ambient 
condition, blue line), and G1 (250K, high vacuum, black line). λex = 360 nm. The inset photograph 
in a shows G1 and Zr-G1-BPDC samples under daylight and 365 nm UV-lamp. b, Gated 
photoluminescence (emission and excitation) of Zr-G1-BPDC compared to UiO-67 Zr-BPDC. 
Gated emission of Zr-G1-BPDC and UiO-67 Zr-BPDC were acquired with λex = 360 nm and 330 
nm, respectively. Slit was maximized for UiO-67 Zr-BPDC since the sample’s RTP is very weak. 
c, Gated emission spectra of Zr-G1-BPDC collected under 360 nm and 420 nm excitation, 
respectively. Gated excitation spectra were measured at the corresponding emission band peaks. 
d, Phosphorescence emission decay profiles of Zr-G1-BPDC monitored at 610 nm when λex = 360 
nm (black dots) and at 625 nm when λex = 420 nm (yellow dots). All measurements were collected 
with 500 μs delay. 
 

5.2.4 Phosphorescence properties of UiO-67 Zr-G1-BPDC at high temperatures 

To evaluate the strength of the framework’s rigidifying effect without the interference of 

oxygen quenching and potential oxidation, temperature-dependent (295–375K) phosphorescence 

properties of Zr-G1-BPDC were studied under high vacuum (< 10-4 Torr). Gated emission spectra 

(500 μs delay, λex = 360 nm) demonstrate that the phosphorescence signal persists at temperatures 

as high as 375K, with gradually decreased intensity at higher temperatures due to stronger 

molecular vibrations (Figure 5.5a). Consistent gated emission profiles across the entire 
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temperature range suggests that the MOF material possesses high thermal and optical stability 

(Figure 5.5b upon 360 nm excitation and Figure 5.5c upon 420 nm excitation). Interestingly, while 

the 420 nm excitation primarily contributes to both the 610 nm and 625 nm emission bands, the 

normalized gated excitation spectra show decreased contribution from 360 nm excitation and 

concurrent increased contribution from 480 nm excitation. We think that the porous framework 

could potentially collapse under high vacuum at higher temperatures, leading to a different form 

of aggregated G1 which further shifted the excitation band to the longer wavelength. However, 

more structural investigations at high temperatures are necessary to elucidate this phenomenon.  

As a comparison, a G1-PVA thin film (doped with 1 wt% G1) was prepared according to 

the reported procedure.26 The drop-casted thin film exhibits blue fluorescence only when heated 

up to 375 K, indicating the interaction between G1 and PVA is not sufficient enough to suppress 

molecular motion once the temperature is raised along with thermal agitation.  

Temperature-dependent phosphorescence decay profiles of Zr-G1-BPDC monitored at 610 

nm (λex = 360 nm) further corroborated the long-lived nature of the orange-colored RTP and HTP 

emission as well as the rigidity of the framework. Lifetime (τ) values were summarized in Table 

5.1, demonstrating shorter lifetimes at higher temperatures where the non-radiative decay is more 

prominent. Notably, the τavg of Zr-G1-BPDC at room temperature under vacuum is ~1.3 ms, shorter 

than the reported value (4.7 ms) of G1 in PVA films.26 This could be an indicator of the heavy 

atom effect G1 encountered in the framework which increases phosphorescence decay rate (i.e., 

shorter lifetime). The phosphorescence quantum efficiency of Zr-G1-BPDC would need to be 

measured to further verify this. Since the heavy atom effect of Zr6 clusters would enhance SOC 

and ISC, more triplet excitons would be generated in the framework compared to that in G1-PVA, 

resulting in a higher quantum efficiency.   
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Figure 5.5 | Phosphorescence properties of UiO-67 Zr-G1-BPDC at high temperatures (295–
375K). a, Temperature-dependent gated emission spectra of Zr-G1-BPDC. λex = 360 nm. b,c, 
Temperature-dependent normalized gated photoluminescence (emission and excitation) of Zr-G1-
BPDC under 360 nm (b) and 420 nm (c) excitation. Gated excitation spectra were measured at the 
corresponding emission band peaks, 610 nm (b) and 625 nm (c), respectively. 500 μs delay. d, 
Temperature-dependent phosphorescence emission decay profiles monitored at 610 nm with λex = 
360 nm. All measurements were collected under high vacuum (< 10-4 Torr) with 500 μs delay. 

 

Table 5.1 | Summary of phosphorescence lifetime τ components and average lifetime τavg in UiO-
67 Zr-G1-BPDC at different temperatures (λex = 360 nm, λem = 610 nm) 
 

T (K) 295 325 350 375 

τ fast (μs) 722.1 446.3 289.6 205.6 

τ slow (μs) 2676 1952 1444 1171 

percent fast (%) 69.8 72.8 76.8 86.6 

τavga (μs) 1312 855.9 557.4 335.0 
aThe average lifetime τavg was calculated according to τavg = τ fast * percent fast + τ slow * (1-percent fast). 
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5.2.5 Potential spin-orbit coupling enhancement in UiO-67 Hf-G1-BPDC 

To further probe the potential external heavy atom effect mediated by metal clusters in the 

framework, we extended the strategy incorporating G1 into UiO-67 (Zr) structure to UiO-67 (Hf). 

As we discussed before, Zr4+ and Hf4+-based UiO-type MOFs are known to be isostructural, and 

given Hf is significantly heavier than Zr, UiO-67 (Hf) was anticipated to impart even more 

prominent SOC and ISC enhancement as well as phosphorescence decay facilitation. Indeed, the 

synthesized Hf-G1-BPDC is isostructural to UiO-67 although it is slightly less crystalline based 

on PXRD data. Composition analysis by 1H NMR reveals a higher G1 incorporation ratio in the 

framework compared to that in Zr-G1-BPDC, with the same feeding molar ratio of G1:BPDC at 

2:1. Since we don’t expect to see any optical interference from the co-ligand BPDC, the slightly 

different G1 incorporation ratio should not affect its RTP or HTP performance in the framework. 

Indeed, under ambient conditions, similar RTP characteristics were observed in Hf-G1-BPDC 

(Figure 5.6) compared to those in Zr-G1-BPDC, except that the RTP band is primarily excited by 

420 nm instead of 360 nm. This is likely due to a higher percent presence of H-aggregated G1 in 

the Hf-G1-BPDC framework since more G1 was incorporated. It should be noted that, the average 

lifetime (τavg) of Hf-G1-BPDC is longer than that of Zr-G1-BPDC, ~1 ms and ~1.4 ms under 360 

nm and 420 nm excitation, respectively (Figure 5.6b). This suggests that the heavier UiO-67 (Hf) 

framework suppresses molecular vibrations more effectively than its Zr counterpart. 
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Figure 5.6 | Phosphorescence properties of UiO-67 Hf-G1-BPDC under ambient conditions. 
a, Normalized gated photoluminescence (emission and excitation) spectra of Hf-G1-BPDC under 
360 nm (black trace) and 420 nm (orange trace) excitation, respectively. Gated excitation spectra 
were measured at the corresponding emission band peaks, 610 nm (black dots) and 620 nm (orange 
dots), respectively. b, Phosphorescence emission decay profiles of Hf-G1-BPDC monitored at 610 
nm under 360 nm excitation (black dots) and at 620 nm under 420 nm excitation (yellow dots). 
All measurements were collected with 500 μs delay. 

 

Temperature-dependent gated photoluminescence spectra of Hf-G1-BPDC reveal that the 

phosphorescence signal persists at even higher temperatures (as high as 400K) compared to Zr-

G1-BPDC (Figure 5.7). Similar red shifts in phosphorescence excitation bands from 360 nm to 

480 nm were also observed here. Phosphorescence lifetime decay profiles show similar trends to 

those of Zr-G1-BPDC, except for longer lifetime components at each corresponding temperature 

point (Table 5.2). These results further confirmed that the heavier UiO-67 (Hf) framework 

provides more significant ligand rigidifying effect than UiO-67 (Zr), resulting in longer 

phosphorescence lifetimes of the coordinated organic phosphor ligand G1. However, it is uncertain 

if the Hf6 clusters exert additional heavy atom effect on the coordinated G1, compared to the Zr6 

clusters since it is difficult to deconvolute the lifetime-prolonging rigidifying effect and the 

lifetime-shortening heavy atom effect. One potential solution to this problem is measuring 

phosphorescence lifetimes of UiO (Zr or Hf) G1-BPDC at 77K where molecular vibration is 

negligible and hence the difference in framework rigidifying effect is of no significant 

consideration, allowing us to solely analyze the heavy atom effect. One caveat of this approach is 
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that the co-ligand BPDC would likely phosphoresce at 77K, interfering with G1 phosphorescence. 

Alternatively, RTP quantum efficiencies of UiO (Zr or Hf) G1-BPDC can be measured and 

compared since heavy atom effect is expected to generate more triplet excitons and facilitate more 

efficient phosphorescence decay.  

 

 

Figure 5.7 | Phosphorescence properties of UiO-67 Hf-G1-BPDC at high temperatures (295–
400K). a,b, Temperature-dependent normalized gated emission spectra of Hf-G1-BPDC under 
360 nm (a) and 420 nm (b) excitation. Normalized gated excitation spectra were measured at the 
corresponding emission band peaks. c,d, Temperature-dependent phosphorescence emission 
decay profiles monitored at 610 nm with λex = 360 nm (c) and at 620 nm with λex = 420 nm (d). 
All measurements were collected under high vacuum (< 10-4 Torr) with 500 μs delay. 
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Table 5.2 | Summary of phosphorescence lifetime τ components and average lifetime τavg in UiO-
67 Hf-G1-BPDC at different temperatures  
 

T (K) 297 325 350 375 400 

λexa (nm) 360 420 360 420 360 420 360 420 360 420 

τ fast (μs) 637.5 614.4 524 676.6 450.5 618 328.3 538.1 229.1 447.1 

τ slow 
(μs) 2525 2602 2010 2405 1544 1981 1240 1794 991.5 1380 

percent 
fast (%) 68.1 60.7 72.2 70.4 70.4 73.4 80.7 83.1 85.2 83.4 

τavgb (μs) 1240 1396 937.1 1188 774.2 980.6 504.2 750.3 341.9 602.0 
aPhosphorescence decay profiles were monitored at 610 nm and 620 nm when λex of 360 nm and 420 nm 
were used, respectively. 
bThe average lifetime τavg was calculated according to τavg = τ fast * percent fast + τ slow * (1-percent fast). 
 

5.3 Conclusion and Outlook 

In this work, we sought to test two hypotheses in the context of metal-organic phosphor 

framework, (1) the strong coordination bonding between organic phosphor and metal clusters 

along with the rigid MOF scaffold can substantially suppress molecular vibrations surrounding the 

coordinated organic phosphor and hence subdue non-radiative deactivation of triplet excitons, and 

(2) metal clusters in the framework can impart heavy atom effect on the coordinated organic 

phosphors and promote triplet electron population and phosphorescence decay via enhanced SOC.  

By adopting a mixed ligand approach, we successfully coordinated the organic phosphor 

G1 to Zr6 and Hf6 clusters and constructed metal-organic phosphor frameworks isostructural to 

UiO-67. The obtained MOF materials are highly phosphorescent under ambient conditions 

whereas the G1 precursor has dark triplet states. We also confirmed that the observed MOF RTP 

originates from the intrinsic photophysical property of G1 ligand in the framework without the 

influence of the co-ligand BPDC or the metal clusters. Impressively, both UiO-67 Zr-G1-BPDC 
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and Hf-G1-BPDC exhibit stable HTP that persists at temperatures as high as 400K, attesting to the 

strong molecular vibration restriction via coordination bonding and the rigid UiO-67 framework. 

However, since the heavier Hf6 clusters also result in a stiffer MOF scaffold, which in turn leads 

to longer-lived organic RTP and HTP, it is unclear if there is additional heavy atom effect at play 

by comparing the phosphorescence lifetimes of Zr-G1-BPDC and Hf-G1-BPDC.  

Additional structural studies such as thermogravimetric analysis, temperature-dependent 

PXRD and ligands spatial arrangement will provide more insight into thermostabilities and the 

interesting red shifts in the excitation bands of the synthesized UiO-67 MOF materials. Further 

photophysical characterizations such as phosphorescence quantum efficiencies and diffuse 

reflectance UV-vis absorption will help quantify potential heavy atom effect in the framework and 

elucidate its nature. While the organic RTP lifetimes of the developed MOFs in this study are close 

to 1 ms and still too long to be ideal for phosphorescence OLED applications, more structural 

optimization can be carried out to enhance SOC and shorten the phosphorescence lifetime. For 

example, from the material architecture perspective, a shorter distance and stronger interaction 

between the phosphorescence-emitting benzaldehyde group (i.e., the triplet exciton generation 

center) and the metal cluster is the key to promoting substantial ‘direct heavy atom effect’.20,37 

Nonetheless, the metal-organic phosphor framework concept presented in this work 

represents a new promising design strategy to restrict molecular vibration and promote SOC 

simultaneously for generating strong organic phosphorescence. Structural parameters such as 

metal mass, interaction energy and distance between metal clusters and triplet state generation 

center, as well as ligand configuration all affect the luminescence characteristics of the MOF 

material, including quantum yield, phosphorescence lifetime, and color. With the right balance, 
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the MOF strategy still holds the promise to maximize triplet exciton utilization in purely organic 

emitters and solve the efficiency roll-off issue in phosphorescence OLEDs.  

MOFs are highly robust and modular material platforms in which metal clusters and 

organic ligand linkers of the same connectivity can be used to tailor materials with a wide variety 

of luminescent properties for applications in light-emitting devices and sensors. We envision that 

phosphorescent color tuning could readily be achieved by changing the organic phosphor ligand 

linker since metal clusters have no influence on the band gaps (electronic structures). Additionally, 

MOF’s high porosity and surface area, together with organic phosphor’s sensitivity toward oxygen 

quenching make metal-organic phosphor frameworks attractive candidates for phototheranostic 

applications such as photodynamic therapy (PDT).48 PDT involves the generation of cytotoxic 

reactive singlet oxygen (1O2) from ground state triplet oxygen (3O2), which can be achieved by 

oxygen quenching of organic RTP. However, the efficacy of PDT is often impeded by tumor 

hypoxia where oxygen (3O2) is deficient. This can be overcome by oxygen storage and transport 

capability of MOFs. Therefore, this could potentially serve as a novel strategy to enhance 

immunogenic PDT and cancer immunotherapy.  

 

5.4 Experimental Section 

5.4.1 Materials 

Zirconium tetrachloride (ZrCl4, 98%) were purchased from Acros. Concentrated HCl, 

acetone and dimethylformamide (DMF) (ACS reagent grade) were all purchased from Fisher 

Scientific. Biphenyl-4,4’-dicarboxylic acid (BPDC, 98%) were purchased from Alfa Aesar. 

Polyvinyl alcohol (PVA) and other solvents and reagents used to synthesize the organic phosphor 



 136 

G1 were all purchased from Millipore Sigma. All chemicals were used as received without further 

purification. 

 

5.4.2 Synthesis and structural characterization of UiO-67-type MOFs  

The metal-free organic phosphor G1 was synthesized according to a published procedure 

from the Kim lab,26 and its purity was confirmed by 1H NMR on 500 MHz Varian Inova NMR 

spectrometer. All UiO-67-type MOFs studied in this chapter were prepared via solvothermal 

processes according to a modified method reported for UiO-6746 by my collaborator Jialiu Ma in 

Professor Adam Matzger’s group. UiO-67 Zr-G1-BPDC and Hf-G1-BPDC were synthesized 

using a mixture of G1 and BPDC as the ligand linkers, at a feeding molar ratio of 2:1. The 

synthesized materials were thoroughly washed with DMF, which was then exchanged with acetone 

and activated under vacuum. The obtained MOF powders were stored in a glovebox under a 

nitrogen atmosphere. Structural characterizations of the synthesized MOFs including 1H NMR, 

powder X-ray diffraction (PXRD), BET surface area analysis, and FT-IR were also carried out by 

Jialiu Ma.  

 

5.4.3 Photoluminescence measurements of UiO-67-type MOFs 

Photophysical properties including gated (500 μs delay) emission and excitation spectra 

and lifetime were measured using a Photo Technologies International (PTI) QuantaMaster 

spectrofluorometer (QM-40). Temperature-dependent photoluminescence profiles under high 

vacuum were collected using Janis VPF-1000 cryostat equipped with a LakeShore 335 

Temperature Controller and a Turbo pump (Agilent Technologies). MOF samples were taped on 

quartz slides and equilibrated for 30 min after the set temperature point was reached. Lifetime 
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measurements were collected under the phosphorescence mode using a Xenon flash lamp as the 

light source. Lifetime values were obtained by fitting the decay profiles to one-phase or two-phase 

exponential decay using GraphPad Prism 8.  
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Chapter 6 

Conclusions and Future Directions 

 

6.1 Thesis Summary 

Metal-free purely organic phosphors have unique properties such as long lifetime 

(milliseconds to seconds) and large Stokes shift (wavelength difference between the absorption 

and emission peak maxima). These features endow organic phosphorescence-based sensors several 

advantages over traditional optical sensor design for hypoxia detection and imaging in biological 

systems. First, purely organic phosphorescence signal from the long-lived triplet excited state is 

highly susceptible to molecular oxygen quenching through triplet energy transfer, whereas 

conventional fluorescent probes have short-lived emission (nanoseconds), and thus are typically 

insensitive to oxygen tension change. This allows them to be applied as ultra-sensitive oxygen 

sensors. Second, the large Stokes shift effectively eliminates the interference of the excitation light 

source or the background autofluorescence by wavelength-based deconvolution, enabling high 

signal-to-noise ratio measurements. Last, unlike conventional inorganic or organometallic-based 

phosphorescent materials containing precious rare-earth and transition metals with potential 

toxicity or stability issues in bio-applications, purely organic phosphors are more cost-effective, 

robust, and biocompatible. 

In chapters 2 and 3, a versatile oxygen-sensing platform technology based on lipid-polymer 

hybrid core-shell organic room-temperature phosphorescence (RTP) nanoparticles (NPs) was 

developed and applied toward in vivo tissue hypoxia imaging and in vitro phosphorimetric 
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biodetection. The organic RTP NPs were synthesized via a facile one-step nanoprecipitation 

process and consist of (1) a rigid and oxygen-permeable polymer core for the effective activation 

of bright RTP from the embedded organic phosphor in hypoxic environments, and (2) an 

amphiphilic phospholipid shell, allowing for excellent water dispersity, biocompatibility, and 

colloidal stability. The fabricated lipid-polymer hybrid NPs exhibit long-lived bright RTP with 

milliseconds decay time, high sensitivity toward oxygen quenching, and desirable colloidal and 

optical stability, which enables them to be exploited as “turn-on” nanosensors under oxygen-

deficient conditions. 

Chapter 2 reports that these organic RTP NPs effectively visualize chorioretinal tissue 

hypoxia in clinically relevant living animal models in real-time and with high signal-to-noise ratio. 

Ischemia-induced hypoxia is a common complication associated with numerous retinopathies and 

is the most important pathogenic and prognostic factor in retinal vein occlusions (RVO). RVO is 

the 2nd most common retinal vascular disorder and represents a major cause of vision loss, affecting 

more than 16 million people worldwide. Early detection and long-term visualization of retinal 

tissue hypoxia is essential to understand the pathophysiology and treatment of ischemic 

retinopathies. Currently available techniques to evaluate retinal tissue hypoxia, such as oxygen-

sensitive microelectrodes and MRI, have limitations including tissue destruction and insufficient 

resolution. This necessitates a critical clinical need for a new effective and non-destructive method 

to measure oxygen tension in the retinal tissue microenvironment. We demonstrated that organic 

RTP NPs can be a solution to this problem and allow for targeted biocompatible detection of 

chorioretinal tissue hypoxia. When tested as a hypoxia imaging probe in vivo using rabbit RVO 

and choroidal vascular occlusion models via intravitreal and intravenous injection respectively, 

RTP NPs’ phosphorescence signal is exclusively turned on where tissue hypoxia is present with a 
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signal-to-noise ratio of 12.5, and persists for at least 7 days. This RTP NP platform is also 

compatible with multimodal imaging. No ocular or systemic complications were observed with 

either administration route. Future studies including in vitro oxygen sensitivity calibration, in vivo 

oxygen tension determination, as well as pharmacokinetics and biodistributions of the developed 

organic RTP NPs will be conducted to fully assess their clinical translatability. This work lays a 

solid foundation demonstrating that this organic RTP nanosensor has a great potential to serve as 

a general tissue hypoxia tracking probe via minimally invasive systemic delivery. This has both 

scientific and translational impact at many levels and will enable improved understanding of the 

pathophysiology, and early diagnosis and prognosis research of diseases involving ischemia-

induced hypoxia, beyond the retina and choroid. 

Chapter 3 describes the integration of organic RTP-based biosensor with a sandwich-DNA 

hybridization assay on 96-well plates for highly sensitive and quantitative detection of cell-free 

nucleic acids. The signal transduction design involves combining oxygen-sensitive RTP 

nanoparticles with a signal-amplifying enzymatic oxygen scavenging reaction. Glucose oxidase 

enzyme (GOx) is a well-known oxygen scavenger that efficiently consumes dissolved oxygen 

(DO) in the process of oxidizing glucose to gluconic acid. Our unique methodology for the 

phosphorimetric biodetection consists of the following three steps: (1) the targeted bioanalyte 

binds to the probe and bioreceptor through specific interaction such as nucleic acid hybridization; 

(2) the bound bioreceptor will then be labeled with GOx through another specific binding event 

such as avidin-biotin interaction; and finally (3) a solution containing glucose and oxygen-

sensitive RTP nanoparticles will be introduced to the target-bioreceptor-GOx complex. As the 

GOx scavenges the DO in the surrounding environment, the signal transducing organic RTP NPs 

emit the “turn-on” phosphorescence signal, and the intensity correlates to the concentration of 
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target bioanalytes. As a proof of concept, a cell-free TP53 gene fragment was tested as the target 

DNA analyte. Our phosphorimetric assay demonstrates sequence-specific detection with sub-

picomolar (0.5 pM) sensitivity. Importantly, this assay is compatible with detecting cell-free 

nucleic acids in human urine samples without extensive pre-treatment and the green 

phosphorescence readout can be captured by a smartphone camera. Simply by re-programming the 

detection probe, our methodology can be adapted to a broad range of biosensor applications for 

biomarkers of great clinical importance but difficult to detect due to their low abundance in vivo. 

The detection limit of this phosphorimetric assay could be further improved (i.e., lowered) by 

increasing the amount of organic phosphor embedded in the RTP NPs. Alternatively, it could be 

achieved by choosing a polymer matrix or polymer blends with relatively lower oxygen 

permeability to encapsulate organic phosphor. Future work could also include extending the 96-

well plate-based detection platform to more portable substrates, such as papers and capillary tubes, 

leading to the development of affordable point-of-care diagnostics. Therefore, this technology has 

significant implications for resolving the important practical limitations to the deployment of 

cancer theragnostic in resource-limited setting. 

Next, chapters 4 and 5 shift the focus from exploiting oxygen-sensitive triplet excitons for 

biosensing and bioimaging applications to investigating fundamental photophysical transitions of 

triplet excitons in the context of photoluminescence. Chapter 4 details an efficient intermolecular 

triplet-to-singlet energy transfer (T-S ET) process in purely organic luminescent materials through 

a pseudo-Förster resonance energy transfer (pseudo-FRET) mechanism, challenging the scientific 

community to rethink the notion of spin angular momentum conservation observed in conventional 

energy transfer pathways. An organic phosphor donor with long-lived strong RTP and an organic 

fluorescent acceptor were co-assembled in rigid polymeric nanoparticles, which was then used as 
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a model system to study the intermolecular energy transfer using various spectroscopic methods. 

The T-S ET process quenches the RTP emission from the excited donor triplet state and sensitizes 

the excited singlet state of the acceptor, which ultimately induces ambient delayed fluorescence 

(DF). The energy transfer efficiency was measured to reach as high as 75.5% and can be further 

tuned by the encapsulation ratio of donor and acceptor in NPs. We also found that donor’s T1 → 

S0 spin-orbit coupling (SOC) strength influences the rate of T-S ET (kET) and in turn the lifetime 

of the induced ambient DF, with stronger SOC leading to faster kET and shorter DF lifetime. 

Further studies such as a systematic investigation of T-S ET efficiency and rate over a range of 

well-defined donor-acceptor distances would allow us to benchmark the pseudo-FRET mechanism 

we discovered here against the classic Förster model. The results of this work have multiple 

implications on material design strategies for manipulating the fate of triplet excitons for photo 

generation in purely organic molecules. For instance, achieving organic long-lived emission and 

high quantum efficiency simultaneously through rational molecular design is still a challenging 

task, especially toward the red and NIR region. The T-S ET concept can be utilized to produce 

bright afterglow red or NIR fluorescence by pairing an organic phosphor with a long RTP lifetime 

as the donor with a highly fluorescent red or NIR dye as the acceptor. DF with narrow emission 

can be realized when the chosen acceptor fluorophore has a sharp emission profile. This serves as 

an attractive alternative to thermally activated delayed fluorescence (TADF) which is difficult to 

engineer on a molecular level and often has color purity issues. Lastly, the light extraction rate 

from triplet excitons is accelerated through the T-S ET process. Therefore, this concept can be 

exploited in electroluminescence to mitigate against the long-standing efficiency roll-off issue in 

phosphorescence organic light-emitting devices (OLEDs).  
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Two key challenges in the field of developing efficient organic RTP materials are (1) weak 

SOC and intersystem crossing (ISC) in the absence of heavy atom effect, and (2) energy loss to 

non-radiative molecular vibrations. Chapter 5 aims to address these issues simultaneously in a 

single material system—metal-organic framework (MOF). Through a mixed ligand approach, 

organic phosphors were successfully coordinated to zirconium (Zr)- and hafnium (Hf)-based metal 

clusters as ligand linkers, and MOF materials isostructural to UiO-67 were synthesized. Two 

hypotheses were tested using this model system: (1) the strong coordination bonding between 

organic phosphor and metal clusters along with the rigid MOF matrix can substantially suppress 

molecular vibrations surrounding the organic phosphor and hence subdue non-radiative 

deactivation of triplet excitons, and (2) metal clusters in the framework can exert external heavy 

atom effect on the coordinated organic phosphors and promote triplet electron population as well 

as phosphorescence decay via enhanced SOC. Strong RTP was observed for these MOF materials 

in comparison to the dark pristine organic phosphor ligand. The origin of the MOF RTP was 

confirmed to be the coordinated organic phosphor rather than the co-ligand or framework itself. 

This differentiates our MOF design from that of conventional organometallic compounds where 

metal elements are part of the emitting centers. Notably, stable high-temperature phosphorescence 

(HTP) that persists up to 400K was achieved, which was previously considered extremely difficult 

to attain due to the markedly increased molecular vibrations at elevated temperatures. This result 

attests to the strong rigidifying effect from the coordination bonding and the MOF matrix, which 

confirms our hypothesis (1). We also demonstrated that the heavier UiO-67 (Hf) framework is 

stiffer than the Zr counterpart, and hence is more effective at suppressing non-radiative decay and 

promoting phosphorescence emission, leading to longer-lived RTP and HTP. However, it was 

unclear yet if Hf imparts additional heavy atom effect than Zr. Future structural and photophysical 
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studies were suggested in Chapter 5 to elucidate hypothesis (2). Nevertheless, this work identified 

critical material design parameters and structural basis for organic phosphorescence of high 

brightness and desirable stability, opening a new design avenue to achieve efficient organic RTP 

and HTP toward practical photofunctional applications. 

In summary, this dissertation covers both the fundamental and applied aspects of triplet 

excitons in purely organic RTP molecules (Figure 6.1). Novel material systems and platform 

technologies were developed to meet challenges in both biomedical and optoelectronic fields. The 

first section (Chapter 2 and 3) leverages triplet energy quenching by molecular oxygen and, in 

combination with nanoformulation, expanded the applications of organic RTP materials to 

addressing clinical problems of great importance yet lacking practical solutions. The second 

(Chapter 4) and third (Chapter 5) sections shed more light on the fundamental characteristics of 

triplet excitons and their interactions with electronic states of different spin multiplicity, and 

generated rational material design strategies to modulate triplet states and harvest energy more 

efficiently. Overall, this thesis work contributes to advancing the fundamental understanding of 

triplet exciton behaviors and the technological innovation in their utilizations in sensing, imaging, 

phototheranostics, and solid-state lighting. 
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Figure 6.1 | Thesis summary. Triplet exciton modulations in organic room-temperature 
phosphorescence materials for applications in biosensors and optoelectronics. 
 

6.2 Outlook of Organic Phosphorescence Field 

The field of organic RTP materials has witnessed explosive growth over the past decade 

since the pioneering work from the Kim group1 and the Tang group.2 On the application front, 

three dimensions of organic phosphorescence—long lifetime, sensitive to molecular motion 

deactivation, and susceptible to oxygen quenching—have been extensively exploited for 

challenging photofunctions including afterglow bioimaging, hypoxia imaging, chemical sensing, 

and data encoding. Oxygen and thermal energy are ubiquitous and play crucial roles across the 

living and non-living systems. Precise and real-time measurement of their intensity and flux can 

be difficult yet critical. Organic RTP materials can potentially offer attractive and facile solutions 

to these problems. By integrating principles from adjacent disciplines such as life science, 

biomedical engineering, mechanical engineering, and electrical engineering, more meaningful and 

promising practical applications are coming to light every day.  
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The fourth exciting and emerging dimension of manipulating organic phosphorescence lies 

in circular polarization. As the next-generation light source, circularly polarized luminescence 

(CPL)3-6 demonstrates great potentials in advanced technologies such as CP-OLEDs,7,8 chiroptical 

sensing and patterning,9-12 holography,13 stem cell differentiation,14 as well light detection and 

ranging (LIDAR) in autonomous vehicles.15 The development of circularly polarized 

phosphorescence (CPP)16-19 that couples the unique characteristic features of organic RTP and 

dissymmetry (chirality) from circular polarization could further enhance CPL performance in 

aforementioned technologies and beyond. Achieving organic CPP with high quantum efficiency 

and high dissymmetry factor is no easy feat, however, design strategies in circularly polarized 

fluorescence might be a good source of inspiration.20,21  

On the theme of fundamental understanding and developing new organic RTP materials, 

however, by and large, the focus has been too centered than desirable on suppressing the adversary 

molecular motions to minimize nonradiative decay. The other equally important and perhaps more 

challenging factors in organic phosphorescence generation are the ISC of S1 → Tn and SOC of the 

subsequent T1 → S0. These areas of the field have been relatively less investigated, and lack a deep 

quantitative mechanistic understanding, which presents a major hurdle in developing efficient 

organic RTP molecules. Strong ISC of S1 → Tn is a prerequisite for organic materials with high 

phosphorescence quantum efficiency in photoluminescence because it determines the population 

of available triplet excitons after photoexcitation. However, this alone does not guarantee material 

brightness. Strong SOC for T1 → S0 is also required for phosphorescence decay to compete with 

kinetically favored non-radiative deactivation or triplet-triplet annihilation. This aspect is 

particularly important in phosphorescence OLEDs. By contrast, in materials where a long 

phosphorescence lifetime is desired, SOC for T1 → S0 would then need to be tuned downed. 
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Moreover, although SOC is the dominant mechanism to facilitate ISC, there are other channels 

such as hyperfine coupling,22,23 vibronic coupling,24,25 and aggregation induced ISC.26 Strong ISC 

for S1 → Tn does not warrant strong SOC for T1 → S0. Therefore, rational design of organic RTP 

materials with tailored applications calls for complicated multifaceted considerations yet the 

chemical structure-electronic structure-phosphorescence property relationships remain moderately 

elusive. Often, distinctive phosphorescence properties were discovered by chance than by choice. 

The organic phosphorescence field is in critical need of a comprehensive set of molecular design 

principles or material engineering approaches for modulating ISC and SOC strength and ultimately 

the fate of triplet excitons, which can only be collected through systematic investigation of 

fundamental photophysical processes in candidate organic RTP materials. This process can be 

labor-intensive and involves extensive trial and error. To accelerate it, integration of computational 

modeling such as time-dependent density functional theory27 and Dalton28 that calculate molecular 

electronic structures and SOC strength (SOC matrix element) into the workflow with experiments 

is recommended. The computational work predicts photophysical properties of lead organic 

phosphors and informs experimentalists the connection between chemical structures and 

phosphorescence performance. It is important to note that this bottom-up approach does carry risks 

and computational data can fail to explain experimental results. There is certainly room for 

continuous improvement regarding the accuracy and efficiency of simulation using quantum 

chemistry programs, particularly for aggregated or multi-component material systems. In parallel, 

a relatively more top-down strategy that engages deep learning technologies to identify molecular 

or system features (structural motifs) that are associated with specific performance characteristics 

could also assist in developing organic RTP materials through rational design. While this method 

might be especially useful for large material systems with hierarchical structures and long-range 



 151 

orders, it would rely on a considerable amount of digitized experimental data of developed organic 

RTP materials to train the artificial neural networks. Building an up-to-date central organic RTP 

materials data bank accessible to the entire scientific community would be desirable. In a nutshell, 

progresses made in computational and experimental work will fuel the growth of each other and 

collectively the advancement in the field of designer organic RTP materials. 
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