
 

 



 

 

ABSTRACT 

Photoactive inorganic molecules for the next generation of 

photoluminescent probes and materials 

 by 

Meredith M. Ogle 

Photoluminescent molecules come in many forms from organic molecules to 

metal complexes to nanomaterials and have a large range of applications as dyes, sensors, 

catalysts and more. In this thesis three distinct areas will be covered: temperature 

sensors, nanomaterial antennae, and photooxidation catalysts. 

Photoluminescent sensors can report on environmental changes at the molecular 

level. Chapter 1 summarizes the literature on photoluminescent temperature probes and 

discusses the different reporting techniques and molecular mechanisms. Due to different 

photophysical properties of the dyes, probes can have temperature dependent changes 

in emission intensity, a ratio of two emissions, peak emission wavelength, or lifetime of 

emission. Each of these can be measured by a spectrometer or microscope and some can 

be seen by eye. The probes with the least number of confounding variables are metal 

complexes that have variable lifetime with temperature. Therefore, Chapter 2 describes 

the development of iridium (III) complexes as phosphorescent temperature probes and 

the challenges of biocompatibility and lifetime determination in living cell using available 

equipment. Chapter 3 discusses the design of a fluorescent boron-dipyrromethene 

temperature probe and its implementation as a live cell thermometer. We modified a 
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viscosity probe to solely report on temperature in high viscosity environments like the 

cell membrane. This probe is non-toxic, membrane permeable and retained by live cells. 

The fluorescent lifetime is predictively quenched by molecular vibrations as temperature 

increases and live cell temperature was measured with fluorescent lifetime imaging 

microscopy. 

Graphene quantum dots are nanoflakes of graphene isolated from oxidized coal. 

These nanoparticles are heterogenous by nature of the top down synthesis which leads 

to broad emission bands and low quantum yields compared to traditional quantum dots. 

Chapter 4 explores the photophysical properties of these nanoparticles and their use as 

antennae for lanthanide cations. The energy transfer from graphene quantum dots to 

lanthanides, and subsequent quantum yield for the emission for the rare earth, was most 

efficient in the ultraviolet range. This is in contrast with the well know Kasha-Vavilov 

rule, and shows promise toward development of anti-counterfeit dyes. 

Metal organic frameworks, a class of mesoporous scaffolds, have been developed 

as gas storage devices, sensors, and photocatalyst. Chapter 5 describes initial 

experiments that aims to create a rhenium (I) doped MOF as a photo-oxidation catalyst 

that is easily recovered from the reaction mixture. A rhenium carbonyl complex, a known 

singlet oxygen sensitizer, was doped into a highly stable MOF at different concentrations. 

Photoluminescent characterization determined the optimal concentration to use as a 

catalyst. Current work focuses on optimizing oxidation reaction conditions and 

increasing substrate scope. 

 



iv 
 

Acknowledgments 

There are many people I need to thank for my success, first being my advisor 

Angel Martí.   I have grown so much as a chemist since starting my PhD and that comes 

from the wealth of knowledge and support from Marti. Marti has always celebrated our 

success and lamented our failures with us but always knew how to keep us motivated. I 

know I wouldn’t have made it to this point if I had not had Marti as my advisor. 

I would also like to thank my lab mates: Carlos de los Reyes, Ashleigh Smith 

McWilliams, Bo Jiang, Alexis van Venrooy, Cece Martinez and Kexin Ling.  Not only are 

they all amazing scientist that were my sounding board and helped me solve practical 

problems in the lab, they are all my dear friends and made coming into the office each 

day enjoyable. I am most thankful for these bonds and the ability to hangout and not talk 

about our science when we are out at Valhalla or Ruchi’s. 

I would like to thank those who helped me grow professionally: Paul Engel, 

Michelle Gilbertson, Pam On, LaDonna Smith, Lesley O’Learly and Carrie McNeil.  Paul 

and I worked together throughout my time at Rice developing and teaching and organic 

chemistry course that I think is exceptional. I learned so much about teaching and 

building a course but also practical skills like working a drill press, electrical wiring and 

glass blowing. I also had the pleasure of teaching with Lesley and Carrie and appreciate 

all I learned from them as well. I was trusted to be on the recruitment committee for the 

department and would like to thank Michelle and LaDonna for their mentorship. I 

thoroughly enjoyed being able to give back to the department and recruit prospective 



v 
 

students. Pam thank you for keeping us all on track and for welcoming us to your home 

for dinners. The department would not run smoothly without you. 

I thank my collaborators at Baylor College of Medicine: Matthew Ware, Stuart 

Corr, and Stephen Curley. I really valued working with such innovative scientist. Thank 

you for all of your critiques and teachings, the outside perspective was so helpful. I 

learned so much in an interdisciplinary collaboration. 

I would like to thank my friends Alicia Mangubat-Medina, Lauren Goldberg, and 

Emily Covell. Alicia I would not have finished this PhD without you. Thank you for being 

there with me every step of the way. Your drive and work ethic inspire me every day. 

Lauren and Emily thank you for getting me out of the lab and making sure I had fun. 

Thank you for your support as I struggled through the finish line. Love you.  

And I would like to thank my family: Tyler, Helen, Douglas, Mom and Dad.  Thank 

you, Tyler, for making sure I applied to Rice and stuck with it. Thank you for listening 

when I wanted to quit and encouraging me to keep going. I could not have made it 

through without your support. Douglas and Helen thank you for always believing in me 

and listening when I ramble about my science. Mom and Dad thank you for everything 

you do.  Your love and support make me feel like I can achieve anything I want. Thank 

you for instilling in us a drive for success and value our education. Grad school would not 

have been possible without you. I love you.



 

 

Contents 

Acknowledgments ..................................................................................................... iv 

Contents ................................................................................................................... vi 

List of Figures .......................................................................................................... viii 

List of Tables ............................................................................................................ xv 

List of Equations ....................................................................................................... xvi 

Latest Trends in Temperature Sensing by Molecular Probes ...................................... 17 

1.1. Abstract ........................................................................................................................ 17 

1.2. Introduction .................................................................................................................. 18 

1.3. Emission Intensity......................................................................................................... 20 

1.4. Ratio of Emission .......................................................................................................... 29 

1.4.1. Ratio of conjugated fluorophores ......................................................................... 30 

1.4.2. Duel emitting fluorophores ................................................................................... 34 

1.5. Peak Shift ...................................................................................................................... 39 

1.6. Lifetime ......................................................................................................................... 47 

1.7. Conclusion .................................................................................................................... 59 

The lost years: Transition metal complexes for fluorescent sensing of intracellular 

temperature ............................................................................................................. 62 

2.1. Introduction .................................................................................................................. 63 

2.2. Experimental ................................................................................................................ 65 

2.3. Results .......................................................................................................................... 66 

2.4. Conclusions ................................................................................................................... 70 

Sensing Temperature in vitro and in Cells with a BODIPY Molecular Probe ................ 72 

3.1. Abstract ........................................................................................................................ 72 

3.2. Introduction .................................................................................................................. 73 

3.3. Experimental ................................................................................................................ 75 

3.3.1. Synthesis of PEG-BODIPY ....................................................................................... 75 

3.3.2. Quantum yield ....................................................................................................... 77 

3.3.3. Resolution .............................................................................................................. 78 



vii 
 

3.3.4. Cell culture ............................................................................................................. 78 

3.3.5. FLIM temperature measurements ........................................................................ 79 

3.4. Results .......................................................................................................................... 80 

3.5. Conclusions ................................................................................................................. 105 

Singular Wavelength Dependence on the Sensitization of Lanthanides by Graphene 

Quantum Dots ........................................................................................................ 107 

4.1. Abstract ...................................................................................................................... 107 

4.2. Introduction ................................................................................................................ 108 

4.3. Experimental .............................................................................................................. 109 

4.3.1. Blue shifted GQD ................................................................................................. 110 

4.3.2. Red shifted GQD .................................................................................................. 110 

4.3.3. Spectroscopic characterization ............................................................................ 111 

4.4. Results ........................................................................................................................ 113 

4.5. Conclusion .................................................................................................................. 125 

Rhenium doped UiO-67 for photooxidation ............................................................. 127 

5.1. Abstract ...................................................................................................................... 127 

5.2. Introduction ................................................................................................................ 128 

5.3. Experimental .............................................................................................................. 130 

5.3.1. General ................................................................................................................ 130 

5.3.2. Synthesis .............................................................................................................. 130 

5.4. Results ........................................................................................................................ 133 

5.5. Planned experiments.................................................................................................. 138 

5.6. Conclusion .................................................................................................................. 139 

Conclusions............................................................................................................. 140 

References .............................................................................................................. 143 

 

 



 

 

List of Figures 

Figure 1.1 Structures of emission intensity molecular probes. ................................... 21 

Figure 1.2. Mitochondrial temperatures changes under light heating. (A–G) Time-

course images of light–heated MCF-7 cells (t = 0, 30, 60, 90, 120, and 180 s). (H) 

Changes in the intensity of Mito-TEM in different mitochondria with laser-heating 

time. MCF-7 cells were treated with Mito-TEM (3 μM). All images were recorded 

using an excitation at 559 nm and band-path emission filters at 575–620 nm. The 

scale bar is 10 μm. Reprinted with permission from Zhenlong Huang; Ning Li; 

Xinfu Zhang; Chao Wang; Yi Xiao; Anal. Chem., 2018, 90, 13953-13959. Copyright 

© 2018 American Chemical Society. ...................................................................................... 23 

Figure 1.3. (A) Emission spectra of the mixture of BNAP/Rho 6G in the 

glycerol/water (85/15, v/v) mixture; (B) temperature dependence of the 

fluorescence intensity of BNAP (I411nm), Rho 6G (I560nm) and ratio of I411/560 in the 

glycerol/water (85/15, v/v) mixture; (C) photographs of BNAP and a mixture 

of BNAP/Rho 6G in cool (226 K) and warm (308 K) states. (D) CIE chromaticity 

diagram showing the temperature dependence of the (x, y) color coordinates 

of BNAP. [BNAP] = 25 μM. Reproduced with permission from Xia, T. et al. J. Mater. 

Chem. C, 2016,4, 5696-5701. Copyright © 2016 Royal Society of Chemistry. ......... 26 

Figure 1.4. Structures of ratio of emission intensities molecular probes. ............... 31 

Figure 1.5. Evaluation of Mito-RTP properties using a conventional fluorescence 

microscope. (A) Localization of Mito-RTP in living HeLa cells. Fluorescence 

images of rhodamine B in Mito-RTP (left), mito-tracker green (center) and their 

merged images (right). Scale bar: 5 μm. (B) Focus independent fluorescence ratio 

of Mito-RTP. Fluorescence images of rhodamine B (red) and CS NIR dye (green) at 

each focus point (left). Scale bar: 20 μm. Fluorescence intensities of both 

rhodamine B (red) and CS NIR dye (green) approached the maximum at z = 0 and 

decreased with defocusing, whereas the fluorescence ratio (black) was always 

constant (right). Fluorescence intensities of (C) rhodamine B (average values 

shown in red) and (D) CS NIR dye (average values shown in green) upon gradual 

heating from 34 °C to 41 °C. (E) Fluorescence intensity ratio (average values 

shown in black). The linear fit of the average values of the fluorescence intensity 

ratio indicates that the thermal sensitivity was −2.72%/°C (r = −0.808, n = 26 

ROIs, P = 1.1 × 10−88 by Pearson's correlation coefficient test). Reproduced with 

permission from Homma, M. et al. Chem. Commun., 2015, 51, 6194-6197. 

Copyright @ 2015 Royal Society of Chemistry. .................................................................. 33 



ix 
 

Figure 1.6. a) The normalized emission spectra of 19 in ethylene carbonate at 

various temperatures from 31 °C to 49 °C. b) Potential‐energy curves and 

transitions for the molecular butterfly 19 involving a photoinduced structural 

change as a result of photoinduced Pt–Pt distance shortening, and generation of 

dual emission. c) A correlation between the temperature and the ratio of 

luminescent intensities of peak red emission and greenish‐blue emission of 19 in 

ethylene carbonate. Inset: Photographs showing the luminescence in solid 

ethylene carbonate (left) and in molten ethylene carbonate (right). d) Multiple‐

run reversibility experiments of the luminescence responses of 19 to 

temperature variation in ethylene carbonate. Adapted with permission from Han, 

M.; Tian, Y.; Yuan, Z.; Zhu, L.; Ma, B. Angew. Chemie Int. Ed. 2014, 53 (41), 10908. 

Copyright © 2014 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. ....................... 38 

Figure 1.7. Structures of emission peak shift molecular probes. ................................ 40 

Figure 1.8. (a) Corrected emission spectra of 22 recorded between −50 and 100 °C 

(excitation wavelength 410 nm). (b) Temperature dependence of maximum 

emission wavelength of 22. (c) Schematic “butterfly” illustration of the molecular 

structure and conformational isomers of 22; (d) optimized molecular structures 

of three conformational isomers of 22 in the ground state in vacuo; (e) relative 

energy levels of the ground (S0) and excited (S1) states for three conformational 

isomers of 22 during absorption (upward arrows) and emission (downward 

arrows) processes in vacuo. Adapted with permission from (a-b) Feng, J.; Tian, K.; 

Hu, D.; Wang, S.; Li, S.; Zeng, Y.; Li, Y.; Yang, G. Angew. Chemie Int. Ed. 2011, 50 (35), 

8072. Copyright © 2011 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim and 

from (c-e) Chi, W.; Yin, W.; Qi, Q.; Qiao, Q.; Lin, Y.; Zhu, Z.; Vijayan, S.; Hashimoto, 

M.; Udayakumar, G.; Xu, Z.; Liu, X. Mater. Chem. Front. 2017, 1 (11), 2383. 

Copyright © 2017 Royal Society of Chemistry. .................................................................. 42 

Figure 1.9. (a) Structure of N,N-dimethyl-4-((2-methylquinolin-6-

yl)ethynyl)aniline (28) showing twisting. Temperature dependence of the 

fluorescence spectra of (b) 28 in DMSO excited at 360 nm ([28] = 5 μM); (c) the 

mixture of 28 and rhodamine 6G in DMSO excited at 330 and 540 nm, 

respectively; [28] = 5 μM; [rhodamine 6G] = 1 μM. Temperature was varied from 

25 to 65 °C at a step change of 10 °C. The corresponding temperature dependence 

of emission intensity ratios and the associated best-fit equations of (d) 28 in 

DMSO at 500 and 600 nm; (e) 28 and the rhodamine 6G mixture in DMSO at 500 

and 563 nm. Adapted with permission from Cao, C.; Liu, X.; Qiao, Q.; Zhao, M.; Yin, 

W.; Mao, D.; Zhang, H.; Xu, Z. Chem. Commun. 2014, 50 (99), 15811. .......................... 46 



x 
 

Figure 1.10. Chemical structure and characterization of the temperature probe. 

A) Structure of synthesized sulforhodamine dye. Lipophilic tail is indicated in 

yellow. (B) Normalized fluorescence spectra of the probe in solution (25 °C, 

exc.max at 560 nm, em.max at 578 nm). (C) Confocal microscopy images of 

HCT116 cells stained with T probe (1 μg/mL, dye concentration 0.004 μg/mL, 16 

h, shown in red) and counterstained (green color) with Cholera toxin 

(endosomes), MitoTracker Green (mitochondria), and NanO2 O2 probe. (D) FLIM 

images of resting cells stained with T probe and measured at different 

temperatures. Scale bar is in micrometers. Insert (right) shows examples of 

fitting decays for 25 and 40 °C. (E) Fluorescence lifetime distribution histograms 

for the T probe and the free dye in cells at temperatures ranging 25−42 °C. (F) T 

calibrations of sulforhodamine dye loaded in cells in free form (different 

concentrations) and as nanoparticle formulation. Reprinted with permission 

from Jenkins, J.; Borisov, S. M.; Papkovsky, D. B.; Dmitriev, R. I. Anal. Chem. 2016, 

88 (21), 10566. Copyright © 2016 American Chemical Society. ................................. 51 

Figure 1.11 Structures of lifetime molecular probes. ..................................................... 54 

Figure 1.12. The molecular structure of B18H20(NC5H5)2 as determined by a single‐

crystal X‐ray diffraction analysis (a) and the temperature dependence of the 

fluorescence decay times in a range from 8 to 300 K (b). The decay times were 

measured by exciting the samples with a 389 nm nano‐LED source with detection 

at 620 nm. Adapted with permission from Londesborough, M. G. S.; Dolanský, J.; 

Cerdán, L.; Lang, K.; Jelínek, T.; Oliva, J. M.; Hnyk, D.; Roca-Sanjuán, D.; Francés-

Monerris, A.; Martinčík, J.; Nikl, M.; Kennedy, J. D. Adv. Opt. Mater. 2017, 5 (6), 

1600694. Copyright © 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. ... 56 

Figure 2.1. Temperature dependent lifetime (black, left axis) and quantum yield 

(blue, right axis) of [Ir(ppyc)2phen]+ in water purged with nitrogen. λex: 370 nm, 

λem: 590 nm. .................................................................................................................................... 67 

Figure 2.2. False colored FLIM images of [Ir(ppyc)2phen]+ stained Aspc-1 cells. 

Brightness showes intensity and color show lifetime (blue to red 0-200 ns). ....... 68 

Figure 2.3. Temperature dependent lifetime of aqueous [Ir(ppy)2pehn]+. λex: 370 

nm, λem: 575 nm. Inset shows confocal micrograph of NIH3T3 cells stained with 

[Ir(ppy)2phen]+. ............................................................................................................................ 69 

Figure 2.4. Confocal micrograph (left) and false colored FLIM image (right) of 

[Ir(ppy)2phen]+ stained NIH3T3 cell. Brightness showes intensity and color show 

lifetime (blue to red 100-600 ns). .......................................................................................... 70 



xi 
 

Figure 2.5. Lifetime decays of [Ir(ppy)2phen]+ in many solvents. λex: 370 nm, λem: 

575 nm. ............................................................................................................................................. 70 

Figure 3.1. 1H NMR of PEG-BODIPY in CDCl3 0.01% TMS. ............................................. 82 

Figure 3.2. 13C NMR of PEG-BODIPY in CDCl3 0.01% TMS. .......................................... 83 

Figure 3.3. (a) Normalized absorbance (black), excitation (blue dashed), and 

fluorescence (red) spectra from PEG-BODIPY in water. (b) Steady state emission 

intensity of PEG-BODIPY as a function of temperature in water (23-49 °C). (Inset) 

Plot of integrated intensity vs. temperature. (c) PEG-BODIPY temperature 

dependent lifetime in water (23-49 °C). exc = 444 nm em = 515 nm (d) PEG-

BODIPY in water shows reproducible lifetime measurements upon heating (red) 

and cooling (blue). The average resolution is 0.06 °C. (Inset) Five cycles of heating 

and cooling, blue line shows average lifetime at 25 °C (2.70 ns) and red line show 

average lifetime at 50 °C (1.72 ns). ......................................................................................... 85 

Figure 3.4. Lifetime of PEG-BODIPY in various pH or ionic strength buffers. 

Lifetime is not greatly affected by pH or ionic strength.................................................. 85 

Figure 3.5. Quantum yield (black squares), kr (open blue circles), and knr (blue 

circles) of PEG-BODIPY in water at different temperatures. ........................................ 86 

Figure 3.6. (a) Isothermal plot of lifetime as a function viscosity in water-glycerol 

mixtures at 22 °C. (b) Log-log plot of the region from 0.96 – 14.6 cP in Figure 3a. 

The slope of the graph represents the value of  in equation 4 and is 0.28. ........... 90 

Figure 3.7. Lifetime of PEG-BODIPY in water-glycerol mixtures at different 

temperatures. The water-glycerol mixture viscosities at different temperatures 

are plotted in one of the axes as obtained by Cheng.108,109 ............................................ 90 

Figure 3.8. Lifetime of PEG-BODIPY at various temperatures in several mixtures 

of water and glycerol. λex 444 nm, λem 515 nm. A) The response to temperature is 

very similar for water-glycerol mixtures with viscosities larger than 100, with the 

exception of PEG-BODIPY in 100% water, 43:57, and 23:77 water:glycerol 

mixtures. The temperature dependence PEG-BODIPY lifetime at low viscosities 

(such as 100% water) can be explained by equation 4. The temperature 

dependence of PEG-BODIPY lifetime at high viscosities is similar for all viscosities 

studied with the exception of the 43:57 and 23:77 water:glycerol mixture curves 

which are the lowest glycerol ratios used. This is due to the decrease in viscosity 

with temperature, which at 55 C is about 12 cP for the 23:77 mixture and 

therefore, at a viscosity range where lifetime becomes again dependent on 



xii 
 

viscosity. In other words, at the beginning of the experiment, when the viscosity is 

high (50 cP at 25 C) the lifetime is independent of viscosity, however when the 

temperature increases, the viscosity changes to a point where the lifetime again 

becomes viscosity dependent. At mixtures with higher percentage of glycerol (> 

100 cP at 25 C), the viscosity is high enough (even at high temperatures) that the 

lifetime remains virtually independent of viscosity throughout most of the 

experiment with some small deviations observable at 55 C.  B) The same data is 

presented as lifetime v. viscosity and it is evident that after a certain viscosity the 

lifetime for a given temperature is unchanged. ................................................................ 91 

Figure 3.9. Viability data from FACS Annexin V/PI assay of HPNE and Panc-1 at 24 

and 48 h after incubation. The blue lines show the percentage of cells that fully 

retained the PEG-BODIPY dye at time of assay. Positive controls were killed by 

heat shock and had 1.1-6.6 % viability. ................................................................................ 92 

Figure 3.10. HPNE flow cytometry cells stained with PEG-BODIPY are marked in 

green. X-axis shows propidium iodide fluorescence and y-axis shows annexin 

V/AF647 fluorescence. ............................................................................................................... 93 

Figure 3.11. Panc-1 flow cytometry. Cells stained with PEG-BODIPY are marked in 

green. X-axis shows propidium iodide fluorescence and y-axis shows annexin 

V/AF647 fluorescence. ............................................................................................................... 94 

Figure 3.12. Colocalization of PEG-BODIPY in Panc-1 cells. (Scale bar 50 µm). ..... 96 

Figure 3.13. Colocalization of PEG-BODIPY in HPNE cells. (Scale bar 50 µm). ......... 97 

Figure 3.14. A) The lifetime of PEG-BODIPY (20 μM) in different polarity solvents 

shows that, although the trend with temperature is the same, as polarity 

increases lifetime decreases. B) The lifetime of PEG-BODIPY (20 μM) in aqueous 

SDS (8.5 mM) v. temperature. The lifetime is increased in the hydrophobic 

micelles of SDS compared to water. ....................................................................................... 99 

Figure 3.15.  A) Emission spectra of PEG-BODIPY in water and DMEM growth 

media (λex 444 nm). B) Lifetime (τ2) v. temperature of PEG-BODIPY in DMEM. 

Curve fit: y = 5.19 + 0.017T – 0.00039T2. R2 = 0.994. ....................................................... 99 

Figure 3.16. Lifetime is not changed at high concentrations and remains 

monoexponential. The biexponential lifetimes seen in growth media are not from 

PEG-BODIPY aggregation alone. ........................................................................................... 101 



xiii 
 

Figure 3.17. (a) FLIM images of an HPNE cell stained with PEG-BODIPY false 

colored with scale 4.6 ns (blue) to 5.2 ns (red). Scale bar 40 µm. (b) Lifetime 

decays of the cell. (c) Plot of the long lifetime component vs temperature showing 

a quadratic dependence with temperature (red curve). Quadratic fit: τ = 5.23 – 

0.009T – 0.00041T2. R2 = 0.999. Black curve represents the experimental 

resolution in degrees (right axis). ....................................................................................... 103 

Figure 3.18. Panc-1 FLIM studies. (a) FLIM images of Panc-1 cells false colored 

with scale 4.2 ns (blue) to 5.2 ns (red). (b) Lifetime decays of the long component 

(τ1). (c) Quadratic fit of lifetime vs. temperature of τ1 25-55 °C. τ = 5.26 + 0.0097T 

– 0.00034T2. R2 = 0.999. .......................................................................................................... 104 

Figure 4.1 (a) Absorption (black), excitation (solid blue) and emission (dashed 

blue) spectra of bGQDs (5 μg/mL) in water excited at 330 nm. (b) Emission 

spectra of TbCl3 titration into aqueous solution of bGQDs. (c) Plot of emission 

intensity recorded at 545 nm from (b) the TbCl3 titration. (d) Photoluminescence 

of TbCl3 at varying concentrations in water excited at 330 nm. ............................... 114 

Figure 4.2. Absorption (black), excitation (blue solid) and emission (blue dashed) 

spectra of TbCl3 excited at (a) 280 nm and (b) 330 nm. ............................................. 115 

Figure 4.3 Sequestering of Tb3+ with two equivalents of EDTA. bGQD (5 μg/mL) 

was purged with nitrogen and excited at 330 nm. To that sample Tb3+ (10 μM) 

was added, purged again. Then equivalents of EDTA were subsequently added 

with purging and measurement taken until the PL spectra of the bGQD was 

recovered. ..................................................................................................................................... 116 

Figure 4.4 Titration of Gd@bGQD. Quenching of emission intensity is seen with 

increased concentration of GdCl3. Each sample of bGQD (5 μg/mL) and Gd3+ (0-50 

μM) was purged with nitrogen and excited at 330 nm. ................................................ 117 

Figure 4.5 Photoluminescence bGQD and Tb@bGQD (a) purged with nitrogen and 

(b) open to air. [Tb3+] = 10 μM and [bGQD] = 5 μg/mL. Excited at 330 nm. .......... 117 

Figure 4.6 Near IR emission spectra showing singlet oxygen generation of (a) 

phenalenone standard, (b) bGQDs purged with oxygen, and (c) the absence in 

bGQD purged with nitrogen. Excited at 365 nm with 800 nm filter. ....................... 119 

Figure 4.7 TRES of Tb@bGQDs excited at 330 nm showing spectra recorded (a) 0-

3.6 ms and (b) 0.15-1.95 ms after excitation. .................................................................. 120 



xiv 
 

Figure 4.8 3D emission spectra of (a) bGQD (10 μg/mL) (b) Tb@bGQD (10 μg/mL 

and 6 μM) and (c) TbCl3 (6 μM). ............................................................................................ 121 

Figure 4.9 Quantum yield at varying excitation wavelengths (a) bGQD, (b) the 

bGQD peak from Tb@bGQD, and (c) the Tb3+ peaks from Tb@bGQD. .................... 122 

Figure 4.10 Schematic showing sp2 carbon core with oxidative defects. Small 

organic molecule-like moieties on the periphery could partake in binding and 

sensitizing Tb3+. .......................................................................................................................... 123 

Figure 4.11 (a) Absorption (black), excitation (blue solid) and emission (blue 

dashed) spectra of rGQDs (5 μg/mL) in water excited at 330 nm. (b) Emission 

spectra of TbCl3 titration into aqueous solution of rGQDs. (c) Plot of emission 

intensity recorded at 545 nm f rom (b) the TbCl3 titration. (d) Photoluminescence 

of TbCl3 at various concentrations in water excited at 330 nm. ................................ 124 

Figure 4.12 3D emission spectra of (a) rGQD (10 μg/mL) (b) Tb@rGQD (6 μM and 

10 μg/mL) and (c) TbCl3 (6 μM) purged with nitrogen. ............................................... 125 

Figure 5.1. The amount of [Re(bpydc)(py)(CO)3]+ incorporated into the MOF 

compared to the amount in the synthesis calculated by UV-Vis of the reaction 

solvent after the MOF was collected. ................................................................................... 134 

Figure 5.2. A) Powder XRD of RexMOF UiO-67 at the bottom and Re content 

increases as plots accend. B) Ratio of intesntiy of PXDR peaks at 10.9° and 11.4° 

plotted v. the mole equivalent of [Re(bpydc)py(CO)3]+ in the synthesis of 

RexMOFs. ....................................................................................................................................... 134 

Figure 5.3. A) Kubelka-Monk transformation of solid state diffuse reflectance 

(Inset: samples in barium sulfate under ambient light and 365 nm light). B) 

Fluorescence spectra of MOF is quenched with increasing Re content (λex 320 

nm). C) Direct excitation of Re phosphorescence (λex 450 nm). ................................ 136 

Figure 5.4. Fluorescence spectra of SOSG increases in intensity as Re0.3MOF is 

irradiated with 470 nm light. Inset shows peak intensity at 530 nm increases with 

irradiation time. ......................................................................................................................... 137 

 



 

 

List of Tables 

Table 3.1. PI/Annexin V FACS assay of PEG-BODIPY in HPNE cells at 24 and 48 h.

 ............................................................................................................................................................. 93 

Table 3.2. PI/Annexin V FACS assay of PEG-BODIPY in Panc-1 cells at 24 and 48 h.

 ............................................................................................................................................................. 93 

Table 3.3. Fitting parameters for data shown in Fig S10b. 𝒚 =  𝑨𝟏𝒆 − 𝒕𝝉𝟏 + 𝑨𝟐𝒆 −

𝒕𝝉𝟐 + 𝒚𝟎 ......................................................................................................................................... 100 

Table 3.4. Fitting parameters for HPNE FLIM data. 𝒚 =  𝑨𝟏𝒆 − 𝒕𝝉𝟏 + 𝑨𝟐𝒆 − 𝒕𝝉𝟐 +

𝒚𝟎 ..................................................................................................................................................... 103 

Table 3.5. Fitting parameters for Panc-1 FLIM data. 𝒚 =  𝑨𝟏𝒆 − 𝒕𝝉𝟏 + 𝑨𝟐𝒆 − 𝒕𝝉𝟐 +

𝒚𝟎 ..................................................................................................................................................... 104 

Table 4.1 Photophysical parameters for bGQD and Tb@bGQD ................................ 118 

Table 4.2 Photophysical parameters for rGQD and Tb@rGQD. ................................ 125 

Table 5.1. Amounts of each reagent in MOF synthesis. ................................................ 132 

Table 5.2. Lifetime fitting of Rex@MOFs. UiO-67 λex: 370 nm, λem: 400 nm. 

Rex@MOF λex: 370 nm, λem: 650 nm. .................................................................................... 136 

 



 

 

List of Equations 

Equation 1.1 ................................................................................................................................... 47 

Equation 1.2 ................................................................................................................................... 48 

Equation 1.3 ................................................................................................................................... 49 

Equation 1.4 ................................................................................................................................... 52 

Equation 1.5 ................................................................................................................................... 58 

Equation 2.1 ................................................................................................................................... 64 

Equation 2.2 ................................................................................................................................... 65 

Equation 2.3 ................................................................................................................................... 66 

Equation 3.1 ................................................................................................................................... 77 

Equation 3.2 ................................................................................................................................... 78 

Equation 3.3 ................................................................................................................................... 78 

Equation 3.4 ................................................................................................................................... 87 

Equation 3.5 ................................................................................................................................... 87 

Equation 3.6 ................................................................................................................................... 88 

Equation 3.7 ................................................................................................................................... 88 

Equation 4.1 ................................................................................................................................. 111 

Equation 4.2 ................................................................................................................................. 112 

Equation 4.3 ................................................................................................................................. 112 

Equation 4.4 ................................................................................................................................. 112 

 



 

17 
 

Chapter 1 

Latest Trends in Temperature Sensing 

by Molecular Probes 

Meredith M. Ogle, Ashleigh D. Smith McWilliams, Bo Jiang, Angel A. Martí 

Note: This chapter was copied in total from a review that I authored. It has been 

submitted to ChemPhotoChem and is currently under review. 

1.1. Abstract 

In this review, we summarize the work in the last ten years on the development 

of fluorescent molecular probes with possible applications in nanothermometry. We 

identified four principle types of temperature dependent photoluminescence: emission 

intensity, ratio of intensity, emission peak shift and emission lifetime. We compare the 

advantages, limitations, and challenges of the different probes using these types of 

sensing. By focusing on molecular probes rather than nanoparticles or polymers, the 

mechanism of temperature dependence can be discussed thoroughly with the most 
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common including twisted intramolecular charge transfer (TICT), aggregation induced 

emission (AIE) and mechanically induced change in emission (MICE). With many 

different confounding variables associated with each experimental method mechanism 

of thermal dependent photoluminescence, lanthanide and transition metal complexes 

seem to be promising candidates for future nanothermometry applications. 

1.2. Introduction 

Temperature is one of the fundamental measurements of energy in a system. The 

determination of temperature is a vital characterization of any chemical or physical 

process in living and non-living systems. In biological organisms, changes in temperature 

are often associated with disease pathologies, or at the very least, to changes in the 

pathways for energy consumption and production. Measuring local temperature on the 

micro and nano scale has become an increasingly important problem. With nano 

reactors, surface plasmon chemistry, and biomolecular pathways at the forefront of 

today’s research, knowing the local temperature in real-time can greatly improve our 

understanding of the underlying mechanisms of many physical processes.  

To achieve microscopic resolution, many researches have turned to fluorescent 

probes that can be interrogated and imaged under a microscope. Fluorescent thermal 

reporters can be classified into four different types based on their changes in: emission 

intensity, ratio of emission, emission maxima, and lifetime. Each probe’s specific 

structure and photophysical properties dictate the characteristic that changes with 

respect to temperature; examples include FRET or excimer pairs, molecular rotors, and 
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aggregation. Tracking the change in emission intensity is the quickest and easiest method 

to visualize changes in temperature. Some drawbacks include photobleaching, 

concentration dependence, and optical path length dependence. A ratio of two emission 

peaks solves the concentration and optical path dependence because the probes are self-

calibrating; however, if two fluorophores are used, they can have different rates of 

photobleaching. Fluorophores which show peak shifts are more visual to the naked eye 

but can only be quantified with a fluorometer or microscopes equipped with diffraction 

gratings; tracking a shifting peak would prove difficult under a microscope with broad 

band pass filters. Finally, probes that show a change in photoluminescence lifetime due 

to temperature have the advantage of concentration and optical path independence, 

maintain accuracy even when photobleaching, and the simplicity of only one dye to 

manage. However, researchers must have available equipment to measure the lifetime, 

which is less common. Additionally, high enough concentrations of the probe need to be 

available for accurate analysis.  

A variety of reviews have been written focusing on probes for biological use,1–4 or 

polymeric and nano particle probes.5 In this review, we will focus on small molecule as 

emissive thermal probes. By reviewing the state of knowledge of current temperature 

molecular probes we aim to provide an overview of the variety of probes available, their 

potential uses, as well as current challenges and limitations. 
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1.3. Emission Intensity 

The most common method of sensing temperature using photoluminescence is by 

changes in emission intensity or quantum yield. Upon heating, many dyes can experience 

thermal quenching or a conformational change to a dark (non-emissive) state. The first 

class of dyes in this category are rhodamine and rosamine-based dyes. Rhodamine B (see 

Figure 1, structure 1) has been known to change fluorescence intensity and lifetime with 

temperature since 1980.6 It has been suggested that the rotation of the two amine groups 

disrupts the fluorescence of 1, increasing the non-radiative decay.6 This is supported by 

the fact that this phenomenon is not seen in the rhodamine 101 dye with cyclically bound 

amines (see Figure 1, structure 2).6  
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Figure 1.1 Structures of emission intensity molecular probes. 

 To target the mitochondria, Arai et al. screened many rosamine dyes which are 

more flexible than 1 and known to localize in the mitochondria; however, rosamines are 

structurally similar enough to 1 that they expected to maintain temperature sensitivity.7 

After finding “Mito-Thermo yellow” (Figure 1, structure 3) Arai et al. measured the 

thermal sensitivity in cells. This experiment involves heating stained cells with an IR laser 

and measuring the F/F0 of different regions of interest (ROIs). Then the distance of the 

ROI from the IR laser is correlated to a temperature based on a previous experiment with 

tetramethylrhodamine-conjugated dextran in a similar experimental set up.8 The 
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sensitivity of 3 changes in different cell lines as it is affected by the microenvironment. 

The sensitivity, or percent change in fluorescent intensity per degree Celsius, ranges 

between 2.0 – 2.8 %/°C in BAT, C2C12, Chang, HeLa, NIH3T3, and mESC cell lines.7 They 

call for a calibration curve in any new cell line before use of 3 for further applications. 3 

was also used to measure IR heating in HeLa spheroids to understand heat diffusion in a 

tumor-like structure.7 Two cells of the spheroid were measured, reaching 41 °C and 39 

°C; after three 5 s off/on cycles, the IR laser was left on continuously.7 After five more 

seconds, the 41 °C cell showed even larger decrease in fluorescence intensity and also 

decreasing in size.7 This could be due to a triggering of apoptosis and subsequent loss of 

3 after loss of mitochondrial potential, or it could be due to photobleaching. Conversely, 

the 39 °C cell regained the original value of fluorescence intensity despite the continued 

heating and no noticeable morphological changes were observed. 

 Arai et al. acknowledge the limitation of 3 as one that is greatly affected by its 

environment, and thorough investigation of viscosity, pH, ions, and oxygen in cells was 

needed to validate current work.7 They expect a fixable mitochondria dye could be used 

to measure calibration curves in fixed cells and then apply those to live cell imaging to 

tease out the different factors. Huang et al. attempted this and synthesized Mito-TEM 

(Figure 1, structure 4), a rhodamine-based dye that has a linker and terminal aldehyde 

that can react with amines in proteins.9  4 was characterized in a spectrometer showing 

a fluorescence emission peak at 590 nm and decrease in emission intensity as 

temperature increase with a sensitivity of 6.65%/°C in buffer.9 The emission intensity in 

fixed MCF-7 cells shows a similar sensitivity (6.5%/°C) measured with a confocal 

microscope with live-cell work station to control temperature.9 4 shows high co-
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localization with MitoTracker Deep Red (P = 0.95) and the stain is maintained after 

fixation or treatment with carbonyl cyanide m-chlorophenyl hydrazone,9 which disrupts 

the mitochondrial membrane potential. Further studies show that bovine serum albumin 

(BSA) stained with 4 retains fluorescence in an SDS-PAGE assay, all suggesting a covalent 

linkage of 4 to proteins.9 Next, live cell images were taken to measure the mitochondrial 

response to IR heating and drug induced protein kinase C activation. First, cells stained 

with 4 were heated with an IR laser and two regions of interest (ROIs) were measured 

under continuous irradiation (Figure 2).9 Both ROIs show decrease in fluorescence 

intensity that stabilizes after two minutes, when the temperature increased by ca. 6 °C 

(Figure 2h).9 Cells treated with phorbol 12-myristate-13-acetate also showed decrease 

in fluorescent intensity over a 30 min period, which translates to an increase in 

temperature of about 3 °C.9 Both of these experiments show real time temperature 

measurements of mitochondria in reaction to external stimuli.  

 

Figure 1.2. Mitochondrial temperatures changes under light heating. (A–G) Time-course 

images of light–heated MCF-7 cells (t = 0, 30, 60, 90, 120, and 180 s). (H) Changes in 

the intensity of Mito-TEM in different mitochondria with laser-heating time. MCF-7 cells 

were treated with Mito-TEM (3 μM). All images were recorded using an excitation at 

559 nm and band-path emission filters at 575–620 nm. The scale bar is 10 μm. 

Reprinted with permission from Zhenlong Huang; Ning Li; Xinfu Zhang; Chao Wang; Yi 

Xiao; Anal. Chem., 2018, 90, 13953-13959. Copyright © 2018 American Chemical 

Society. 
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Other organic probes displaying changes in fluorescence intensity with 

temperature are based on molecular rotors (or more recently mechanically induced 

change in emission10) include 8-phenyl boron-dipyrromethenes (BODIPYs),11 boryated 

arylisoquinolines,12 and bisnaphthalimides.13 Similar to 1, these dyes have a portion that 

can rotate around a single bond accessing a dark state, resulting in a reduction of the 

fluorescence intensity and often excited state lifetime. This mechanism of quenching also 

leads to these probes being used as viscosity probes. Small structural changes can greatly 

affect whether they are more sensitive to viscosity or temperature. 

Wang et al. synthesized two PEGylated BODIPY dyes having a free rotating phenyl 

ring (Figure 1, structure 5 and 6).11 5 has no steric hindrance to slow the rotation of the 

phenyl ring and BDP-2 has two methyl groups which hinder the rotation considerably.11 

This small change actually changes their mechanism of temperature sensing. As 

temperature increases, 5 shows an increase in fluorescence emission intensity in 

aqueous solution.11 It also shows an increase in turbidity and red shift with 

temperature.11 To further study this phenomenon they measure its fluorescence in 

glycerol water mixtures; as glycerol content (viscosity) is increased the fluorescence 

intensity increases.11 Moreover, at high temperatures nanoparticles are formed and 

visible under optical microscopes.11 5 is sensitive to viscosity and as temperature 

increases, they aggregate to form hydrophobic particles which also have an increased 

viscosity compared to aqueous media. The increase in fluorescence is due to the 

microenvironment around the dye and is indirectly affected by the temperature. On the 

other hand, 6 shows a decrease in fluorescence intensity as temperature increases.11 This 

quenching has been previously explained; when the molecule has more energy, it can 
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explore the excited state potential energy surface and find nonradiative decay pathways 

to the groundstate.14 5 was tested in HeLa cells and showed no significant cytotoxicity in 

the MTT assay.11 It selectively localizes in the lysosomes (P = 0.88) due to the 

incorporation of the know lysosome targeting group, morpholine.11 Nonetheless, no 

temperature measurements in vitro were reported. 

Another molecular rotor, bisnaphthalimide (Figure 1, structure 7) was designed 

to be sensitive to changes in viscosity.13 The naphthalimides are joined with a single 

bond, which allows for free rotation. When the dye is completely planar, the emission 

intensity is greatly enhanced compared to perpendicular conformations. Aqueous 

solutions of 7 show a red shift in both UV/Vis absorption and fluorescence emission 

compared to n-hexane solutions.13 In water and glycerol solutions, as the glycerol content 

increases the fluorescence intensity increases.13 At a set solvent mixture (85% glycerol) 

the fluorescence intensity is quenched as temperature increases, and the emission is red 

shifted.13 To further tease out the change in temperature versus the change in viscosity 

an ethanolic solution of the probe was studied. Ethanol does not significantly change 

viscosity with temperature. The ethanolic solution showed no discernable trend in 

fluorescence intensity with temperature.13 This shows that the fluorescence intensity 

change in the glycerol/water mixture was changing because the variation of the viscosity 

of the solution with temperature. In addition, Xia et al. used 7 to measure temperature 

by pairing it with rhodamine 6g (Rh6G), which has a lower sensitivity to temperature 

(Figure 3).13 Rh6G emission intensity decreases slightly while the changes in emission of 

7 are more drastic (Figure 3a), so the ratio of the two emissions could indicate 
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temperature accurately from 226 K to 265 K (Figure 3b). They also show that the 

emission intensity and peak shift are reversible and reproducible over ten cycles.  

 

Figure 1.3. (A) Emission spectra of the mixture of BNAP/Rho 6G in the glycerol/water 

(85/15, v/v) mixture; (B) temperature dependence of the fluorescence intensity 

of BNAP (I411nm), Rho 6G (I560nm) and ratio of I411/560 in the glycerol/water (85/15, v/v) 

mixture; (C) photographs of BNAP and a mixture of BNAP/Rho 6G in cool (226 K) and 

warm (308 K) states. (D) CIE chromaticity diagram showing the temperature 

dependence of the (x, y) color coordinates of BNAP. [BNAP] = 25 μM. Reproduced with 

permission from Xia, T. et al. J. Mater. Chem. C, 2016,4, 5696-5701. Copyright © 2016 

Royal Society of Chemistry. 

Hariharan et al. synthesized a triphenylamine derivative (Figure 1, structure 8) 

that shows temperature dependent emission intensity due to a twisted intramolecular 

charge transfer (TICT).15 8 shows changes in absorption and emission wavelength, and 

emission intensity, which are dependent on the solvent or whether the aggregate formed 

are crystalline or amorphous in solid samples.15 These changes are due to the different 
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conformation of the propeller-like molecule, either twisted or planar.15 In toluene at 

room temperature 8 shows absorption at 358 nm and emission at 491 nm; upon heating 

to 100 °C, the emission is slightly blue shifted to 487 nm and the intensity is greatly 

increased.15  8 shows a linear response to temperature over the range of 70 – 100 °C with 

a sensitivity of ~0.7%/°C.15 The change in intensity is reversible and reproducible over 

seven cycles.15 With these properties in mind the authors suggested the incorporation of 

8 in fluorescent thermometers, but no further applications were studied. 

Borolated arylisoquinolines (BAIs) show another form of mechanically induced 

emission change that is temperature sensitive (Figure 1, structure 9). Structural changes 

are tracked by the 11B NMR B-N peak, which shifts 2.8 ppm down field as temperature 

rises 50 °C.12 Spectroscopic investigations show a decrease in the UV/Vis absorption as 

well as the fluorescence emission as temperature increases with a sensitivity of 

1.2%/°C.12 The fluorescence quenching is reversible and sustained over 10 cycles.12 This 

trend is also observed in the excited state lifetime of 9; the radiative decay rate was found 

to stay constant while the non-radiative decay rate increases with temperature.12 Pais et 

al. didn’t test any applications in this work but hypothesize that functionalization could 

be used to conjugate carbohydrates for in vitro/ in vivo temperature measurements. 

A 2-(dicyanomethylene)- 2,5-dihydro-4,5,5-trimethylfuran-3-carbonitrile 

hydrazone (Figure 1, structure 10) was originally synthesized for pH sensing.16 This 

hydrazone displays a change in color from yellow to purple upon deprotonation.16 The 

shift in absorbance and emission spectra is significant and the ratio of emission is used 

to detect the concentration of ammonium hydroxide in solution.16 However, the emission 
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intensity of both bands decreases as temperature increases. This is attributed to the TICT 

of 10 and happens in either the protonated or deprotonated form. The deprotonated 

form is more susceptible to the temperature change and the emission peak at 667 nm 

decreases 20-fold from 20 °C to 95 °C, a sensitivity of ~1.3 %/°C.16 The protonated form 

shows emission at 551 nm and decreases only 7.5-fold in the same range.16 No further 

studies of the thermochromism were discussed as the primary application was pH 

sensing. 

Another mechanism of temperature induced emission is aggregation as seen in a 

few previous examples (5 and 9). A water-soluble porphyrin (Figure 1, structure 11) 

synthesized by Fei et al. aggregates in two conformations: H-coupling or perpendicularly, 

and J-coupling or slip-stacked.17 An increase in J-coupled 11 decreases the fluorescence 

emission through self-quenching. By tracking the UV/Vis absorption band and the three 

fluorescence emission bands, Fei et al. found that there is always a portion of H-

aggregates in the sample, which increases as temperature is risen.17 More interestingly, 

the J-aggregates dissociate as temperature increases, increasing the number of 

fluorescent monomers in solution.17 11 shows three emission bands 607, 646, and 704 

nm.17 Each band increases linearly with temperature reaching a maximum before 

decreasing again.17 The 607 nm band has the lowest sensitivity, but the largest range of 

temperature dependence (~1.5%/K, 293-353 K).17 The 646 and 704 nm bands both 

show a linear range of 292 – 333 K; however, the 646 nm band has the highest sensitivity 

of ~2.0 %/K.17 
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Another mechanism of thermal quenching is populating non-emissive excited 

states. Many transition metal and lanthanide complexes show temperature dependent 

photoluminescence emission and lifetime due to thermally populating non-emissive 

states and increasing the non-radiative decay rate. Lu et al. synthesized several 

europium-titanium oxo-clusters that exhibit these properties.18 The clusters were 

formed in a reaction with t-butlybenzoic acid, Eu(aca)3 and Ti(OPr)4 and the structures 

were confirmed by X-ray crystallography.18 Spectroscopic studies showed that all three 

clusters display the standard four 5D0 emission bands of Eu3+, which vary in intensity due 

to the different symmetries between the clusters.18 The Eu5Ti4(μ3-

O)6(tbba)20(Htbba)(THF)2 cluster had an extremely high quantum yield (94%) but the 

smallest cluster only had a 17% quantum yield.18 They found no directly link between 

size and photophysics. The smallest cluster, Eu2Ti4(μ3-O)4(tbba)12(acac)2 (Figure 1, 

structure 12), shows a decrease in all 5D0 transitions as temperature decreases in 

toluene. 12 showed a sensitivity of 0.36%/K over the 100 - 300 K range.18 

1.4. Ratio of Emission 

Though many molecules demonstrate changes in fluorescence intensity with 

changing temperature, their use as temperature probes comes with certain drawbacks. 

As fluorescence intensity is concentration dependent, any fluctuations in probe 

concentration or photobleaching that occurs can impact the results. This is particularly 

problematic in the case of biomedical research, as it is extremely difficult to control the 

concentration of dye that a cell will take up, producing wide variability in fluorescence 

emission between cells. Researchers have come up with multiple ways of addressing this 
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reliance on probe concentration to make more reliable alternatives. One method of doing 

this involves utilizing a ratio of emission peaks, which then provides a self-calibrated 

readout. This can be accomplished in two ways. One is through the conjugation of two 

fluorophores that experience different responses to temperature.19–21 In this case, one of 

the dyes will typically have a much greater sensitivity to temperature than the other. 

Therefore, one dye can serve as the temperature probe while the other acts as a 

concentration standard. On the other hand, ratiometric temperature sensing can also be 

accomplished by dual emitting molecules that produce a secondary emission peak with 

changing temperature.22–28 This can be produced by some sort of conformational change 

in the molecule – aggregation, twisting, etc. – or a change in excited state populations that 

occurs when the temperature changes. In this case, the ratio between the peaks from the 

original and new conformations can be correlated to temperature without being 

impacted by concentration. 

1.4.1. Ratio of conjugated fluorophores 

Recent work focuses much more heavily on ratiometric thermoprobes based on 

single molecule responses to temperature; however, a few distinct examples utilizing 

conjugated fluorophores must be discussed. In 2013, Zhegalova and coworkers utilized 

a conjugate of 7-diethylaminocoumarin-3-carboxylic acid and rhodamine 640 for 

temperature tracking in phosphate buffered saline (Figure 4, structure 13).19 Within 13, 

the emission of both fluorophores decreased with increasing temperature; however, 

coumarin had a greater sensitivity.19 To obtain their ratio, they divided the fluorescence 

intensity of rhodamine 640 at 560 nm (λex: 510 nm) by the fluorescence intensity of 
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coumarin at 465 nm (λex: 415 nm).19 This ratio produced a fairly linear correlation with 

increasing temperature; however, reproducibility and linear fit data were not provided. 

 

Figure 1.4. Structures of ratio of emission intensities molecular probes. 

  In 2015, Homma and coworkers improved upon this method, utilizing a Changsha 

near IR dye (CS NIR) and Rhodamine B conjugate (Figure 4, structure 14).20 Changsha 

dyes, first synthesized in 2012, are a class of modified Rhodamine dyes with extended 

conjugation which shifts emission into the near IR.29 In this case, the CS NIR dye emission 

does not change significantly with temperature, while Rhodamine B, a well-studied 

intensity-based thermoprobe, demonstrates a linear response to temperature.20 
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Therefore, the CS NIR dye fluorescence can be utilized to account for concentration, while 

the Rhodamine B emission will indicate temperature changes. The peak emission for each 

dye at 35˚C was set to 100% and the fluorescence intensity % was tracked with 

increasing temperature (Figure 5c and d).20 Tracking the ratio of the peak emission from 

each dye with temperature in vitro revealed a thermal sensitivity of -2.65%/˚C from 25 

to 43˚C.20 Additionally, these results were not impacted by ionic strength or pH changes 

that could be seen within living cells. Within live HeLa cells, the dye was found to localize 

in the mitochondria (Figure 5a), as is common with Rhodamine B dyes, and was therefore 

named Mito-RTP (mitochondria targeting ratiometric temperature probe).20 Live cell 

studies heating the extracellular buffer from 34 to 41˚C again showed a linear response 

to temperature changes, with a thermal sensitivity of -2.72%/˚C and an accuracy of 0.6˚C 

(Figure 5e).20 Finally, to demonstrate the effectiveness of 14 as a mitochondrial 

thermoprobe, they applied an external chemical stimulus, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP), which transports protons across the 

mitochondrial membrane and induces heat generation. As expected, once the FCCP had 

diffused into the mitochondria, they measured a gradual drop in the emission ratio 

correlating to the heat production.20 
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Figure 1.5. Evaluation of Mito-RTP properties using a conventional fluorescence 

microscope. (A) Localization of Mito-RTP in living HeLa cells. Fluorescence images of 

rhodamine B in Mito-RTP (left), mito-tracker green (center) and their merged images 

(right). Scale bar: 5 μm. (B) Focus independent fluorescence ratio of Mito-RTP. 

Fluorescence images of rhodamine B (red) and CS NIR dye (green) at each focus point 

(left). Scale bar: 20 μm. Fluorescence intensities of both rhodamine B (red) and CS NIR 

dye (green) approached the maximum at z = 0 and decreased with defocusing, whereas 

the fluorescence ratio (black) was always constant (right). Fluorescence intensities of 

(C) rhodamine B (average values shown in red) and (D) CS NIR dye (average values 

shown in green) upon gradual heating from 34 °C to 41 °C. (E) Fluorescence intensity 

ratio (average values shown in black). The linear fit of the average values of the 

fluorescence intensity ratio indicates that the thermal sensitivity was −2.72%/°C (r = 

−0.808, n = 26 ROIs, P = 1.1 × 10−88 by Pearson's correlation coefficient test). 

Reproduced with permission from Homma, M. et al. Chem. Commun., 2015, 51, 6194-

6197. Copyright @ 2015 Royal Society of Chemistry. 

While utilizing the ratio of emission peaks from two organic fluorophores helps 

to correct for concentration uncertainties, obtaining the temperature curve requires 

exciting the two fluorophores at two separate wavelengths, which could be a drawback 

in certain applications. A similar inorganic-based approach, utilizing a lanthanide dimer 
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composed of europium and terbium removes the need for separate excitation 

wavelengths.21 Ren and coworkers reported the lanthanide phosphonate, 

[Eu0.102Tb0.898(notpH4)(NO3)(H2O)]2•8H2O, which can be used as a thermoprobe when 

the ratio between the Eu3+ (5D0 → 7F4) and Tb3+ (5D4 → 7F5) integrated emissions is 

calculated.21 In this case both transitions are excited by 393 nm light. From 18 to 100 K 

the integrated emission from Tb decreases with increasing temperature, while the 

emission from Eu remains constant.21 After 100 K, however, the emission from Tb levels 

off while the emission from Eu begins to increase.21 Taking the ratio of these two 

transitions gives a linear temperature response from ca. 20 to 150 K.21 With this method, 

they determined a maximum temperature sensitivity of 3.9%/K around 38 K and a 

minimum temperature resolution of 0.15 K.21 Additionally, the temperature resolution 

remained below 0.5 K from 18 to 247 K, providing a probe for a relatively wide 

temperature range.21 

1.4.2. Duel emitting fluorophores 

In some molecules, changes in temperature can produce a conformational change 

that elicits a change in fluorescence behavior. These can include aggregation, twisting, 

and bending, among others. Aggregation induced emission responses have been reported 

for dimalononitrile-dicarbazole-substituted 1,4-butadiene (Figure 4, structure 15)22 and 

racemic C-6 unsubstituted tetrahydropyrimidines (Figure 4, structure 16).24 15 show a 

broad peak at 640 nm due to excimer formation that increases in intensity with 

temperature until ca. 177 K.22 This peak is then over shadowed by the intensity of the 

monomers at 560 nm.22 The ratio of these two peaks increases with temperature with an 
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exponential fit. In hexanes, the probe’s sensitivity was found to be 5.4%/K with an 

accuracy of approximately 0.8K.22 15 also shows solvation effects and shows different 

ratios of the two peaks in different organic solvents.22 Guo et al. made a calibration curve 

of the fluorescence ratio in three solutions to make a temperature sensing array.22  

In the case of 16, solid state emission measurements with increasing temperature 

show a dual response at 434 and 495 nm.24 As temperature decreases from 120 K to 90 

K, the 434 nm band decrease in intensity and the 495 nm band appears.24 Zhu et al. took 

the ratio of intensity of 434 and 510 nm to generate a curve with a linear response to 

temperature from 100-120K with 365 nm excitation.24 Most interesting, though, was the 

drastic shift in excitation wavelength peak with temperature.24 This solid state thermal 

response is caused by expansion of the crystal volume that is directly proportional to 

temperature.24 Practical applications are under current study. 

Another conformational change that can occur with changing temperature is 

showcased by the ring opening and closing behavior of oxazine heterocycles (Figure 4, 

structure 17).26 Mazza and coworkers produced coumarin derivatives that contain these 

heterocycles which are affected by concentration, solvent, pH, and temperature. In a 

mixture of acetonitrile and water, both the closed and open-protonated conformations 

are present and show emission bands at 489 and 660 nm respectively.26 As temperature 

increases the 489 nm band increases in intensity and the 660 nm band decreases.26 The 

absorption bands of each conformer also show the same trend.26 Taking the ratio of the 

two emission bands produces a linear response to temperature.26 Additionally, due to the 

almost 200 nm difference in emission wavelength, separate detection channels of a 
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fluorescence microscope can be utilized, allowing for micrometer spatial resolution to be 

achieved. This was demonstrated by introducing the compound with beads of alginate 

hydrogels.26 At lower temperatures (ca. 280 K), the beads could only be visualized in the 

purple channel (600-770 nm), but as the temperature was increased, the yellow channel 

(450-600 nm) became more prominent.26 

Other compounds demonstrate changes in excited state behavior with changing 

temperature, that can also be used for ratiometric thermometry. Examples of molecules 

that demonstrate this behavior include 9-(9,9-dimethyl-9H-fluoren-3yl)-14-phenyl-

9,14- dihydrodibenzo[a,c]phenazine (Figure 4, structure 18),23 a pyrazolate bridged 

platinum(II) binuclear complex (Figure 4, structure 19),27 tri(pyren-1-yl)phosphine 

oxide (Figure 4, structure 20),25 [Cr(ddpd)2][X]3 (where ddpd = N,N’-dimethyl-N,N’-

dipyridin-2yl-pyridin-2,6,-diamine) (Figure 4, structure 21).28 18 and 19 present 

changes in their excited state structural conformations, in contrast with other molecules 

that simply populate different excited state bands based on temperature. In the case of 

18, there are two possible conformations the molecule can take in the excited state, a 

saddle-like state (S*) and a planner-like state (P*).23 In the ground state 18 takes a 

saddle-like conformation; however, upon irradiation, the S* state is formed and can decay 

rapidly with a short wavelength emission. Alternatively, it can overcome a small energy 

barrier and populate the P* excited state and then decay with a long wavelength 

emission.23 Therefore, the photoluminescence spectrum is predominantly from the 

longer wavelength emission (595 nm) at higher temperatures.23 As the solution is cooled, 

transitions between the S* and P* states become slower and less frequent; therefore, the 

shorter wavelength emission (435 nm) becomes more prominent.23 Taking the ratio of 
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these two emission intensities gives a polynomial dependence on temperature. This 

probe could be used to measure temperature from 138 K to 343 K with a sensitivity of 

around 20%/K at 138K, which rapidly decreases to 1%/K around 200 K.23 

In comparison, 19 can be thought of as a butterfly-like structure, where the 2-(2,4-

difluoropheny)pyridyl ligands function as the butterfly wings.27 In the ground state, the 

‘wings’ are spread out, resulting in a long Pt-Pt distance that prevents any Pt-Pt 

interaction (Figure 6b).27 However, in the excited state, the wings can come closer 

together, decreasing the Pt-Pt distance and producing a new, lower energy excited state 

(Figure 6b).27 Therefore, there are now two potential excited states from which photons 

can decay, the one with a long Pt-Pt distance and no interaction (T1a or 3LC/MLCT) and 

the new, lower energy state with strong Pt-Pt interaction (T1b or 3MMLCT). This 

compound was utilized as a temperature probe in ethylene carbonate, as it underwent a 

phase transition (Figure 6a).27 Below ca. 40˚C, ethylene carbonate is a solid and traps the 

butterfly in the long Pt-Pt distance position and only green emission (450-550 nm) is 

produced (Figure 6c).27 As it melts and the wings are able to ‘flap’ freely, the emission 

transitions to a red shifted luminescence (550-750 nm).27 Taking the ratio of the two 

emission wavelengths allows for sensing of the solid-liquid phase change. Though the 

authors consider this a temperature sensor, one could argue this change relies on 

viscosity or rigidity and which is consequently dependent on temperature. 
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Figure 1.6. a) The normalized emission spectra of 19 in ethylene carbonate at various 

temperatures from 31 °C to 49 °C. b) Potential‐energy curves and transitions for the 

molecular butterfly 19 involving a photoinduced structural change as a result of 

photoinduced Pt–Pt distance shortening, and generation of dual emission. c) A 

correlation between the temperature and the ratio of luminescent intensities of peak 

red emission and greenish‐blue emission of 19 in ethylene carbonate. Inset: 

Photographs showing the luminescence in solid ethylene carbonate (left) and in molten 

ethylene carbonate (right). d) Multiple‐run reversibility experiments of the 

luminescence responses of 19 to temperature variation in ethylene carbonate. Adapted 

with permission from Han, M.; Tian, Y.; Yuan, Z.; Zhu, L.; Ma, B. Angew. Chemie Int. Ed. 

2014, 53 (41), 10908. Copyright © 2014 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Tri(pyren-1-yl)phosphine oxide (20) and [Cr(ddpd)2]3+ (21) do not produce 

conformational changes in the excited state, but demonstrate temperature driven 

competition between excited states.25,28 In the case of 20, this comes as a competition 

between the local excited (LE) and charge transfer (CT) states.25  At very cold 

temperatures (77 – 120 K) the LE dominates the emission spectra of 20.25 As 

temperature increases (120 – 140 K) the CT band emerges at 455 nm; however, as 

temperature is increased further (140 – 300 K) the LE emission increases again 
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dominating the emission spectra.25 Taking the ratio of the two peak intensities produces 

a trend with temperature that exhibits a fifth-order polynomial fit. 20 gives temperature 

sensitivities ranging from 1.2%/˚C (-50-30˚C) to 2.4%/˚C (-40 -100˚C).25 Similarly, 21 

contains two close-lying excited states – 2E and 2T1 – with an energy difference of only 

7.7 kJ/mol.28 As temperature increases, the lower energy, 2E emission band (775 nm) 

decreases in intensity, while the higher energy, 2T1 band (738 nm) increases.28 Taking 

the natural log of the ratio of these two peaks gives a linear decay with inverse 

temperature dependence. Additionally, the counterion utilized can be switched between 

BF4 and PF6 to allow for temperature sensing in different solvents.28 

1.5. Peak Shift 

Another common method for avoiding the concentration dependence of intensity-

based temperature probes is to track changes in the emission wavelength maximum. A 

molecule’s emission wavelength can be impacted by temperature due to conformational 

changes in the molecule,30–33 aggregation,34–36 or activation of alternative vibrational 

bands or spin states.37,38 One molecule that exhibits conformational changes upon 

heating is dipyren-1-yl(2,4,6-triisopropylphenyl)-borane (Figure 7, structure 22).30,31  
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Figure 1.7. Structures of emission peak shift molecular probes. 

In 2011, Feng and coworkers reported that twisting of the pyrene rings could 

produce a transition from a LE state to a TICT state.30 Since the TICT state is lower in 

energy, it is preferentially occupied at low temperatures, emitting at 518 nm in 

methoxyethyl ether (Figure 8a).30 As temperature increases, the LE state becomes 

increasingly occupied, shifting the emission hypsochromically almost 50 nm (Figure 

8a).30 Plotting the maximum emission wavelength versus temperature from -50˚C to 

100˚C produced a linear fit with a sensitivity of 0.3 nm/˚C and an accuracy better than 

1˚C (Figure 8b).30 In 2017, Chi and coworkers performed further studies of 22, finding 

three conformations that the molecule could take.31 Picturing the two pyrene units as 

‘wings’ of a butterfly around the boron and 2,4,6-triisopropylphenyl (TIPP) group ‘body’, 

the wings could either both be pointed downward away from the body (conformer 1), 
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both could be pointed upward toward the body (conformer 3), or one could be pointed 

in each direction (conformer 2) (Figure 8c and d).31 Conformer 1 is the most stable 

conformation and produces the most red-shifted emission (Figure 8e).31 As the 

temperature is increased, conformers 2 and 3 become more populated, producing an 

overall blue shift of the fluorescence emission in cyclohexane, ethyl acetate, DMSO, and 

ethanol.31 Rather than directly tracking the peak emission wavelength, they took a ratio 

of emission intensities from two wavelengths on either side of the emission band, 

generally producing the same effect. Tracking this ratio with increasing temperature 

produced a linear fit with an excellent goodness-of-fit (R2 > 0.999) for all solvents.31 They 

additionally tested the usefulness of the compound as a molecular thermometer by 

taking photographs of  5µM 22 in DMSO at different temperatures and taking the ratio 

between the blue and green channels.31 Again, they found a linear trend with increasing 

temperature from 25 to 75˚C. 
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Figure 1.8. (a) Corrected emission spectra of 22 recorded between −50 and 100 °C 

(excitation wavelength 410 nm). (b) Temperature dependence of maximum emission 

wavelength of 22. (c) Schematic “butterfly” illustration of the molecular structure and 

conformational isomers of 22; (d) optimized molecular structures of three 

conformational isomers of 22 in the ground state in vacuo; (e) relative energy levels of 

the ground (S0) and excited (S1) states for three conformational isomers of 22 during 

absorption (upward arrows) and emission (downward arrows) processes in vacuo. 

Adapted with permission from (a-b) Feng, J.; Tian, K.; Hu, D.; Wang, S.; Li, S.; Zeng, Y.; Li, 

Y.; Yang, G. Angew. Chemie Int. Ed. 2011, 50 (35), 8072. Copyright © 2011 WILEY‐VCH 

Verlag GmbH & Co. KGaA, Weinheim and from (c-e) Chi, W.; Yin, W.; Qi, Q.; Qiao, Q.; Lin, 

Y.; Zhu, Z.; Vijayan, S.; Hashimoto, M.; Udayakumar, G.; Xu, Z.; Liu, X. Mater. Chem. Front. 

2017, 1 (11), 2383. Copyright © 2017 Royal Society of Chemistry. 

Schiff bases are also utilized as color changing thermo-probes based on 

conformational changes.32,33 Ibarra-Rodríguez and coworkers reported organoboron 

compounds (Figure 7, structure 23), derived from Schiff bases, that behave as molecular 

motors.32 Though these compounds were designed to function as viscosity probes, one 

also demonstrates reversible thermochromism with temperature in the solid state. The 

molecular rotors, as discussed in earlier sections, function as a temperature or viscosity 
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probes due to the rotation of a phenyl ring connected to the fluorophore. In general, as 

temperature increases the rotation of the molecule allows the excited state to evolve 

through the potential energy surface finding nonradiative deactivation pathways.32 

Photos of the compound as a powder under visible and UV light at 25˚C and 215˚C show 

a color change from yellow to red, as well as a quenching of the emission intensity, that 

is fully reversible with cooling.32 Additionally, 23 showed low cytotoxicity and good 

internalization in A431 cells; however, no viscosity or temperature measurements were 

reported in cells.32 Shi and coworkers reported another series of four salicylaldehyde 

Schiff bases (Figure 7, structure 24) that show a change in color with temperature.33 24 

becomes more red in color increasing the temperature from 25 ˚C to ca. 150 ˚C and 

returning to its original color with cooling.33 After submitting the compounds to 50 

heating-cooling cycles, absorption measurements demonstrated that only one had 

experienced decomposition.33 The change in color stems from a change in the functional 

group from an enol-imine to a ketone-amine with increasing temperature.33 In both of 

these cases, though temperature changes do elicit a color change, utilizing the compound 

as a thermometer for determining a specific temperature was not explored. 

Other compounds also experience color changes due to aggregation with 

increasing temperature.34–36 Ma and coworkers reported cyano-functionalized 1,4-

bis((E)-2-(1H-indol-3-yl)vinyl)benzenes (Figure 7, structure 25) with alkyl chain lengths 

(n) of 8, 10, 12, 14, and 16 carbons.34 For the shorter chain length compounds, n = 8, 10, 

and 12, a red shift (4-11 nm) in solid state PL emission was observed upon heating from 

298K to above 400K.34 This was found to occur due to a loss in crystallinity and 

aggregation of the compounds upon heating as followed by x-ray powder diffraction 
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(XRD).34 When cooled, the original color returned and the XRD showed a similar 

diffraction pattern to the original sample. However, the dyes with longer aliphatic chains 

(14 and 16) produced larger red shifts (38 and 35 nm) that were not reproducible.34 XRD 

diffractions showed the loss of crystallinity and the formation of a new crystalline phase 

after annealing.34 A similar mechanism was reported by Wu and coworkers for a series 

of tetraphenylethylene (TPE) derivatives where one or more of the phenyl rings were 

replaced by a 2,3,4,5-tetrahydrobenzo[b][1,4]dioxocane unit (Figure 7, structure 26).35 

In this case, crystals of the compound show a bathochromic shift in emission from a 

purple-blue to light-blue color upon heating to 110˚C.35 On the contrary, when the sample 

is ground the effect is reversed; when the ground powder is at room temperature it gives 

off a light-blue emission that shifts to a purple-blue upon heating. These color changes 

were attributed to micro- and macro-aggregation states.35 The authors suggest that H-F 

and F-F interactions produce a macro order in the molecular packing that is destroyed 

when heat or mechanical force is applied.35 However, it appears that after grinding, the 

addition of heat for short time periods can rebuild these macro aggregates. This 

mechanism was confirmed by XRD.35 Additionally, Yu and coworkers reported a 

fluorophore based on a 1,4-bis[2,2-bisphenyl-vinyl]benzene skeleton (Figure 7, 

structure 27)) that displays aggregation induced thermochromic behavior when placed 

in a linear low density polyethylene matrix.36 The authors saw that when preparing the 

films with different concentrations of 27, the emission was more and more blue shifted 

with decreasing concentration.36 When the films were visualized with a fluorescent 

microscope, aggregates of the dye could be visualized in the highest concentration films 

(1 wt. %).36 As they heated the 1 wt. % film from 20 to 120˚C they saw a decrease in a CT 
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peak around 680 nm and an increase in a LE peak around 550 nm, producing a color 

change in the film from red to blue.36 This color change was attributed to the breaking up 

of aggregates with increased temperature.36 Above the glass transition of LLDPE, 27 

becomes more dispersed in the solution, shifting the emission.36 Three other derivatives 

with similar aggregation induced emission properties were also tested in these films and 

produced similar results, with their emission blue shifting with increasing temperature.36 

Finally, a molecule’s emission wavelength can be impacted by activation of 

vibrational bands37 or changing spin states.38 Cao and coworkers studied the molecule 

N,N-dimethyl-4-((2-methylquinolin-6-yl)ethynyl)aniline (28) (Figure 9a) and how its 

fluorescence in polar organic solvents responds to temperature.37 It was determined that 

while the fluorescence intensity trends with temperature it is also solvent dependent; 

increasing with temperature in DMSO (Figure 9b) and decreasing in ethyl acetate.37 The 

peak emission wavelength also blue shifts with increasing temperature in all solvents 

(Figure 9b).37 Rather than tracking the peak emission wavelength directly, the 

researchers used a ratio of the fluorescence intensities on either end of the emission 

spectra.37 As temperature increases, the high energy band (500 nm in DMSO) intensity 

increases, while the low energy band (600 nm in DMSO) intensity decreases (Figure 

9d).37 This ratio produces a linear trend with temperature from 25 to 65˚C.37 This change 

in emission behavior was attributed to nonsymmetric vibrational bands in the TICT 

emission band.37 At higher temperatures, higher energy vibrational bands will be 

preferentially activated; therefore, emission from lower wavelengths will be increased.37 

The authors paired molecule 28 with Rh6G to show a true ratiometric affect with 

temperature.37 They plotted the ratio of the 28 band excited with 330 nm and the Rh6G 
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band excited with 540 nm (Figure 9e) even though FRET is seen from 28 to Rh6G when 

excited with 330 nm (Figure 9c).37 

 

Figure 1.9. (a) Structure of N,N-dimethyl-4-((2-methylquinolin-6-yl)ethynyl)aniline 

(28) showing twisting. Temperature dependence of the fluorescence spectra of 

(b) 28 in DMSO excited at 360 nm ([28] = 5 μM); (c) the mixture of 28 and rhodamine 

6G in DMSO excited at 330 and 540 nm, respectively; [28] = 5 μM; [rhodamine 6G] = 1 

μM. Temperature was varied from 25 to 65 °C at a step change of 10 °C. The 

corresponding temperature dependence of emission intensity ratios and the associated 

best-fit equations of (d) 28 in DMSO at 500 and 600 nm; (e) 28 and the rhodamine 6G 

mixture in DMSO at 500 and 563 nm. Adapted with permission from Cao, C.; Liu, X.; 

Qiao, Q.; Zhao, M.; Yin, W.; Mao, D.; Zhang, H.; Xu, Z. Chem. Commun. 2014, 50 (99), 

15811. 

Though not nearly as common, inorganic complexes can also experience emission 

peak shift with temperature. For instance, Garcia and coworkers report the dinuclear 

complex [Fe2(N-salicylidene-4amin-1,2,4-triazole)5(NSC)4]*4MeOH that experiences a 

hypsochromic shift in maximum emission wavelength with decreasing temperature.38 

Magnetic susceptibility data demonstrates that this shift corresponds with the transition 
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from a high spin-high spin state to a low spin-low spin state with decreasing temperature 

from 300 to 5 K.38 This transition appears to occur around 150K with no intermediate 

low spin-high spin state.38 Additionally, it was determined that the ligand, N-salicylidene-

4amin-1,2,4-triazole, undergoes a transition from the enol form to the cis-keto form 

during this transition.38 Tracking the emission wavelength from the ligand (400 nm 

excitation), shows a shift of 20 nm during this transition, from ca. 395 nm below 150 K 

to 415 nm above 200 K.38 Though this molecule could not be utilized to measure 

temperature over a large range, it provides a good tool for tracking other thermosensitive 

events.38  

1.6. Lifetime 

The photoluminescence lifetime (τ), can be defined as the average time a molecule 

stays in the photoluminescent excited state and is defined as the inverse to the sum of 

the rate constants of radiative and nonradiative process. 

Equation 1.1 

𝜏 =
1

𝑘𝑟 + 𝑘𝑛𝑟
 

Where kr is the rate constant of radiative process and knr is the rate constant that 

encompasses the deactivation by nonradiative processes. Experimentally, the 

photoluminescence lifetime is defined as the time during which the initial luminescence 

intensity of an ensemble of molecules has decayed to 1/e. Therefore, the time-dependent 

photoluminescence intensity is described as following equation:  
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Equation 1.2 

𝐼𝑡 = 𝐼0𝑒
(−𝑡 𝜏⁄ ) 

Where I0 is the initial intensity (t = 0) and τ is the lifetime. According to this 

equation, the lifetime of the probes could not be affected by the concentration, sensor 

size or thickness, the intensity or excitation wavelength, and even the photobleaching 

unlike to intensity-based measurements. In addition, there is no need to use another dye 

for referencing. These advantages make the measurement of photoluminescence lifetime 

an attractive method for temperature imaging.  Typically, nonradiative relaxation 

becomes increasingly dominant with temperature, affecting the decay rates, and in turn 

reducing the lifetime of the probe. In general, due to this thermal quenching mechanism, 

the photoluminescence lifetime decreases with increasing temperature.   

The two commonly used techniques for lifetime determination are frequency 

domain and time-resolved method.39 In frequency domain, a high frequency modulator 

is used to provide a sinusoidal excitation light. Depending on the lifetime of molecules, 

the emission light occurs with a phase delay and amplitude modulation which can be 

analyzed to extract the lifetime. In time-resolved experiments, the molecules are excited 

with a short laser pulse, shorter than the lifetime, and the evolution of the excited state 

monitored. This is commonly done in modern instruments using time-correlated single 

photon counting (TCSPC).  However, the TCSPC technique requires complex 

instrumentation and forms massive data files that are not suitable for quick temperature 

sensing and imaging. A simple and straightforward method utilized for the determination 

of photoluminescence lifetime is called Rapid Lifetime Determination (RLD).40 Two time-
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gates are turned on to record the photoluminescence intensity after the excitation. In the 

case of a monoexponential decay and identical time gates Δt, the lifetime τ can be 

calculated by following equation. 

Equation 1.3 

𝜏 =  
(𝑡2 − 𝑡1)

ln (𝐴1 𝐴2)⁄
 

Where t1 and t2 are the gates starting time and A1 and A2 are the integration 

intensities of two time-gates.  For the temperature imaging, the absolute lifetime might 

not be required. Thus, RLD is a fast method to determine the lifetime change by detecting 

the ratio change of A1 and A2. 

In the past few years, many research groups have developed and studied various 

photoluminescent probes based on their lifetime changes with temperature for sensing 

and imaging.  In the family of organic compounds, rhodamine and its derivatives are well 

known as temperature dependent luminescence probes due to their properties such as 

high quantum yield (QY), brightness, and excitation in visible range. In 2013, Chirico et 

al. utilized Rhodamine B (1) as the temperature sensor by measuring its lifetime on gold 

nanoparticles and studying the localized hyperthermia effect.41 To reduce the quenching 

effect between Au nanoparticles and 1, polyelectrolyte such as poly aluminum hydrate 

(PAH) and polystyrene sulfonate (PSS) were used to decorate the surface of Au 

nanoparticles.41  1 was coated on the negatively charged PSS layer within 20 nm from the 

Au nanoparticles.41 The lifetime measurements show a high temperature sensitivity 

(0.029 ± 0.001 ns/°C) and low uncertainty (± 0.3 °C).41 
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 In 2016, a sulforhodamine-based nanoprobe was reported for high-resolution 

imaging of temperature by Dmitriev and coworkers.42 They added a lipophilic tail to 

sulforhodamine (29) (Figure 10a) , which did not affect its photoluminescent properties 

significantly (Figure 10b), and encapsulated it into polymeric nanoparticles as a useful 

temperature sensor which has a high cell-penetrating ability (Figure 10c).42 The 

encapsulation protects the probes from the effects of the microenvironment. 

Fluorescence lifetime imaging microscopy (FLIM) experiments show that the stained 

cells have uniform lifetime distribution values across the cell volume (Figure 10e), with 

the monoexponential decay time changing from 2.8 ns to 2.2 ns between 25 to 42 °C. 

(Figure 10d).42 They also applied this method combined with oxygen sensitive sensor 

into tumor tissue models (both 2D and 3D) to study the metabolic activity. They found in 

3D spheroids the temperature never exceeded 41 °C.42 In addition, by measuring the 

gradient of temperature and O2, they demonstrated that 3D models such as spheroids are 

better physiological models than conventional 2D cultures.42 
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Figure 1.10. Chemical structure and characterization of the temperature probe. A) 

Structure of synthesized sulforhodamine dye. Lipophilic tail is indicated in yellow. (B) 

Normalized fluorescence spectra of the probe in solution (25 °C, exc.max at 560 nm, 

em.max at 578 nm). (C) Confocal microscopy images of HCT116 cells stained with T 

probe (1 μg/mL, dye concentration 0.004 μg/mL, 16 h, shown in red) and 

counterstained (green color) with Cholera toxin (endosomes), MitoTracker Green 

(mitochondria), and NanO2 O2 probe. (D) FLIM images of resting cells stained with T 

probe and measured at different temperatures. Scale bar is in micrometers. Insert 

(right) shows examples of fitting decays for 25 and 40 °C. (E) Fluorescence lifetime 

distribution histograms for the T probe and the free dye in cells at temperatures 

ranging 25−42 °C. (F) T calibrations of sulforhodamine dye loaded in cells in free form 

(different concentrations) and as nanoparticle formulation. Reprinted with permission 

from Jenkins, J.; Borisov, S. M.; Papkovsky, D. B.; Dmitriev, R. I. Anal. Chem. 2016, 88 

(21), 10566. Copyright © 2016 American Chemical Society. 

Kuimova’s group has developed a variety of fluorescent molecular rotors as 

viscosity probes. Her group has also studied the interplay of viscosity, polarity and 

temperature on the lifetime of these rotors. In 2015, Kuimova and coworkers 

investigated the effect of temperature on viscosity sensitive molecular rotors by using 

photoluminescence lifetime.43 In their work, three molecular rotors: Bodipy-C10, 

sulforhodamine B and a conjugated porphyrin dimer were used (Figure 11, structures 
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30-32). The results indicated that 30 is only viscosity dependent but 31 shows stronger 

temperature dependence compared to viscosity.43 However, the temperature 

measurements using photoluminescence lifetime of 31 is not suitable in viscous 

solution.43 In contrast, 32 works well for both viscosity and temperature measurements 

using dual mode ratiometric and lifetime imaging.43 In 2016, Kuimova and her coworkers 

developed new derivatives of BODIPY (Figure 11, structure 33) which lifetimes are 

highly sensitive to temperature change.44 In their work, phenanthrene or naphthalene 

were incorporated with phenyl-BODIPY which is only viscosity dependent molecular 

rotor.44 The new substituents shift their absorption/emission to lower energy from green 

to red.44 Moreover, the lifetime of 33 shows negligible effect of viscosity. The derivatives 

are strongly temperature dependent and their lifetime decrease dramatically from 5.5 ns 

to 2.5 ns between the temperature range of 3.5-99 °C.44 These results indicate that these 

red-emissive BODIPY derivatives have large potential to be utilized as temperature 

sensor by fluorescence lifetime imaging (FLIM). Later, Kuimova et al. studied the 

interplay that polarity, temperature, and viscosity had on these BODIPY rotors.45 Testing 

a series of BODIPY rotors in methanol-glycerol mixtures (temperature dependent 

viscosity) and toluene-castor oil mixtures (temperature independent viscosity) at 

various temperatures, they derived a formula to fit the lifetime change based on viscosity 

and temperature in polar solvents.45 

Equation 1.4 

 𝝉 =  
𝟏

𝟏

𝑪𝜼𝒙 + 𝟏 𝑨𝒎𝒂𝒙
⁄

𝒆−𝑬𝒂 𝒌𝑻⁄ + 𝒌𝒓 + 𝒌𝑿
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Where C and x are constants from the Forester-Hoffmann equation, η is viscosity, 

kr is the radiative decay constant and kX is the sum of all other nonradiative rate 

constants.45 The toluene-castor oil mixtures (non-polar) could not be fit with this 

equation.45 In 2017, Kuimova and coworkers reported a number of conjugated zinc 

porphyrin dimers as viscosity and temperature probes.46 Depending on the conjugation, 

some of them were only viscosity sensitive, some of them were only temperature 

dependent and some of them were suitable for both.46 The BODIPY molecular rotors have 

been used to measure viscosity in live cells47–49 but not temperature as the lifetime and 

viscosity are both dependent on temperature. 
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Figure 1.11 Structures of lifetime molecular probes. 

 A PEGylated BODIPY derivative (Figure 11, structure 34) was synthesized as a 

fluorescent intracellular thermometer that showed thermal quenching of fluorescent 

emission and lifetime.50 Due to the incorporation of methyl groups at the 1 and 7 position 

the free rotation of the phenyl rotor is restricted and the dependence of the probe toward 

viscosity is reduced. Ogle et al. report a ca. 40 % decrease in fluorescent lifetime in 
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aqueous solution from 25 to 50 °C.50 Using fluorescent lifetime imaging microscopy 

(FLIM), they measured the change in lifetime of 34 in human pancreatic cells on a heated 

stage.50 The change in lifetime is much less dramatic in cells but matches the thermal 

response shown in viscous water-glycerol mixtures. The authors explain that once a 

threshold viscosity is reached the probe is not further affected by viscosity changes and 

therefore can accurately measure temperature in viscous parts of the cell.50 

 An inorganic-organic composite luminescent compound, B18H20(NC5H5)2 (35), 

was studied in 2017 by Kennedy group.51 B18H20(NC5H5)2 is a special molecule of two 

conjoined boron hydride subclusters of nido and arachno geometrical character (Figure 

12a).51 It has solvent dependent emission at 675-705 nm with short lifetime (< 0.3 ns).51 

However, in solid state at room temperature the emission blue shifts to 620 nm with a 

considerably longer lifetime of 2.1 ns.  Interestingly, the fluorescence emission intensity, 

wavelength and lifetime are temperature dependent in the solid state.51 At 8 K the 

fluorescence lifetime is 4.5 ns and decreases smoothly to 2.3 ns at 300 K (Figure 12b).51 

The mechanism of this temperature dependence is suggested to be similar to the 

previously discussed molecular rotors. The fluorescence comes from an in-out electron 

transfer from the boron centered HOMO to the pyridine centered LUMO.51 The pyridine 

ligands are free to rotate in both the ground state and excited state; however, the energy 

transfer is greatly affected by the dihedral angle of the pyridine ligands with the boron 

cluster.51 The rotation of the pyridine ligands is hindered by cooling the system or placing 

in a solid matrix.51  
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Figure 1.12. The molecular structure of B18H20(NC5H5)2 as determined by a single‐

crystal X‐ray diffraction analysis (a) and the temperature dependence of the 

fluorescence decay times in a range from 8 to 300 K (b). The decay times were 

measured by exciting the samples with a 389 nm nano‐LED source with detection at 

620 nm. Adapted with permission from Londesborough, M. G. S.; Dolanský, J.; Cerdán, 

L.; Lang, K.; Jelínek, T.; Oliva, J. M.; Hnyk, D.; Roca-Sanjuán, D.; Francés-Monerris, A.; 

Martinčík, J.; Nikl, M.; Kennedy, J. D. Adv. Opt. Mater. 2017, 5 (6), 1600694. Copyright © 

2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Thermally activated delayed fluorescence (TADF) emitters suitable for optical 

oxygen and temperature sensing were investigated by Borisov and coworkers in 2017.52 

They synthesized several anthraquinone and dicyanobenzene derivatives and 

immobilized them in polystyrene for oxygen sensing or poly(vinylidene chloride-co-

acrylonitrile) for temperature sensing (less O2 penetration).52 Particularly, the 

derivatives from anthraquinone show a very broad tuning range of lifetime. The most 

sensitive derivative was an anthraquinone derivative (Figure 11, structure 36) which in 

the temperature range 278 - 323 K show a decrease in lifetime from 62 μs to 23 μs.52 In 

addition, the relative temperature change (in percentage) of the derivatives lifetime at 

298 and 310 K varied from −1.4 to −3.7%/K.52 Two of the dicyanobenzene derivatives 

were then doped into poly(methyl methacrylate) polymer nanoparticles and used for 

thermal imaging with a time gated CCD camera and RLD.52 However, the authors note 
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other methodologies could be used especially since the nanoparticles used are cell 

penetrating.52 

Photoluminescent metal complexes are another family of molecular probes for 

temperature sensing due to the relative long lifetime (ns-μs scale), visible absorption and 

relatively large Stokes shifts. In 2009, Schäferling et.al developed a dual-sensor material 

for barometric pressure/temperature determination based on the photoluminescence 

lifetime of iridium (III) complexes.53 In this work, [Ir(ppy)2(carbac)] (Figure 11, structure 

37)and an oxygen sensitive probe, [Ir(btpy)3], were dispersed in a composite film.53 By 

using RLD method, the lifetimes of both iridium complexes were obtained with varied 

temperature and oxygen pressure.53 The photoluminescence lifetime of 37 changed 

0.42%/°C in the temperature range of 1-55 °C.53 Furthermore, the photoluminescence 

lifetimes were not affected by air pressure (50-1950 mbar) when the iridium complexes 

are dispersed in PAN.53 In 2012, Schäferling and coworkers presented dual temperature 

and pressure probe for simultaneous red green blue (RGB) imaging using platinum (II) 

complexes incorporated in polymer nanoparticles.54 In particularly, [Pt(Br-thq)-(acac)] 

(Figure 11, structure 38) dispersed into poly (vinylidene chloride-co-acrylonitrile) 

(PVDCAN)-copolymer nanoparticles was utilized as temperature sensor for the green 

channel.54 38 was used as oxygen sensor for the red channel and 9.10-

diphenylanthracence was used as reference dye for blue channel.54 The lifetime of the 

sensor film was obtained by the RLD method with a 405 nm LED.54 Schaferling et al. also 

show results from color imaging of the two dyes, though they admit there is poorer 

resolution.54 By calculating the ratio of the green and blue intensity, the temperature 

resolution obtained was 4.3 °C.54 In the same year, the Holder group reported the 
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synthesis and photophysical properties of temperature and oxygen sensitive probes 

based on Pt(II) complexes.55 Based on the various substituted C-N ligands, yellow-green 

to blue-green emitting heteroleptic cyclometalated Pt(II) complexes were 

synthesized.55  By utilizing the RLD method, the temperature dependence of the 

luminescence lifetime of the cyclometalated Pt (II) complexes were measured.55  The 

results show that 38 displayed the strongest temperature quenching effect.55 

In addition, some photoluminescent lanthanide chelates such as terbium (III) and 

europium (III) are also widely used for temperature sensing due to their high sensitivities 

to temperature. However, the lanthanide ions have weak absorption that not suitable for 

imaging directly. By chelating with organic sensitizers such as β-diketonate, the effective 

absorption coefficient is enhanced.  For example, in 2006, Wolfbeis and Borisov showed 

that europium(III) β-diketonate complexes (Figure 11, structure 39) are strongly 

luminescent and highly sensitive to temperature.56 In this work, three europium (III) β-

diketonate complexes (EuX3L, where X is a β-diketonate ligand and L is the 

dipyrazolyltriazine derivative) were studied.56 39 shifts the absorption to visible region 

as a coordinated antenna. Upon the excitation at 405 nm, the luminescence lifetime of 

europium complexes shows temperature dependence and that significantly decreases as 

the temperature increases as explained by:56  

Equation 1.5 

𝜏 =  
1

𝑘0 + 𝑘1
−𝐸𝑎 𝑅𝑇⁄
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Furthermore, they dispersed europium complexes into poly (vinyl methyl ketone) 

(PVMK) which has low gas permeability in order to avoid cross-sensitivity to oxygen.56 

The lifetime drops more than 2-fold when temperature is increase from 1 °C to 66 °C that 

indicates the sensitivity is enhanced in 39/PVMK film.56 Another work of temperature 

sensing based on luminescent lifetime of lanthanide complexes was reported in 2010 by 

Stich and coworkers.57 In their work, terbium and europium organic complexes were 

synthesized and incorporated with polymer matrices for use as temperature sensitive 

paints (TSP).57 Particularly, due to the relatively long lifetime of terbium, TSP based on 

terbium complexes (Tb-L1 and Tb-L2) show high lifetime-temperature sensitivities of -

13.8 μs/°C and -9.2 μs/°C.57 Thus, the temperature precision could be around ± 0.1 °C by 

assuming the resolution is ± 1 μs of the lifetime measurement.57 

1.7. Conclusion 

In this review we discuss four measurement techniques for fluorescent molecular 

thermometers. There is a wide range of temperatures, solvent systems, and 

excitation/emission wavelengths covered in the published works. Sub-degree resolution 

has been achieved in several examples; however, many of the molecular probes have not 

been developed into applications. 

A large driving force for fluorescent molecular thermometers is intracellular 

temperature mapping. Researchers aimed at this goal have more obstacles to overcome 

when designing a thermal-probe including: bioavailability; toxicity; fluorescent 

background; and changes in polarity, viscosity, and pH.  On top of all of that, there is a 
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current debate on the spatial resolution of fluorescent thermometers due to the rapid 

heat transfer in small scale aqueous environments.58–61 Some groups have used 

fluorescent thermal probes to measure several degrees change in temperature due to 

endogenous heat generation.9,20 Nonetheless, Baffou et al. have reasoned that it is 

impossible to get that localized heat generation from a single cell due to the high thermal 

conductivity of aqueous media, small amount of thermal energy released by the 

pmol/h/cell of glucose consumed, and the low thermal resistance of a biological 

membrane.58 In contrast, it was then argued that the thermal conductivity inside a cell is 

much lower due to the complex matrix of the cytosol59 and that macroscopic thermal 

dynamics do not apply to nano scale heat transfer.59,60 Although the exchange of ideas 

still continues, the experimental observations still needs analysis and discussion.  

In addition, many probes that depend on temperature induced changes in 

conformation such as molecular rotors show a sensitivity to viscosity that cannot be 

uncoupled from temperature. Likewise, many of the aggregation induced changes in 

probes cannot be uncoupled from concentration. Rare earth and transition metal 

complexes with appropriately positioned non-emissive excited states are attractive 

alternatives to designing photoluminescent thermo-probes and either monitor emission 

intensity or lifetime. Unfortunately, many complexes that could be used in this way (Ru, 

Re, Ir) have low extinction coefficient, low quantum yields, are quenched by oxygen and 

can create reactive oxygen species (ROS) when irradiated. Encapsulation might provide 

an alternative to oxygen quenching, ROS generation and increasing the emission 

quantum yield. More research on the encapsulation of molecules to decouple the 

influence of the microenvironment on the properties of the probe would be beneficial. It 
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is clear that every photoluminescence nano-thermometer must be tested for variables 

such as polarity, pH, viscosity, and molecular interactions before moving into complex 

media/systems. The true development of reliable, widely available, commercial 

photoluminescent thermometers is hindered by these convoluting variables that still 

require further investigation. 
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Chapter 2 

The lost years: Transition metal 

complexes for fluorescent sensing of 

intracellular temperature 

Meredith M. Ogle and Angel A. Martí 

In this chapter I discuss the transition metal complexes that were synthesized and 

tested for sensing temperature using fluorescence spectroscopy and microscopy. Metal 

complexes are promising for these applications with a good response to temperature 

variations in their photoluminescent lifetime. Unfortunately, the pulsed laser frequency 

on the instrument was not slow enough to capture the long lifetimes of the transition 

metal complexes. After exhausting all possibilities, we moved forward with a BODIPY 

based probe discussed in Chapter 3. Nonetheless, the systems were characterized and 

can be potentially used in the right microscopy settings. 
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2.1. Introduction 

Intracellular fluorescent temperature probes are becoming a popular area of research 

due the knowledge that can be gained from cells’ thermal response to stimuli. There are 

several challenges in the design of a molecular thermometer including resistance to photo-

bleaching, biocompatibility, insensitivity to pH or ionic strength, and concentration 

independence. The three main approaches measure either changes in lifetime,62,63 changes 

in emission intensity,7,64–67  and ratiometric fluorescence.20,68–73 The advantage of using 

lifetime as the indicator is concentration independence and resistance of photo-bleaching 

since bleached molecules simply will not be measured. However, many of the lifetime-based 

probes have a very short lifetime and as a result a very small change in lifetime due to 

temperature.62,63 This narrow measurement window leads to poor resolution. Current 

fluorescent nano-thermometers leave room for improvement with small linear dynamic 

ranges,62–64,73 pH sensitivity,64,68 low thermal resolution,7,63,69,72 or excitation/emission 

wavelengths outside the scope of the available microscope.71,72  

Transition metal complexes have several attractive characteristics that suit them 

for intracellular photoluminescent thermometry. First, they have a long lifetime (100s of 

ns) which make their signal easy to distinguish in a cellular matrix, which generally 

contains flavins, amino acids, and other fluorescent organic molecules with short 

lifetimes (ps-ns lifetimes). Second, transition metal complexes have red shifted 

phosphorescence which is not typically overlapping with cellular autofluorescence. 

Third, transition metal complexes have large Stokes shifts that allow a good separation 

of the excitation and emission channels. Fourth, many transition metal complexes have 
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low lying d-d* transitions that can be thermally activated and quench the lifetime of the 

molecule with no other convoluting variables. The down side of using transition metal 

complexes for intracellular thermometry is that many are used for photodynamic 

therapy and prove to be toxic when excited, and can also have low quantum yields in 

aqueous solutions. 

The thermal dependence of transition metal complexes has been well studied and 

modeled. Van Houten and Watts first fully characterized the thermal dependence of 

[Ru(bpy)3]2+ in aqueous solutions in 1976.74 Fitting both the phosphorescence lifetime 

and quantum yield as a function of temperature they found that the radiative decay 

constant was independent of temperature but the non-radiative decay constant 

increased with temperature and developed equation 2.1.74 

Equation 2.1 

𝜏𝑚(𝑇) =  [𝑘1𝑟 + 𝑘1𝑞 + 𝑘2𝑞𝑒
−Δ𝐸 𝑘𝑇⁄ ]−1 

Interestingly, Van Houten and Watts found that ΔE, or the energy between the 

phosphorescent excited state and the dark state, was the same amount of energy needed 

to break a Ru-N bond.74 They ran further experiments in acid and photolyzed the a bpy 

ligand off the complex and the [Ru(bpy)2(py)2]2+ (py – pyridine) complex could be 

photolyzed in the absence of acid.74,75 The original equation evolved with further work 

done by Wallace et al. with rhenium76 complexes and Sajoto et al. with iridium complexes 

resulting in equation 2.2 that accurately describes the temperature dependent lifetime 

from 100 to 400 K.77 
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Equation 2.2 

τ =  
1

kobs
= 

1 + e−Ea1 kBT⁄ + e−Ea2 kBT⁄

k0 + k1e−Ea1 kBT
⁄ + k2e−Ea2 kBT

⁄
 

2.2. Experimental 

All UV/Vis spectra were taken on a Shimadzu UV-2450. Steady state fluorescence 

spectra were taken of a Horiba JobinYvon FluoroLog fluorometer. Fluorescent lifetime was 

measured using an Edinburgh OB920 excited with a pulsed laser diode. NMR data acquired 

on a Burker Avance 400 MHz instrument. Microscope images collected on Nikon A1 with 

PicoQuant attachment and lifetime data fit with SymPhoTime software. 

[Ir(C^N)2phen]+: Both complexes were synthesized using the same previously 

reported method.78 In detail, [Ir(ppyc)2(phen)]+ was synthesized as follows: iridium chloride 

hydrate (0.149 g, 0.50 mmol) and phenylpyridine-4-carboxylic acid (ppyc) (0.199 g, 1.00 

mmol) were suspended in 1.5 mL water and 5.5 mL 2-ethoxyethanol. The mixture was refluxed 

for 16 h then cooled to room temperature. The precipitate was collected and rinsed with water 

(3 x 10 mL) and ethanol (10 mL). The precipitate was dried in vacuo to yield the bridged dimer. 

The dimer and 1,10-phenanthroline (0.041 g, 0.23 mmol) were dissolved in 20 mL of a 1:1 v/v 

solution of dichloromethane and methanol under an inert atmosphere, and the solution was 

refluxed for 15 h in the dark. The solvent was then removed and the precipitate resuspended in 

6 mL of 2:1 v/v methanol and water. NaOH (4 mL, 1M) was added and solution stirred for 24 

h. After the solvent was reduced to half its volume, 20 mL aqueous KPF6 was added. The 

precipitate was collected and recrystallized in methanol/ether. Yield 0.137 g, 16%. 1H NMR 
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400 MHz DMSO δ 6.91 ppm (t, J = 6.2 Hz, 2H) 7.39 ppm (d, J = 5.6 Hz, 2H) 7.48 ppm (d, J 

= 8.1 Hz, 2H) 7.80 ppm (dd, J = 7.6 Hz, 12.9 Hz, 2H) 8.03 ppm (dd, J = 5.0 Hz, 8.2 Hz, 2H) 

8.17 ppm (d, J = 5.6 Hz, 4H) 8.36 ppm (s, 2H) 8.86 ppm (d, J = 8.2 Hz, 2H)  

Cell Culture: NIH3T3 and Aspc-1 cells were cultured at 37 °C in DMEM medium 

supplemented with ampicillin and streptomycin.  Viable cells were counted using a 

hemocytometer and trypan blue stain. Cells plated and fixed for microscopy were diluted to 

8,000 cells/mL, incubated in the microscope dishes for 24-36 h in DMEM medium then fixed 

with 4% paraformaldehyde in PBS 1X, washed with PBS 1X then incubated with dye for 30 

min before being wash with PBS 1X again.  

2.3. Results 

Several iridium(III) complexes were synthesized for use as cellular thermometers, 

[Ir(ppyc)2(phen)]+ was first synthesized as an intermediate for the PEGylated 

counterpart. The lifetime of aqueous [Ir(ppyc)2(phen)]+ is 140 ns at room temperature; 

however, the methylated and PEGylated ligands show a significantly longer lifetime (927 

ns). The temperature dependent quenching of the phosphorescence and lifetime was fit 

to the accepted model for cyclometalated iridium complexes with a ΔE of 933 cm-1 using 

equation 2.3 (Figure 2.1). 

Equation 2.3 

𝑘𝑜𝑏𝑠 = 
[𝑘0 + 𝑘1𝑒

−𝐸1 𝑅𝑇⁄ ]

1 + 𝑒−𝐸1 𝑅𝑇⁄
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Figure 2.1. Temperature dependent lifetime (black, left axis) and quantum yield (blue, 

right axis) of [Ir(ppyc)2phen]+ in water purged with nitrogen. λex: 370 nm, λem: 590 nm. 

Unfortunately, [Ir(ppyc)2(phen)]+ was not passively cell permeable. Human 

pancreatic cancer cells (ASPC-1) were fixed on microscope slides and incubated with 

aqueous [Ir(ppyc)2(phen)]+ to stain the cells. The fixed cells were then imaged using 

fluorescent lifetime imaging microscopy (FLIM) on a heated stage (Figure 2.2). The 

lifetime was fit to a biexponential decay with a short component (120 ns) that was similar 

to aqueous measurements and a long component (450 ns). Uncertain if the long 

component was coming from [Ir(ppyc)2(phen)]+ interacting with cellular components or 

if it was background signal we moved on to find a complex that was cell permeable.  
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Figure 2.2. False colored FLIM images of [Ir(ppyc)2phen]+ stained Aspc-1 cells. 

Brightness showes intensity and color show lifetime (blue to red 0-200 ns). 

[Ir(ppy)2(phen)]+ was synthesized since it’s known that negatively charged 

molecules do not cross the cell membrane and the carboxylic acids of [Ir(ppyc)2(phen)]+ 

were deprotonated at physiological pH. [Ir(ppy)2(phen)]+ a shorter lifetime at room 

temperature (94 ns) than [Ir(ppyc)2(phen)]+ and showed an 11% decrease in lifetime 

from 30 to 50 C. [Ir(ppy)2(phen)]+ was readily cell permeable and stained mouse 

fibroblasts (NIH3T3) in PBS at 37 °C (Figure 2.3).  
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Figure 2.3. Temperature dependent lifetime of aqueous [Ir(ppy)2pehn]+. λex: 370 nm, 

λem: 575 nm. Inset shows confocal micrograph of NIH3T3 cells stained with 

[Ir(ppy)2phen]+. 

FLIM measurements of [Ir(ppy)2(phen)]+ in live NIH3T3 cells at 37 °C show a 

biexponential decay as previously seen (Figure 2.4). The short lifetime (79 ns) was 

consistent with aqueous measurements but it also displays a long component (445 ns). 

Because the decay never reached the baseline, the fitting could not be completely 

accurate. The FLIM microscope available has a pulsed laser that can only slow down to 1 

MHz pulse rate which can only accurately measure lifetimes up to 200 ns. Noticeable in 

the confocal image, [Ir(ppy)2(phen)]+ localizes in what seems to be the nuclear and other 

organelle membranes (Figure 2.4). It is probable that being trapped in a ridged nonpolar 

environment stabilized the excited state and extended the lifetime. To test this, the 

lifetime of [Ir(ppy)2(phen)]+ was measured in different solvents and a micellular solution 

of SDS. As shown in Figure 2.5, the lifetime does not increase in nonpolar solvents but 

does increase in DMSO and micelles. Interestingly the lifetime of [Ir(ppy)2phen] + also 

significantly increased when it was adsorbed onto mesoporous silica (MCM-41). 
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Figure 2.4. Confocal micrograph (left) and false colored FLIM image (right) of 

[Ir(ppy)2phen]+ stained NIH3T3 cell. Brightness showes intensity and color show 

lifetime (blue to red 100-600 ns). 

 

Figure 2.5. Lifetime decays of [Ir(ppy)2phen]+ in many solvents. λex: 370 nm, λem: 575 

nm. 

2.4. Conclusions 

To iridium (III) complexes were synthesized and tested for temperature 

dependent phosphorescence towards the development of intracellular thermometers. 

Both [Ir(ppyc)2(phen)]+ and [Ir(ppy)2(phen)]+ have predicable temperature dependent 

emission intensity and lifetimes consistent with the literature. However, when trapped 

in micelles or cellular membranes the phosphorescent lifetime is greatly increased. Due 
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to instrument constraints these long lifetimes could not be accurately measured in cells. 

As a result, we shifted gears and used a shorter-lived boron-dipyrrin molecular rotor as 

discussed in Chapter 3. 
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Chapter 3 

Sensing Temperature in vitro and in 

Cells with a BODIPY Molecular Probe 

Meredith M. Ogle, Ashleigh D. Smith McWilliams, Matthew J. Ware, Steven A.  Curley, 

Stuart J. Corr, Angel A. Martí 

Note: This chapter was copied in total from a paper that I authored. Reprinted with 

permission from reference 50. Copyright 2019 American Chemical Society.50 

3.1. Abstract 

Boron-dipyrrin (BODIPY) molecular rotors have shown sensitivity toward viscosity, polarity 

and temperature. Here we report a 1,3,5,7-tetramethyl-8-phenyl-BODIPY modified with a 

PEG chain, for temperature sensing and live cell imaging.  This new PEG-BODIPY dye has 

an increase in non-radiative decay as temperature increases, which directly influences its 

lifetime. This change in lifetime is dependent on changes in both, temperature and viscosity at 
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low viscosity values, but only dependent on temperature at high viscosity values. The 

dependence of fluorescence lifetime with temperature allows for temperature monitoring in 

vitro and in cells, with sub degree resolution. When in contact with cells, the PEG-BODIPY 

spontaneously penetrates and stains the cell but not the nucleus.  Furthermore, no significant 

cell toxicity was found even at 100 μM concentration. Using Fluorescence Lifetime Imaging 

Microscopy (FLIM) we were able to observe the changes in lifetime of PEG-BODIPY within 

the cell at different temperatures.  The use of FLIM and molecular probes such as PEG-

BODIPY can provide important information about cellular temperature and heat dissipation 

upon medically relevant stimuli such as radiofrequency ablation and photodynamic therapy. 

3.2. Introduction 

Changes in temperature provide some of the most basic signs of energy and work. 

Methodologies for measuring temperature at the macroscopic scale are well developed and 

understood, with probes including analog thermometers (based on liquid expansion), 

thermocouples, strips, thermal imaging cameras, and infrared probes. Nonetheless, measuring 

the temperature of microscopic objects such as cells, with dimensions of just a few 

micrometers, is a complicated challenge. In the past 10 years, work toward fluorescent 

nanothermometers has exploded as researchers find ways to measure the temperature inside 

microscopic reactors, cells and living organisms. The ability to measure temperature with high 

spatial and temporal resolution would increase our understanding of microreactions, 

pathologies, and advance effective therapies at the cellular level. 
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Three of the most studied approaches to designing a fluorescent nanothermometer are: 

changes in emission intensity,7,64–66,79 ratiometric fluorescence67,68,70–73,80–83, and changes in 

lifetime.62,63 Each method has its advantages and disadvantages including: photo-bleaching8, 

sensitivity to pH16,64 or ionic strength, and concentration dependence. Using changes in 

emission intensity allows for rapid measurements, but each experiment must be calibrated with 

a baseline and is greatly affected by photo-bleaching and the concentration of probe in each 

cell.7,64,66,67 The ratiometric approach self-calibrates and also allows for quick measurement; 

however, these are often polymers that are also affected by pH and ionic strength,68 and have 

large dimensions64,69,70,73 which could affect their internalization, diffusion, and function in 

cells. The advantage of using lifetime as the temperature indicator is that the values calculated 

are independent of concentration and photo-bleaching (since bleached molecules simply will 

not be measured). Current research leaves room for improvement with small dynamic 

ranges,62–64,73 pH sensitivity,64,68  or low thermal resolution.7,63,69,72 Furthermore, most cellular 

thermometers are based on nanoparticles and polymers; with limited research in molecular 

thermometers which to date have shown low photostability,7,8,20 large uncertainties,20 and small 

range of temperature tested within cells7–9,20 if at all,11 and haven’t taken full advantage of 

lifetime detection. 

Boron-dipyrromethene (BODIPY) based dyes have been used profusely as biological 

dyes because of their modularity, photostability, and biocompatibility.84–88  It is well-known 

that the placement of a phenyl ring on the BODIPY core (meso- or 8 position) allows for 

rotation and quenching of fluorescence.14,89,90 When the phenyl group is free to rotate, these 

molecular rotors have been shown to be sensitive to viscosity, polarity, and temperature.43–
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45,48,49,91,92  In this paper, we discuss the design and synthesis of a PEG-BODIPY dye that bears 

methyl groups on the 1 and 7  positions modulating the free rotation of the phenyl group. We 

found that the fluorescence from these BODIPY sensors displays negative correlation toward 

changes in temperature and that this effect is independent of viscosity at moderately high 

viscosity values. They are also permeable to cells, biocompatible, and can be used to measure 

the internal temperature of cells using fluorescence lifetime imaging microscopy (FLIM). 

3.3. Experimental 

All reagents are commercially available. UV/Vis spectra were taken on a Shimadzu 

UV-2450. Steady state fluorescence spectra were measured on a Horiba Jobin Yvon Fluorolog 

3. Time-Correlated Single Photon Counting (TC-SPC) bulk experiments were performed on 

an Edinburgh OB 920 with 444 nm pulsed laser diode. Samples were heated with an Eppendorf 

water circulator. Flow cytometry measurements were taken on a BD Canto II. Colocalization 

images were taken on a Zeiss LSR780 confocal microscope and processed using ImageJ.  

3.3.1. Synthesis of PEG-BODIPY 

p-Iodobenzyl BODIPY: The synthesis of  1,3,5,7-tetramethyl-4,4′-difluoro-4-bora-8-

(p-iodophenyl)-3a,4a-diaza-s-indacene was adapted from a previous publication.93 p-

Iodobenzoyl chloride (1.32 g, 4.95 mmol) was dissolved in 50 mL dry dichloroethane and 

purged with N2. Freshly distilled 2,4-dimethylpyrrole (1 mL, 9.6 mmol) was added via syringe 

and refluxed for 13 h. The reaction was cooled to room temperature, and 3.5 mL of 

triethylamine was added via syringe. The mixture was stirred for 10 min, then boron trifluoride 
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etherate (5.1 mL, 41 mmol) was added and refluxed for 2 h. The reaction was then cooled, and 

the solvent was removed under reduced pressure. An orange solid was purified through a silica 

column (1-3% EtOAc/hexanes). Yield 0.64 g, 1.4 mmol, 29%. 1H NMR (400 MHz, CDCl3) δ 

7.88 (d, 2H, J=8.0 Hz) 7.04 (d, 2H, J=8.0 Hz) 6.05 (s, 2H) 2.57 (s, 6H) 1.44 (s, 6H). 

TMSacetylene-BODIPY: p-Iodophenyl BODIPY (640 mg, 1.4 mmol), Pd(PPh3)2Cl2 

(49 mg, 0.07 mmol), and CuI (27 mg, 0.14 mmol) were dissolved in a mixture of 20 mL THF 

and 10 mL triethyl amine under N2. Trimethylsilylacetylene (0.3 mL, 2.1 mmol) was added 

via syringe and the reaction was stirred at room temperature for 12 h. Solvent was removed 

under reduced pressure and the residue was purified through a silica column (20% 

DCM/hexanes) to produce a red-orange solid. Yield 434 mg, 1.02 mmol, 73%. 1H NMR (400 

MHz, CDCl3) δ 7.60 (d, 2H, J=8.4 Hz) 7.24 (d, 2H, J=8.4) 5.98 (s, 2H) 2.55 (s, 6H) 1.39 (s, 

6H) 0.29 (s, 9H). 

PEG-BODIPY: TMSacetylene-BODIPY (434 mg, 1.02 mmol) was dissolved in 50 

mL of 1:1 MeOH/THF under N2. Potassium carbonate (280 mg, 2.03 mmol) was added and 

the mixture stirred at room temperature for 1 h. The reaction was quenched with 50 mL 15% 

aqueous NH4Cl and extracted with DCM. The organic fractions were combined, dried over 

MgSO4 and the solvent removed under reduced pressure. The red solid was used without 

further purification. The deprotected acetylene-BODIPY and copper powder (100 mg, 1.57 

mmol) were dissolved in 80 mL of 3:1 THF/H2O and purged with N2 for 30 min. In a separate 

vial, CuSO4•H2O (70 mg, 0.28 mmol) and sodium ascorbate (140 mg, 0.71 mmol) were 

dissolved in 20 mL 3:1 THF/H2O. The cupric sulfate mixture was purged with N2 and sonicated 

for 20 min. Azido-PEG5-alcohol (150 mg, 0.57 mmol) was added to the acetylene-BODIPY 
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mixture via syringe. Then the cupric sulfate mixture was transferred by cannula to the 

acetylene-BODIPY mixture and heated to 70 °C for 6 h. After cooling to room temperature, 

the solvent was extracted with ethyl acetate and washed with water. The combined organic 

fractions were dried over Na2SO4 and the solvent removed under reduced pressure. The dark 

red solid was purified on a silica column with 20-0% hexanes in ethyl acetate (Rf: 0.12 in 20% 

hexanes/EtOAc) and a subsequent alumina column with 0-3% methanol in ethyl acetate (Rf: 

0.61 in 2% MeOH/EtOAc). Yield 101.2 mg, 0.165 mmol, 29%. 1H NMR (500 Hz, CDCl3) δ 

8.13 (s, 2H) 8.00 (dd, 2H, J=6.5, 2.0) 7.34 (dd, 2H, J=6.3, 2.0) 5.98 (s, 2H) 4.63 (t, 2H, J=5.0) 

3.93 (t, 2H, J=5.0) 3.64-3.70 (m, 14H) 3.57-3.63 (m, 2H) 2.55 (s, 6H) 1.44 (s, 6H). 13C NMR 

(500 Hz, CDCl3) δ 155.8, 147.1, 143.3, 141.6, 134.8, 131.8, 131.6, 128.8, 126.5, 121.7, 121.5, 

72.72, 70.78, 70.75, 70.71, 70.69, 70.43, 69.75, 61.07, 60.61, 50.62, 14.84, 14.81. Spectra 

shown in Figure 3.1 and Figure 3.2. ESI Mass Spec. calculated for C31H41BF2N5O5 [M + H]+ 

612.32, found 612.3469. 

3.3.2. Quantum yield 

The quantum yield of PEG-BODIPY was measured in water (φ = 0.28) at room temperature 

(23 °C) using fluorescein (φ = 0.95)94 as a standard. The fluorescence intensity was then 

measured at different temperatures and using the assumption that the absorbance did not 

change significantly over the same temperature range, the quantum yield at each temperature 

was calculated. The radiative decay constant (kr) was calculated from the lifetimes measured 

across the same temperature range using Equation 3.1. 
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Equation 3.1 

𝑘𝑟 =
𝜙

𝜏
 

The non-radiative decay constant (knr) was then calculated for each temperature 

using Equation 3.2 and the kr from Equation 3.1. 

Equation 3.2 

𝜙 =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 

3.3.3. Resolution 

The resolution of lifetime vs. temperature curves were calculated as previously 

reported62 using Equation 3.3 where 𝜕𝑇/𝜕𝜏 represents the inverse of the tangential slope 

and δτ represents the standard error of the lifetime. 

Equation 3.3 

𝛿𝑇 = (
𝜕𝑇

𝜕𝜏
)𝛿𝜏 

3.3.4. Cell culture 

Cells were maintained at 37 C in 5% CO2 environment. Panc-1 cells were grown 

in Dulbecco’s Modified Eagle Media supplemented with 10% fetal bovine serum (FBS) 
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and 1% penicillin and streptomycin. HPNE cell were grown in 3:1 Dulbecco’s Modified 

Eagle Media (low glucose)/ M3Base, supplemented with 5% FBS, EGF and puromycin.  

Biocompatibility: Cells were plated at 1.0  105 cells/mL in a 12 well plate and 

allowed to adhere overnight. Cells were stained with PEG-BODIPY in growth media (10, 

50, 100, 200, 300, and 500 µM) for 2 h and rinsed with PBS. Fresh growth media was 

replenished, and cells were incubated for 24 or 48 h. Controls were killed with heat shock 

by placing cells in an oven at 70 C for 10 min and allowed to recover for 1 h. All cells 

were then collected and stained according to the Invitrogen Annexin V/PI staining kit. 

Flow assisted cell sorting measuring the PEG-BODIPY (λex:488 nm, λem: 530/30 nm), 

annexin V AF647 (λex:633 nm, λem660/20 nm), and propidium iodide (λex:561 nm, 

λem:610/20 nm) was run until ten thousand events were recorded. Gating was set to 

exclude debris and aggregates. 

Dye Colocalization: Cells were plated on glass cover slips at 1.0  105 cells/mL, 

stained with 200 M PEGBODIPY in growth media and incubated for 2 h. Cells were 

stained with either MitoTracker Orange, LysoTrack DR 99, ERTracker BPY-TR, or 

Phalloidin AlexaFluor 555 according to Invitrogen protocols. Cells were then mounted 

using ProLong Gold AntiFade with DAPI. Cells were imaged using a 63x oil immersion 

objective. 
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3.3.5. FLIM temperature measurements 

Cells were plated at 1.0  105 cells/mL on BiopTech DeltaT plates and allowed to 

adhere overnight. Cells were incubated with PEG-BODIPY in growth media for 2 h (Panc-

1 100 µM and HPNE 200 µM).  Then, cells were rinsed with PBS and plates were 

replenished with media without phenol red. FLIM images were obtained on a Nikon A1 

confocal with PicoQuant 300 Harp attachment, and microscope plates were heated using 

BiopTech DeltaT system. FLIM images were processed using SymPhoTime software. A 

background threshold of 1000 photons/pixel was fixed, and each decay was fit to a 

biexponential decay. 

3.4. Results 

The 1,3,5,7-tetramethyl-4,4′-difluoro-4-bora-8-(4-triazol-1-pentaethylene-glycol)-

3a,4a-diaza-s-indacene (PEG-BODIPY) was synthesized in a five-step process, purified using 

silica and alumina column chromatography, and confirmed with NMR (Scheme 3.1, and Figure 

3.1 and Figure 3.2).93 The last step of the synthesis is a convenient copper click reaction, which 

could easily be modified to add a specific functionality; in this case a PEG group was chosen 

for water solubility and cell permeability. Other groups have previously reported PEG-

BODIPY conjugates, particularly through ether linkages95 or succinimidyl esters.96,97 Uppal et 

al.98 attached a PEG group to a BODIPY dye using click chemistry; however, this procedure 

involved attaching the alkyne group through an ether functionality to the benzyl rotor in 



 
81 

 

BODIPY.  In our approach, the alkyne group is directly attached to the benzyl group in 

BODIPY, which is a straight forward way of obtaining this functionalization.   

Scheme 3.1. Synthesis of PEG-BODIPY. 
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Figure 3.1. 1H NMR of PEG-BODIPY in CDCl3 0.01% TMS. 



 
83 

 

 

Figure 3.2. 13C NMR of PEG-BODIPY in CDCl3 0.01% TMS. 
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PEG-BODIPY has an absorbance peak at 498 nm and a fluorescence maximum at 511 

nm in water, which is consistent with other BODIPY derivatives (Figure 3.3a).89 We first 

probed the dependence of the fluorescence intensity of PEG-BODIPY on changes in 

temperature and observed that the fluorescence intensity decreases with increasing temperature 

from 23 °C to 49 °C (Figure 3.3b).   In addition, we examined the fluorescence lifetime over 

the same range of temperatures. In aqueous solution, the probe shows a monoexponential 

lifetime which is negatively correlated with temperature. Over the 26 °C temperature range we 

see a decrease in the PEG-BODIPY lifetime of ca. 40% (Figure 3.3c). In the biologically 

relevant range, we observed that temperature could be obtained from changes in PEG-BODIPY 

lifetime with a resolution of 0.06 °C (Figure 3.3d). The temperature response is reproducible, 

giving equal responses in heating and cooling cycles (Figure 3.3d inset). Control studies show 

that PEG-BODIPY lifetime is not greatly affected by pH or ionic strength (Figure 3.4). This 

shows that the PEG-BODIPY could be used as a molecular thermometer, by correlating its 

fluorescence lifetime with temperature. It is important to note that many 8-phenyl substituted 

BODIPY molecular rotors are used as viscosity probes and thus the effect of viscosity on the 

lifetime cannot be ignored (see below).43–45,49,91,99 
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Figure 3.3. (a) Normalized absorbance (black), excitation (blue dashed), and 

fluorescence (red) spectra from PEG-BODIPY in water. (b) Steady state emission 

intensity of PEG-BODIPY as a function of temperature in water (23-49 °C). (Inset) Plot 

of integrated intensity vs. temperature. (c) PEG-BODIPY temperature dependent 

lifetime in water (23-49 °C). exc = 444 nm em = 515 nm (d) PEG-BODIPY in water 

shows reproducible lifetime measurements upon heating (red) and cooling (blue). The 

average resolution is 0.06 °C. (Inset) Five cycles of heating and cooling, blue line shows 

average lifetime at 25 °C (2.70 ns) and red line show average lifetime at 50 °C (1.72 ns). 

 

Figure 3.4. Lifetime of PEG-BODIPY in various pH or ionic strength buffers. Lifetime is 

not greatly affected by pH or ionic strength. 
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The decrease of fluorescence intensity and lifetime has been attributed to the rotation 

of the phenyl group at the 8 position of BODIPY, and methyl groups were strategically placed 

at positions 1 and 7 to hinder the free rotation of the phenyl ring. Methyl groups in these 

positions are known to produce an increase in fluorescence quantum yield.100,101 The increase 

in temperature increases the probability for PEG-BODIPY to explore the excited state energy 

surface and find a channel for nonradiative relaxation, increasing the rate of non-radiative 

decay; therefore, decreasing the fluorescence intensity and shortening the lifetime. To study 

this, we obtained the quantum yield and lifetime of PEG-BODIPY at multiple temperatures 

(Figure 3.5), between 23 and 49 degrees, and used them to calculate the radiative and non-

radiative decay rate constants. Figure 3.5 shows the increase in the nonradiative decay constant 

with temperature, while the radiative decay constant remains unchanged. This is consistent 

with an increase in the rotational freedom of the 8-phenyl and a consequent increase in non-

radiative deactivation pathways as temperature increases. 

 

Figure 3.5. Quantum yield (black squares), kr (open blue circles), and knr (blue circles) 

of PEG-BODIPY in water at different temperatures. 
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As we mentioned before, change in temperature is also accompanied by a change in 

viscosity of the solvent, which is expected to influence lifetime. While this would not prevent 

using lifetime as a way to determine temperature, it is important to analyze the interrelation 

between temperature, viscosity and lifetime.  The shape of the curve of lifetime vs temperature 

in Figure 3.3d can be understood in terms of knr by the Equation 3.4:102,103 

Equation 3.4 

𝑘𝑛𝑟 =
𝑣

𝜂𝛼
𝑒− 

𝐸𝑎
𝑅𝑇 

where Ea is the barrier for internal rotation, R is the gas constant, T is the temperature,  is the 

viscosity of the medium,  is the limiting pressure exerted on the rotor, and  is associated 

with the frictional forces between the rotor and solvent. The measured lifetime is related to knr 

by:  

Equation 3.5 

𝜏 =
1

𝑘𝑟 + 𝑘𝑛𝑟
 

Changes in temperature cause concurrent changes in viscosity, and both parameters 

affect knr in equation 4.  On the other hand, we can study the isothermal behavior of  with 

viscosity by studying PEG-BODIPY in water-glycerol mixtures (Figure 3.6a). As expected, 

the PEG-BODIPY lifetime increases with viscosity up to 14.6 cP, with saturation in lifetime 

being reached at ca. 41.1 cP and further. The dependence of lifetime on viscosity can be 

evaluated by determining the parameter  in equation 4 from the slope of a log-log plot of 
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Figure 3.6b, which is 0.28 for the viscosity dependent region (from 0.94 – 14.6 cP), and 

virtually zero above 41.1 cP. Interestingly, similar observations have been made for the 

orientational correlation times of different dyes in water-glycerol mixtures.104 This is explained 

as a change in the boundary conditions from a stick to a slip boundary at high viscosities, which 

leads to the formation of cavities.104,105 At high viscosities, the cavity achieves a limiting 

rigidity that does not change with further changes in viscosities, and thus the lifetime becomes 

independent of viscosity. Furthermore, it is expected that the rotational friction coefficient (on 

a partial slip boundary condition) also displays a saturation effect with viscosity.102  Since we 

know  and the dependence of viscosity of water with temperature by using Korson et al. 

equation:106 

 

Equation 3.6 

𝑙𝑜𝑔
𝜂𝑡
𝜂20

=
𝐴(20 − 𝑇) − 𝐵(𝑇 − 20)2

𝑇 + 𝐶
 

where T is the temperature in Celcius, A = 1.1709, B = 0.001827, C = 89.20 and 20 = 

1.0020, we fit the data in Figure 3.3d to an expression from the combination of Equation 3.4, 

Equation 3.5, and Equation 3.6: 

Equation 3.7 

𝜏 =

(

 𝑘𝑟 +
𝑣

(𝜂2010
𝐴(20−𝑇)−𝐵(𝑇−20)2

𝑇+𝐶 )
𝛼 𝑒

− 
𝐸𝑎

𝑅(𝑇+273)

)

 

−1
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resulting in a value of the internal barrier for rotation of 14 kJ/mol (see line in Figure 3.3d). 

The good fit of Equation 3.7 to the data in Figure 3.3d indicates that the shape of lifetime vs 

temperature curve in the low-viscosity regime is modulated by both changes in temperature 

and viscosity as dictated by the Equation 3.4.  

Given the dependence of the PEG-BODIPY lifetime with viscosity, we decided to 

examine the dependence of lifetime with temperature at different viscosity values (in water-

glycerol mixtures) and the results are shown in Figure 3.7 and Figure 3.8. Two things are 

evident from Figure 3.7: first as previously noted in Figure 3.6, lifetime is essentially 

independent of viscosity at values larger than 41.1 cP. Second, the graphs of temperature vs 

viscosity are curved downward in contrast with the behavior of the probe in pure water.  While 

we don’t completely understand this discrepancy, it is likely that other factors come into play 

at high viscosities that affect the excited state potential energy surface and then the dependence 

of the excited state relaxation to the ground state with increasing temperature. For example, it 

has been proposed that at high viscosities internal conversion mechanisms play an important 

role in the excited state deactivation.107,108 Thus, further theoretical research on the behavior 

of molecular rotors at high viscosity environments would be beneficial. 
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Figure 3.6. (a) Isothermal plot of lifetime as a function viscosity in water-glycerol 

mixtures at 22 °C. (b) Log-log plot of the region from 0.96 – 14.6 cP in Figure 3a. The 

slope of the graph represents the value of  in equation 4 and is 0.28. 

 

Figure 3.7. Lifetime of PEG-BODIPY in water-glycerol mixtures at different 

temperatures. The water-glycerol mixture viscosities at different temperatures are 

plotted in one of the axes as obtained by Cheng.108,109 
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Figure 3.8. Lifetime of PEG-BODIPY at various temperatures in several mixtures of 

water and glycerol. λex 444 nm, λem 515 nm. A) The response to temperature is very 

similar for water-glycerol mixtures with viscosities larger than 100, with the exception 

of PEG-BODIPY in 100% water, 43:57, and 23:77 water:glycerol mixtures. The 

temperature dependence PEG-BODIPY lifetime at low viscosities (such as 100% water) 

can be explained by equation 4. The temperature dependence of PEG-BODIPY lifetime 

at high viscosities is similar for all viscosities studied with the exception of the 43:57 

and 23:77 water:glycerol mixture curves which are the lowest glycerol ratios used. This 

is due to the decrease in viscosity with temperature, which at 55 C is about 12 cP for 

the 23:77 mixture and therefore, at a viscosity range where lifetime becomes again 

dependent on viscosity. In other words, at the beginning of the experiment, when the 

viscosity is high (50 cP at 25 C) the lifetime is independent of viscosity, however when 

the temperature increases, the viscosity changes to a point where the lifetime again 

becomes viscosity dependent. At mixtures with higher percentage of glycerol (> 100 cP 

at 25 C), the viscosity is high enough (even at high temperatures) that the lifetime 

remains virtually independent of viscosity throughout most of the experiment with 

some small deviations observable at 55 C.  B) The same data is presented as lifetime v. 

viscosity and it is evident that after a certain viscosity the lifetime for a given 

temperature is unchanged. 

The reliable lifetime response of PEG-BODIPY to temperature changes and its 

independence at high viscosities indicates it could be used as a molecular thermometer, 

particularly for microscopic applications such as determination of cellular temperature. To 

these means, we first studied the toxicity of PEG-BODIPY in cancerous (Panc-1) and non-

malignant (HPNE) cell lines. The dosing time was first determined for each cell line based on 
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fluorescence intensity per cell after incubation with 200 M PEG-BODIPY in growth media 

(2h optimum). Both cells can uptake the dye, and viability was studied by an annexin 

V/propidium iodide apoptosis assay (Figure 3.9) with raw data reported in (Tables 3.1 and 3.2 

and Figures 3.10 and 3.11). HPNE cells maintained a 95% viability after being exposed to 

PEG-BODIPY for 24 h at a 500 µM (Figure 3.9a) concentration with viability reducing to 90% 

after 48h (not particularly different from control cells: 93%) (Figure 3.9c). The Panc-1 cell line 

had a 93% viability at 24 h with a concentration of 200 µM (Figure 3.9b), but at 48 h that 

dropped considerably to 84% viability (Figure 3.9d). Staining was kept to 100 µM for the rest 

of the experiments because the Panc-1 cell line maintained a 92% viability after 48 h. 

 

Figure 3.9. Viability data from FACS Annexin V/PI assay of HPNE and Panc-1 at 24 and 

48 h after incubation. The blue lines show the percentage of cells that fully retained the 

PEG-BODIPY dye at time of assay. Positive controls were killed by heat shock and had 

1.1-6.6 % viability.  
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Table 3.1. PI/Annexin V FACS assay of PEG-BODIPY in HPNE cells at 24 and 48 h. 

 PEGBODIPY Early apop. Late apop. Live Necrotic 

 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 

0 µM 0.0 0.0 1.1 1.4 0.5 0.5 96.1 93.1 2.3 4.9 

10 µM 0.3 0.2 1.9 1.3 0.3 0.6 97.1 96.2 0.7 1.9 

50 µM 58.4 71.7 3.0 1.5 0.7 0.8 92.3 95.8 4.0 1.9 

100 µM 99.7 99.7 2.2 1.0 0.5 1.0 94.1 94.4 3.2 3.7 

200 µM 100.0 100.0 1.3 0.9 0.7 1.2 95.2 94.9 2.9 3.0 

300 µM 100.0 100.0 1.1 1.4 1.2 1.6 96.1 94.6 1.6 2.5 

500 µM 100.0 100.0 1.0 2.5 1.2 2.5 95.3 90.3 2.5 4.7 

heat shock 0.0 0.0 4.4 5.7 89.3 90.0 1.7 2.4 4.6 1.8 

 

Figure 3.10. HPNE flow cytometry cells stained with PEG-BODIPY are marked in green. 

X-axis shows propidium iodide fluorescence and y-axis shows annexin V/AF647 

fluorescence. 
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Table 3.2. PI/Annexin V FACS assay of PEG-BODIPY in Panc-1 cells at 24 and 48 h. 

 PEGBODIPY Early apop. Late apop. Live Necrotic 

 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 

0 µM 0.0 0.0 1.7 2.8 1.0 1.3 96.8 95.2 0.5 0.6 

10 µM 0.2 0.1 2.1 2.8 1.0 1.2 96.1 95.4 0.8 0.6 

50 µM 53.4 15.7 2.5 6.7 1.2 1.5 95.1 91.4 1.2 0.5 

100 µM 98.9 78.9 3.0 5.2 1.5 1.5 94.8 92.4 0.7 0.9 

200 µM 99.7 97.9 4.2 10.2 1.7 3.3 93.2 84.4 0.8 2.1 

300 µM 99.7 99.0 8.0 21.4 2.4 2.7 88.7 75.7 0.9 0.1 

500 µM 99.9 99.4 11.5 4.9 4.2 7.4 83.4 46.1 0.9 0.7 

heat shock 0.7 0.0 2.3 3.6 85.1 36.1 1.1 6.6 11.5 53.8 

 

Figure 3.11. Panc-1 flow cytometry. Cells stained with PEG-BODIPY are marked in 

green. X-axis shows propidium iodide fluorescence and y-axis shows annexin V/AF647 

fluorescence.   
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We also studied the localization of PEG-BODIPY within cells. We stained cells with 

PEG-BODIPY, and either MitoTracker Orange, LysoTracker DR 99, ERTracker BODIPY-

TR, or Phalloidin AF 555 and mounted slides with ProLong Antifade Gold with DAPI. 

Colocalization measurements were done using the Costes threshold, all values reported above 

the calculated threshold.  In both cell lines there is punctation of the dye; however, the two cell 

lines show opposite colocalization with PEG-BODIPY. Panc-1 cells show high correlation 

with LysoTracker and moderate correlation with MitoTracker and ERTracker but no 

correlation with Phalloidin (actin filaments) (Figure 3.12). On the other hand, HPNE cells 

show moderate correlation with ERTracker and no correlation with LysoTracker, MitoTraker, 

or Phalloidin (Figure 3.13). We do note there is difference in the PEG-BODIPY localization 

in cells treated with Phalloidin than in the other tests. This is due to the procedure required for 

Phalloidin staining; cells must be permeabilized which undoubtedly leads to leaching of the 

PEG-BODIPY from the cells. From these studies we conclude that the PEG-BODIPY dye is 

either encapsulated within lysosomes or the membranes of mitochondria and the endoplasmic 

reticulum depending on the kind of cell, but there is still some non-specific binding throughout 

the cells (probably non-specific binding to membranes). However, it is never seen localizing 

in the nucleus of live cells. Nuclear exclusion is common for BODIPY derivatives, even for 

those modified with a nuclear targeting moiety.110 
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Figure 3.12. Colocalization of PEG-BODIPY in Panc-1 cells. (Scale bar 50 µm). 
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Figure 3.13. Colocalization of PEG-BODIPY in HPNE cells. (Scale bar 50 µm). 

Fluorescence lifetime imaging microscopy (FLIM) of cells stained with PEG-BODIPY 

was performed using a Nikon A1 microscope with PicoQuant TC-SPC attachment. In contrast 

with experiments in aqueous solution and cell extract, the decay curves did not fit a single 

exponential decay law. The FLIM experiments showed biexponential lifetimes, which is 

expected since PEG-BODIPY can be found in different environments throughout the cell. To 

measure lifetime at different temperatures, a heated stage temperature controller was used. 

While both cell lines show a decrease in lifetime with temperature the initial values for 
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different cell lines differ slightly. This is again expected given that cell types have varied 

microenvironments, e.g. different polarities (Figure 3.14) and biomolecules present. It was also 

noted that one of the deconvoluted components was longer than what was reported for PEG-

BODIPY in water.  We believe that the multiexponential lifetime is due to the non-covalent 

binding of PEG-BODIPY to proteins and different membranes. This will increase the relative 

rigidity of the environment around PEG-BODIPY displaying an increased lifetime. The short 

component lifetime (which is also the component of lowest abundance) is consistent with a 

low viscosity environment, although it is also possible that it is due to PEG-BODIPY being 

quenched in certain compartments of the cell or by certain amino acids in proteins. While it 

would be reasonable to think that the decay is a combination of multiple exponential decays, a 

biexponential fit is enough to fit the data.  

The exposure of the dye to different environments would explain the different lifetimes 

(Figure 3.14). To assess the interaction of PEG-BODIPY with proteins, it was dissolved in 

growth media containing fetal bovine serum, and the lifetime was measured at various 

temperatures. The PEG-BODIPY interacts with many proteins in the serum and gives a 

biexponential decay and a broadening of the emission spectra, which is consistent with the 

FLIM data (Figure 3.15). Furthermore, BODIPY dyes are known to aggregate so we measured 

the lifetime of PEG-BODIPY in water at high concentration to ensure the bi-exponential 

character was not coming from aggregates (Figure 3.16). Figure 3.17a shows FLIM images 

of the long lifetime component of an HPNE cell. The lifetime dependence with temperature 

can be fit to a quadratic function, which allows the determination of the temperature resolution 

for each point. As can be seen in Figure 3.17c, the resolution increases with temperature (down 
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to 0.17 °C), allowing an accurate temperature determination. Similar results were obtained for 

Panc-1 cells (Figure 3.18). The fitting data for HPNE and Panc-1 cells at different 

temperatures is presented in Tables 3.4 and 3.5.   

 

Figure 3.14. A) The lifetime of PEG-BODIPY (20 μM) in different polarity solvents shows 

that, although the trend with temperature is the same, as polarity increases lifetime 

decreases. B) The lifetime of PEG-BODIPY (20 μM) in aqueous SDS (8.5 mM) v. 

temperature. The lifetime is increased in the hydrophobic micelles of SDS compared to 

water. 

 

Figure 3.15.  A) Emission spectra of PEG-BODIPY in water and DMEM growth media (λex 

444 nm). B) Lifetime (τ2) v. temperature of PEG-BODIPY in DMEM. Curve fit: y = 5.19 + 

0.017T – 0.00039T2. R2 = 0.994. 
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Table 3.3. Fitting parameters for data shown in Fig S10b. 𝒚 =  𝑨𝟏𝒆
−𝒕 𝝉𝟏⁄ + 𝑨𝟐𝒆

−𝒕 𝝉𝟐⁄ + 𝒚𝟎 

Temp. 

(°C) 

τ1 (ns) % τ2 (ns) % τavg χ2 

25.0 1.56 17 5.36 83 4.70 1.17 

27.0 1.48 18 5.35 82 4.66 1.10 

29.0 1.39 19 5.34 81 4.58 1.36 

31.9 1.29 19 5.32 81 4.55 1.09 

33.0 1.35 21 5.32 79 4.50 1.27 

35.1 1.31 21 5.30 79 4.48 1.11 

37.2 1.29 21 5.28 79 4.43 1.10 

39.0 1.33 23 5.26 78 4.40 1.17 

41.0 1.30 24 5.22 76 4.27 1.26 

43.1 1.29 25 5.17 75 4.21 1.12 

45.0 1.27 26 5.14 74 4.15 1.07 

47.0 1.28 27 5.12 73 4.07 1.00 

49.0 1.25 28 5.05 72 3.98 1.02 

50.9 1.22 29 5.02 71 3.92 1.08 

52.8 1.21 30 5.00 70 3.86 1.11 

54.9 1.19 31 4.94 69 3.77 0.96 
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Figure 3.16. Lifetime is not changed at high concentrations and remains 

monoexponential. The biexponential lifetimes seen in growth media are not from PEG-

BODIPY aggregation alone. 

It is important to note that the quadratic (downward) dependence of lifetime with 

temperature in cells is in contrast with the behavior observed in water and buffer solution. 

Nonetheless, the dependence of lifetime with temperature of PEG-BODIPY in growth media 

also displays a quadratic downward behavior that is consistent with the FLIM images (Figure 

3.15b). More importantly, this behavior mimics in shape and range of change in lifetime of the 

observations in high viscosity water-glycerol mixtures (Figure 3.7 and Figure 3.8). This is of 

importance given that we have shown PEG-BODIPY displays lifetime independence of 

viscosity at high viscosity values, as should be expected when attached to a variety of 

biomolecules, lipids, membranes, and proteins in cells. While we expect the viscosity inside 

the cell changes with temperature, we don't expect it to become lower than 41.1 cP, which is 

the limit at which the lifetime of the PEG-BODIPY dye starts reacting to viscosity again. 

Therefore, it can be concluded that the particular dependence of the PEG-BODIPY lifetime in 
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cells is due to temperature and independent of changes in viscosity due to its interactions with 

viscous cellular components as seen in Figure 3.7 and Figure 3.17. This observation also has 

implications in understanding the fate of dyes that are internalized in cells and their potential 

binding to proteins and membranes. 
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Figure 3.17. (a) FLIM images of an HPNE cell stained with PEG-BODIPY false colored 

with scale 4.6 ns (blue) to 5.2 ns (red). Scale bar 40 µm. (b) Lifetime decays of the cell. 

(c) Plot of the long lifetime component vs temperature showing a quadratic 

dependence with temperature (red curve). Quadratic fit: τ = 5.23 – 0.009T – 0.00041T2. 

R2 = 0.999. Black curve represents the experimental resolution in degrees (right axis). 

 

Table 3.4. Fitting parameters for HPNE FLIM data. 𝒚 = 𝑨𝟏𝒆
−𝒕 𝝉𝟏⁄ + 𝑨𝟐𝒆

−𝒕 𝝉𝟐⁄ + 𝒚𝟎 

Temp. (°C) τ1, ns (std. dev.) % τ2, ns (std. dev.)  % τavg, ns χ2 

25 5.202 (0.008) 81 1.96 (0.01) 19 4.59 1.190 

30 5.134 (0.008) 79 1.94 (0.01) 21 4.46 1.036 

35 5.055 (0.008) 78 1.90 (0.01) 22 4.36 1.160 

40 4.935 (0.007) 77 1.82 (0.01) 23 4.22 1.116 

45 4.817 (0.007) 75 1.77 (0.01) 25 4.06 1.112 

50 4.660 (0.006) 73 1.686 (0.008) 27 3.857 1.207 

55 4.498 (0.005) 69 1.579 (0.006) 31 3.593 1.303 
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Figure 3.18. Panc-1 FLIM studies. (a) FLIM images of Panc-1 cells false colored with 

scale 4.2 ns (blue) to 5.2 ns (red). (b) Lifetime decays of the long component (τ1). (c) 

Quadratic fit of lifetime vs. temperature of τ1 25-55 °C. τ = 5.26 + 0.0097T – 0.00034T2. 

R2 = 0.999. 

 

Table 3.5. Fitting parameters for Panc-1 FLIM data. 𝒚 =  𝑨𝟏𝒆
−𝒕 𝝉𝟏⁄ + 𝑨𝟐𝒆

−𝒕 𝝉𝟐⁄ + 𝒚𝟎 

Temp. (°C) τ1, ns (std. dev.) % τ2, ns (std. dev.)  % τavg, ns χ2 

25 5.295 (0.004) 84 1.939 (0.006) 16 4.758 1.661 

30 5.249 (0.004) 84 1.935 (0.007) 16 4.719 1.520 

35 5.186 (0.004) 84 1.922 (0.006) 16 4.664 1.576 

40 5.108 (0.003) 83 1.902 (0.006) 17 4.563 1.726 

45 5.015 (0.004) 82 1.878 (0.006) 18 4.450 1.585 

50 4.906 (0.003) 81 1.836 (0.005) 19 4.323 1.635 

55 4.770 (0.003) 79 1.761 (0.005) 21 4.138 1.624 
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3.5. Conclusions 

In conclusion we have synthesized a modular BODIPY probe that can sense 

temperature through changes in the nonradiative decay rate constant. The steric hindrance of 

the 1,7-methyl groups blocks the rotation of the 8-phenyl group, which increases the lifetime 

and the quantum yield of PEG-BODIPY and cancels its sensitivity to viscosity at large 

viscosity values. The temperature response measured with lifetime, steady state, and quantum 

yield are consistent with accepted mechanisms for molecular rotors. We show reproducible 

lifetime measurements upon heating and cooling and only slight variations with pH, or ionic 

strength. PEG-BODIPY is readily water soluble, incorporated by cells, and non-toxic at high 

concentrations (100 µM). Although there is no nuclear uptake of PEG-BODIPY, there is 

diffuse staining in the cytosol and the ER in multiple cell lines. FLIM images of HPNE cells 

stained with PEG-BODIPY show biexponential decays that decrease with temperature. We 

show live cell imaging results that are consistent with the bulk solution experiments, although 

the dependence of the fluorescence lifetime with temperature is different than in aqueous 

solution.  This is likely due to the interaction of PEG-BODIPY with membranes and 

biomolecules as demonstrated by experiments using growth media with serum. PEG-BODIPY 

is a fully functional live cell fluorescent nano-thermometer that can be used across multiple 

cell lines; however, it is recommended that for every new cell line used, a calibration curve be 

made. PEG-BODIPY could be used in studying heat shock response, metabolism, and 

hyperthermia therapies. While PEG-BODIPY has a PEG chain that makes it water soluble, this 

could be modified to target a specific organelle or cell line. The versatility of the copper click 

reaction would allow the BODIPY compound to be tagged to a specific protein and probe 
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specific cells or areas within a cell. In addition, we noticed that while PEG-BODIPY is not as 

sensitive to viscosity (at high viscosity values) as other BODIPY probes, it is still affected by 

its microenvironment. Nanoencapsulation of PEG-BODIPY would allow it to sense 

temperature without being affected by changes in cellular environment or it binding to cellular 

components such as proteins. Current work is focusing on isolating BODIPY derivatives from 

the cellular matrix to achieve a more uniform thermal response in all cells. 
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Chapter 4 

Singular Wavelength Dependence on 

the Sensitization of Lanthanides by 

Graphene Quantum Dots 

Meredith M. Ogle, Andrew Metzger, Chong Wang, Jiming Bao, James M. Tour, and Angel A. 

Martí 

Note: This chapter was copied in total from a paper that I authored. Reprinted with 

permission from reference 111. Copyright 2018 Royal Chemical Society.111 

4.1. Abstract 

In this manuscript, we study the sensitization of the Tb3+ ion by the excited state 

of GQD.  We found that Tb3+ cations can bind to GQD and display photoluminescence. 

Excitation dependent experiments show that the Tb3+ emission is stronger at shorter 

excitation wavelength, which is likely to pseudo-isolated small aromatic moieties 

produced during the synthesis of the GQD.  
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4.2. Introduction 

Graphene quantum dots (GQDs) are nanoparticles which are structurally similar 

to small graphene nanoflakes. Similar to inorganic quantum dots, GQDs exhibit bright 

fluorescence upon light irradiation where their emission wavelength shows an 

hypsochromic shift with decreasing particle size. Our group has previously reported a 

synthesis of GQDs from coal, making this material water soluble and affordable for mass 

production.112 These GQDs do not show a shift in emission with change in excitation, 

which is common in many carbon dot preparations containing a wide variety of different 

particles sizes.113,114 The top down synthesis leads to some heterogeneity within each 

sample and therefore wide absorption and emission bands are obtained. Sorting of GQDs 

by size results in fractions with different emission wavelengths that are characteristic of 

their size. This property makes GQDs suitable candidates for antennae in solar cells, 

bioimaging and sensing applications.115  

Rare earth elements are revealed for their distinct photophysical properties. Spin 

forbidden f-f* excitations have low extinction coefficient and long phosphorescence 

lifetimes.116 Because the f orbitals are shielded and they interact very little with ligands, 

their spectral bands are very sharp (10 nm wide).116 These traits lead to their use in solid 

state lasers117 and as imaging agents.118 Terbium(III) (Tb3+), frequently doped into the 

YAG crystal, has an 5D4 excited state which decays down to the 7F ground state with 

strongest emissions at ca. 489 nm, 544 nm, 584 nm, and 621 nm.116,119,120 Tb3+ salts have 
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low extinction coefficients and require ligands with accessible triplet states to sensitize 

their emission,119 although singlet sensitization has been claimed in certain cases.119,121 

In this manuscript, we will explore the sensitization of the rare earth Tb3+ cation 

by GQDs. There have been reports of indium oxide quantum dots sensitizing 

europium(III)122; however, to our knowledge this is the first report of GQDs being used 

to sensitize rare earth cations. Blue-GQDs (bGQDs) were obtained from liberating coal 

nanodomains naturally present in coal using chemical oxidation, and they can contain a 

variety of functional group on their surface such as carboxylic acids, sulfates, nitrates, 

and hydroxyl groups, which can potentially bind lanthanide cations. We expect GQDs to 

have a dual function: (1) act as polydentate ligands binding the lanthanide cations and 

(2) transfer energy to the lanthanide excited states resulting in long-lived lanthanide 

photoluminescence.  

4.3. Experimental 

Materials were purchased and used without further purification. Anthracite coal 

was purchased from Fisher-Scientific. Sulfuric Acid (98%) and nitric acid (70%) were 

purchased from Sigma Aldrich. Terbium chloride hexahydrate, 

ethylenediaminetetraacetic acid, sodium hydroxide, and sodium borohydride were 

purchased from Sigma Aldrich. A Krosflo MidiKros was used to filter GDQs by size and all 

spectral samples were purged with nitrogen for 20 min unless otherwise noted. UV-Vis 

spectra were taken on a Shimadzu UV-2450 spectrophotometer. Steady state excitation 
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and emission spectra were taken on a Horiba Jobin Yvon NanoLog spectrophotometer. 

All time resolved emission spectra and decays were taken on an Edinburgh Instruments 

OB 920 using either a 920H microsecond flash lamp or an EPL375 picosecond pulsed 

diode laser. 

4.3.1. Blue shifted GQD 

Graphene quantum dots were synthesized similar to the method previously 

published.1 Anthracite coal (2 g) was dispersed in concentrated sulfuric acid (60 mL). 

Nitric acid (70%, 20 mL) was slowly added to the dispersion. The mixture was heated to 

100 °C and allowed to react for 24 h. After cooling to room temperature, the reaction 

mixture was quenched with NaOH. After filtration through a 0.2 µm mPES membrane, the 

resulting solution was subjected to cross-flow filtration through 1 and 3 kDa membranes, 

collecting the fraction retained by the 1 kDa membrane and that passes through 3 kDa. 

GQDs were isolated via rotary evaporation of the solvent. A 1 mg/mL solution of GQDs 

(20 mL) in 0.5 M NaOH was added to a Teflon-lined stainless-steel autoclave and was 

heated to 200 °C for 24 h. After cooling to room temperature, sodium borohydride was 

added, and the solution was stirred for 8 h at room temperature. Following dialysis (1 

kDa membrane), blue-shifted GQDs were obtained after rotary evaporation. 

4.3.2. Red shifted GQD 

Graphene quantum dots were synthesized similar to the method previously 

published.1 Anthracite coal (2 g) was dispersed in concentrated sulfuric acid (60 mL). 
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Nitric acid (70%, 20 mL) was slowly added to the dispersion. The mixture was heated to 

100 °C and allowed to react for 24 h. After cooling to room temperature, the reaction 

mixture was quenched with NaOH. After filtration through a 0.2 µm mPES membrane, the 

resulting solution was subjected to cross-flow filtration against a 70 kDa membrane. The 

redder-emitting GQDs were isolated via rotary evaporation from the fraction retained by 

the 70 kDa membrane. 

4.3.3. Spectroscopic characterization 

To measure the sensitization of Tb3+, nine solutions of bGQDs (5 μg/mL) in water 

were made with increasing amounts of TbCl3 (0-50 μM). Solutions were purged with 

nitrogen, then emission spectra measured using the same instrument parameters. The 

spectra were processed using OriginPro 8.5. The broad emission from the GQD was 

marked as a baseline and the Tb3+ peak centered at 545 nm was integrated. This peak 

was used because it was visible at all concentrations other than 0 μM Tb3+. The peak area 

was then plotted verses concentration of TbCl3 to determine the optimal concentration. 

The average lifetime was calculated from the multiexponential decay using the 

following equations given a tri-exponential fit.  

Equation 4.1 

𝑦 = 𝑦0 + 𝐴1𝑒
(−𝑥 𝜏1)⁄ + 𝐴2𝑒

(−𝑥 𝜏2)⁄ + 𝐴3𝑒
(−𝑥 𝜏3)⁄  
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Equation 4.2 

𝑃𝑛 = 𝜏𝑛 ∗ (
𝜏n𝐴n

𝜏1𝐴1 + 𝜏2𝐴2 + 𝜏3𝐴3
) 

Equation 4.3 

𝜏𝑎𝑣𝑔 = 𝜏1𝑃1 ∗ 𝜏2𝑃2 ∗ 𝜏3𝑃3 

The quantum yield (QY) of bGQD was measured using nitrogen purged 

[Re(bpy)(py)(CO)3]+ aqueous solutions as a reference; given that the QY of 

[Re(bpy)(py)(CO)3]+ is 0.015, bGQD was found to have a quantum yield of 0.094 following 

equation. 

Equation 4.4 

𝛷 = 𝛷𝑅(
𝐼𝑛𝑡

𝐼𝑛𝑡𝑅
)(
𝜂2

𝜂𝑅
2) 

This was also used to measure the quantum yield of Tb@bGQD, rGQD, and 

Tb@rGQD. For Tb@bGQD and Tb@rGQD, emission spectra were processed with 

OriginPro 8.5. The total area was integrated, then the broad GQD emission was marked 

as a baseline and the area of the four Tb3+ peaks were integrated and used for ΦTb. The 

area of Tb3+ was then subtracted from the total area and the result was used to determine 

ΦGQD. Once the quantum yield was determined at 250 nm it could be used to determine 

the QY over all excitation wavelengths. The ratio of PL area /Abs of the 3D spectra was 
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determined at 250 nm, then that coefficient was applied to the PL area /Abs ratio at each 

excitation wavelength.  

Singlet oxygen was detected using a single grating spectrometer equipped with a 

liquid-N2 cooled InGaAs array detector. Samples were prepared in D2O so that they had 

an absorption of 0.2 at 365 nm. The phenalenone standard and one bGQD sample were 

purged with oxygen for 15 min and sealed with parafilm, the other bGQD sample was 

purged with nitrogen. Samples were excited at 365 nm and spectra were measured 1210 

– 1325 nm. 

4.4. Results 

The excitation and emission photoluminescence spectrum of bGQDs is presented 

in Figure 4.1a. As is typical for bGQDs, the emission spectrum shows a broad peak with a 

maximum of ~435 nm. Addition of different concentrations of TbCl3 to bGQDs led to the 

appearance of new peaks in the photoluminescence spectrum that are consistent with 

the 5D → 7F emission bands of Tb3+ at ca. 489, 544, 584 and 621 nm (Figure 4.1b). These 

conjugates of bGQDs and Tb3+ were called Tb@bGQDs. The initial excitation wavelength 

was chosen at 330 nm, which is far from the weak absorption peak of Tb3+ in the 

ultraviolet (Figure 4.2). Still, while the Tb3+ cation shows a shoulder from 230-300 nm 

(Figure 4.2) it only shows low intensity emission unless coordinated to a photosensitizer 

ligand. Plotting the area corresponding to Tb3+ photoluminescence as a function of Tb3+ 

concentration shows that maximum photoluminescence is obtained at ~3 M Tb3+, 
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(although concentrations from 1 to 10 M still yield quite acceptable 

photoluminescence) with a decrease in photoluminescence with increasing Tb3+ 

concentration (Figure 4.1c). This decrease could be due to self- quenching upon binding 

of multiple Tb3+ to a single GQD. A similar behavior has been observed for Tb3+ 

incorporated in poly(vinyl pyrrolidone) and have been attributed to microscopic Tb3+ 

aggregates where efficient intermolecular energy transfer occurs leading to 

quenching.123  Control experiments with the same concentrations of Tb3+ in water as in 

Figure 1b led to no noticeable photoluminescence (Figure 4.1d), which confirms that 

bGQDs are photosensitizing the Tb3+ 5D excited state.  

 

Figure 4.1 (a) Absorption (black), excitation (solid blue) and emission (dashed blue) 

spectra of bGQDs (5 μg/mL) in water excited at 330 nm. (b) Emission spectra of TbCl3 

titration into aqueous solution of bGQDs. (c) Plot of emission intensity recorded at 545 

nm from (b) the TbCl3 titration. (d) Photoluminescence of TbCl3 at varying 

concentrations in water excited at 330 nm. 
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Figure 4.2. Absorption (black), excitation (blue solid) and emission (blue dashed) 

spectra of TbCl3 excited at (a) 280 nm and (b) 330 nm. 

To probe whether this photosensitization is due to an intra or intermolecular 

energy transfer process, we added ethylenediaminetetraacetic acid (EDTA) to 

Tb@bGQDs (Figure 4.3). EDTA is a strong chelating agent and is expected to bind more 

strongly to Tb3+ than bGQDs, stripping the lanthanide cation from the surface of the 

bGQDs. Addition of EDTA to Tb@bGQDs causes an immediate disappearance of the Tb3+ 

photoluminescence, and the complete recovery of the bGQDs photoluminescence (Figure 

4.3), which proves that binding of Tb3+ to bGQDs is a requirement for photosensitization 

to take place, and thus the sensitization reaction is intramolecular. Moreover, we 

observed that the photoluminescence of the bGQDs decreases with increasing Tb3+ 

concentration (Figure 4.1b). This is likely related to quenching of bGQDs by the heavy 

paramagnetic Tb3+ cation by promoting intersystem crossing to the triplet state. A similar 

behavior is observed when bGQDs are titrated with Gd3+ (Figure 4.4), which is a 

paramagnetic rare earth with a similar size to Tb3+, but that does not have low-lying 

energy levels (below 32,000 cm-1) that can be sensitized by bGQDs.124Sensitization of 

Tb3+, commonly occurs from the population of a triplet state of the photosensitizer, 
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following by energy transfer to the 5D4 excited state level of Tb3+ (at 20,400 cm-1). 

Nonetheless, some reports have stated that, in certain cases, the singlet excited state of 

the sensitizer has a big role in the population of Tb3+ excited states.125 Steady-state 

photoluminescence experiments in air and with samples purged with nitrogen were 

performed. Samples of Tb@bGQDs purged with nitrogen present almost twice the 

photoluminescence from Tb3+ than samples in air (Figure 4.5). The photosensitization 

dependence with oxygen is consistent with triplet states in bGQDs close in energy with 

the 5D energy levels in of the Tb3+ allowing energy back transfer. The triplet state 

repopulation makes it susceptible to quenching by molecular oxygen, causing a decrease 

in the Tb3+ emission.  

 
Figure 4.3 Sequestering of Tb3+ with two equivalents of EDTA. bGQD (5 μg/mL) was 

purged with nitrogen and excited at 330 nm. To that sample Tb3+ (10 μM) was added, 

purged again. Then equivalents of EDTA were subsequently added with purging and 

measurement taken until the PL spectra of the bGQD was recovered. 
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Figure 4.4 Titration of Gd@bGQD. Quenching of emission intensity is seen with 

increased concentration of GdCl3. Each sample of bGQD (5 μg/mL) and Gd3+ (0-50 μM) 

was purged with nitrogen and excited at 330 nm. 

 

Figure 4.5 Photoluminescence bGQD and Tb@bGQD (a) purged with nitrogen and (b) 

open to air. [Tb3+] = 10 μM and [bGQD] = 5 μg/mL. Excited at 330 nm. 

The excited state lifetime of bGQDs is presented in Table 4.1. The 

photoluminescence lifetime of bGQDs purged with nitrogen at 435 nm is 3.3 ns, which is 

consistent with the decay lifetime from a short-lived singlet-state. Experiments in a 

frozen matrix of ethanol/methanol (77 K) did not show new peaks or shifts, nor the 

appearance of a longer lifetime component. Nonetheless, the phosphorescence of triplet 

excited states is generally difficult to see even at 77 K, since the long-lived lifetime 

competes with non-radiative deactivation pathways. Furthermore, these triplet state 
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could be dark states and invisible to fluorescence techniques. To evaluate the existence 

of triplet states in bGQDs, NIR photoluminescence experiments were preformed to test 

for the presence of singlet oxygen. Triplet molecular oxygen can be converted into singlet 

molecular oxygen by energy transfer from a triplet photosensitizer. The 

phosphorescence spectrum for singlet oxygen was clearly observed at 1273 nm for bGQD 

and the known 1O2 photosensitizer phenalenone, indicating that most likely triplet states 

are generated by the photoexcitation of bGQDs (Figure 4.6a and b). Notice that no 

emission at 1273 nm is observed in the sample purged with N2 (Figure 4.6c). While this 

proves that triplet states are present in bGQD, this does not rule out that singlet states 

have some contribution to the photosensitization of photoluminescence of Tb@bGQDs.  

Table 4.1 Photophysical parameters for bGQD and Tb@bGQD 

Sample Tba GQDa 435 nm
b 545 nm

c 

bGQDs - 0.09 ± 
0.01 

0.54 ± 0.01 ns 
(20%) 

- 

   2.26 ± 0.03 ns 
(56%) 

- 

   8.3 ± 0.2 ns 
(24%) 

- 

   <> = 3.3 ns - 

Tb@bGQDs 0.009 ± 
0.001 

0.024 ± 
0.003 

0.213 ± 0.003 ns (42%) 175 ± 7 μs 
(20 %) 

   1.37 ± 0.02 ns (39%) 640 ± 10 μs 
(80%) 

   7.6 ± 0.1 ns (19%) - 

   <> = 2.0 ns <> = 530 μs 

 



 
119 

 

 

Figure 4.6 Near IR emission spectra showing singlet oxygen generation of (a) 

phenalenone standard, (b) bGQDs purged with oxygen, and (c) the absence in bGQD 

purged with nitrogen. Excited at 365 nm with 800 nm filter. 

Time-resolved emission spectroscopy was used to obtain information about the 

different components in Tb@bGQDs. As stated before, bGQDs have a multicomponent 

short-lived photoluminescence with average lifetime of 3.3 ns (em = 435 nm) in aqueous 

solution and of 2.0 ns in Tb@bGQDs, while Tb3+ (em = 545 nm) in Tb@bGQDs has a two-

component long-lived photoluminescence with an average lifetime of 533 μs. These 

differences in lifetimes are evident when the time resolved emission spectra (TRES) are 

obtained for Tb@bGQDs (Figure 4.7). When the TRES spectra are obtained after 0.15 ms, 

all the background fluorescence from the bGQDs disappears, displaying only the features 

of Tb3+ phosphorescence.  
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Figure 4.7 TRES of Tb@bGQDs excited at 330 nm showing spectra recorded (a) 0-3.6 

ms and (b) 0.15-1.95 ms after excitation. 

The effect of excitation wavelength on the photoluminescence of Tb@bGQDs was 

also analyzed. A 3D plot showing the dependence of the photoluminescence as a function 

of the excitation wavelength for bGQDs, Tb@bGQDs and Tb3+ in water are shown in 

Figure 4.8. All the spectra in the three panels were obtained and plotted with exactly the 

same parameters. It is immediately noticeable that the photoluminescence of bGQDs is 

quenched by the binding of Tb3+. In addition, no appreciable photoluminescence is 

observed for the free Tb3+ cation under the tested experimental conditions. The most 

remarkable observation is that the emission from Tb3+ in the Tb@GQDs sample increases 

at shorter excitation wavelengths. Since we use corrected spectra, knowing the emission 

quantum yields with excitation at 250 nm from Table 4.1 Photophysical parameters for 

bGQD and Tb@bGQD, and correcting for the inefficiency of the lamp at different 

wavelengths, it is possible to calculate the quantum yields as a function of excitation 

(Figure 4.9). The quantum yield seems to be independent of wavelength for bGQDs 

(Figure 4.9a). This is consistent with the Kasha-Vavilov rule: the photoluminescence 

quantum yield is independent of excitation wavelength.126  For Tb@GQDs, two emissions 
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can be studied: the residual photoluminescence from bGQDs and the photoluminescence 

from Tb3+. The quantum yield from the photoluminescence of bGQDs is lower due to the 

presence of Tb3+, however it only shows slight variations with wavelength (Figure 4.9b), 

and in general it just looks similar to Figure 4.9a but with lower quantum yield. On the 

other hand, the photoluminescence from Tb3+ shows a strong wavelength dependence, 

showing a marked increase at shorter excitation wavelengths (Figure 4.9c). This increase 

is approximately an order of magnitude larger with excitation at 250 nm when compared 

with the photoluminescence exciting at 350 nm. 

 

 

Figure 4.8 3D emission spectra of (a) bGQD (10 μg/mL) (b) Tb@bGQD (10 μg/mL and 

6 μM) and (c) TbCl3 (6 μM). 
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Figure 4.9 Quantum yield at varying excitation wavelengths (a) bGQD, (b) the bGQD 

peak from Tb@bGQD, and (c) the Tb3+ peaks from Tb@bGQD. 

Although the reason for this deviation from the Kasha-Vavilov rule is unclear, we 

propose that it is due to small aromatic fragments on the periphery of the GQD core 

(Figure 4.10) that could be directly participating in the photosensitization of Tb3+. The 

GQDs studied here were prepared from a top-down approach by separating graphitic 

nanodomains present in coal using a chemically oxidative process; however, workup 

ensures that small aromatic moieties are not physiosorbed carboxylate carbonaceous 

fragments.127 These GQDs are soluble in water due to a variety of functional groups (e.g. 

hydroxyl, carboxyl, etc.) induced by the oxidation in H2SO4/HNO3 used to liberate the 

GQDs from coal. Carefully controlling the reaction conditions and filtration through 1 and 

3 kD membranes lead to control in the size of the nanodomains, which then influence the 

color of the GQDs.112 It is expected that chemical oxidation creates defects that isolate 

small aromatic moieties that can then act as individual triplet sensitizers (Figure 4.10). 

For example, small aromatic molecules such as 1,2,4,5-benzenetetracarboxylic acid,128 4-

phenylenediacetate,129 p-aminobenzoic acid,130 2,3-dihydroxynaphthalene,131 and 2,6-
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naphthalenedicarboxylic acid132 have been shown to photosensitize Tb3+ 

photoluminescence. Thus, it is possible that GQDs derived from coal are composed by a 

graphene core surrounded by a corona of small aromatic molecules (covalently attached 

to the GQD) capable of photosensitizing the photoluminescence of lanthanide ions such 

as Tb3+.  The presence of small aromatic groups derived from a large graphitic core has 

been observed previously in the synthesis of water-soluble ultra-short single-walled 

carbon nanotubes by strong oxidation process.127 These molecules are spectroscopically 

invisible either because they are weakly fluorescent, or because their fluorescence is 

quenched by the bGQD core by  stacking or some other mechanism. The absorption of 

these simple aromatic molecules increases in the blue part of the spectrum, which is 

consistent with the increased quantum yield of Tb3+ at shorter wavelengths. Binding of 

Tb3+ would promote intersystem crossing into the triplet state of many of these moieties, 

which are capable of photosensitizing Tb3+. 

 
Figure 4.10 Schematic showing sp2 carbon core with oxidative defects. Small organic 

molecule-like moieties on the periphery could partake in binding and sensitizing Tb3+. 
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To further explore the sensitization of Tb3+ by GQDs we used red-shifted GQDs 

(rGQDs), which have an emission maximum of 520 nm (Figure 4.11), and present a 

bathochromic shift of 85 nm from bGQDs. Interestingly, rGQDs also show sensitization of 

Tb3+ (Figure 4.11b) with maximum sensitization at 3 μM (5 μg/mL rGQDs concentration) 

(Figure 4.11c). Tb@rGQDs shows a short-lived rGQDs lifetime corresponding to rGQD as 

well as long lived lifetimes of 553 μs at 545 nm (Table 4.2). Similar to Tb@bGQDs, the 

quantum yield of emission for Tb3+ seems to increase at shorter wavelengths, which can 

be easily observed in the 3D spectrum in Figure 4.12.  Given that rGQD are red shifted, 

which would result in triplet states of lower energy than bGQD, this supports the 

argument that sensitization comes from the corona of aromatic microdomains in both 

bGQDs and rGQDs. 

 

Figure 4.11 (a) Absorption (black), excitation (blue solid) and emission (blue dashed) 

spectra of rGQDs (5 μg/mL) in water excited at 330 nm. (b) Emission spectra of TbCl3 

titration into aqueous solution of rGQDs. (c) Plot of emission intensity recorded at 545 

nm f rom (b) the TbCl3 titration. (d) Photoluminescence of TbCl3 at various 

concentrations in water excited at 330 nm. 
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Table 4.2 Photophysical parameters for rGQD and Tb@rGQD. 

Sample Tb GQD 520 nm 545 nm 

rGQD - 0.018 0.42 ns (15%) - 
 - - 2.01 ns (47%) - 
 - - 6.74 ns (38%) - 
Tb@rGQD 0.00016 0.0075 0.38 ns (22%) 553 μs 

 - - 1.84 ns (45%) - 
 - - 6.97 ns (33%) - 

 

 

Figure 4.12 3D emission spectra of (a) rGQD (10 μg/mL) (b) Tb@rGQD (6 μM and 10 

μg/mL) and (c) TbCl3 (6 μM) purged with nitrogen. 

4.5. Conclusion 

In conclusion, binding of Tb3+ occurs by the coordination of Tb3+ to functional 

groups on the surface of GQDs such as carboxylic acids and leads to a unique emission 

pattern consisting of the superimposition of the sharp long-lived Tb3+ bands over the 

broad short-lived GQD emission. The two emission signals can be separated in the TRES 

using time-resolve spectroscopy due to their very different lifetimes. Quantum yield 

experiments as a function of wavelength indicate that bGQDs apparently does not follow 

the Kasha-Vavilov rule, with higher quantum yields at blue excitation wavelengths. We 
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believe the higher quantum yields at more energetic wavelengths come from small semi-

discrete organic moieties attached to the main graphitic domain of GQDs, which are a 

byproduct of their top-down synthesis. To the best of our knowledge, this represents the 

first example of rare earth photosensitization using GQDs. The unique properties of this 

nanoarchitectures can have important implications in the design of photoluminescent 

sensors, labeling, and as inimitable anti-counterfeit dyes and inks. 
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Chapter 5 

Rhenium doped UiO-67 for 

photooxidation 

Meredith M. Ogle, Erick Flores, and Angel A. Martí 

5.1. Abstract 

Directly coordinating transition metal catalysts to the linkers of stable metal 

organic frameworks (MOFs) is a sleek solution to increasing the longevity of the catalyst 

and simplifying the process of removing trace heavy metals from products.  Work 

towards the development of a [Re(bpydc)(py)(CO)3]+ (bpydc = 4,4’-(2,2’-bipyridine-5,5’-

diyl)dibenzoic acid; py = pyridine) doped UiO-67 MOF (RexMOF) photooxidation catalyst 

is reported. Peak photoluminescent output of the RexMOFs is reached well before 

physical saturation of the complex in the framework. The rhenium catalyst maintains its 
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ability to sensitize singlet oxygen while incorporated in the framework. Current work 

focuses on optimizing the photooxidation reaction conditions. 

5.2. Introduction 

Metal organic frameworks (MOFs) are a class of well-developed scaffolds that self-

assemble into a 3D crystal lattice composed of metal oxide clusters at the vertices and 

organic molecules as linkers often having multiple carboxylic acid functional groups to 

bond the metal clusters together. The shape and pore size of the MOFs can be tuned by 

both the organic linker and the metal cluster, these changes also affect other physical 

properties such as stability133 and band gap.134 MOFs have been developed for gas 

storage,135 chemical sensing,136,137 catalysis,138,139 drug delivery140,141 and many other 

applications. Many have been modified to encapsulate transition metal complexes inside 

the pores as well as incorporating them into the framework for many of these 

applications.137,142–153 

UiO-67 is a Zr6O4(OH)4 based MOF that has 12 biphenyl-4,4’-dicarboxcylic acid 

(bpdc) linkers at each node.154 This forms two sets of pores, large octahedral pores with 

internal diameter of 23 Å, and smaller tetrahedral pores of diameter 11.5 Å.155 The strong 

interconnectedness of the structure makes the UiO-67 MOF more stable, mechanically, 

thermally in comparison with isoreticular MOFs, in both organic and aqueous 

solutions.156,157 These properties make it attractive for development for industrial 

purposes. The bpdc linker can easily be substituted in the synthesis for a bipyridine 
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dicarboxylic acid (bpydc) linker, which then allows for transition metal complexes such 

as [Ru(bpy)3]2+, [Ir(ppy)2(bpy)]+, and [Re(bpy)(CO)3Cl] to be incorporated into the 

framework as antennae or catalysts.158–161 

Rhenium has been used in several MOFs as both the metal cluster136,162,163 and a 

complex bound to the organic linker.164,165 Rhenium containing MOFs have been used as 

chemical sensors and photocatalysts; typically for the reduction of carbon dioxide. Lin et 

al. synthesized 4.2 wt % [Re(bpydc)(CO)3Cl] doped UiO-67.158 This MOF produced 

similar carbon dioxide to carbon monoxide turn over as [Re(bpy)(CO)3Cl] on short 

reaction time but after extended irradiation the MOF out produced the parent Re 

complex.158 The MOF can only reduce CO2 through the proposed unimolecular 

mechanism and cannot undergo the bridged bimolecular pathway that occurs in the free 

complex.158 The MOF finally loss catalytic activity due to Re-carbonyl species leaching out 

into the solution. Lin et al. then showed similar results with an extended framework 

incorporating a 4,4’-(2,2’-bipyridine-5,5’-diyl)dibenzoic acid linker.166 Yaghi et al. also 

incorporated [Re(bpydc)(CO)3Cl] into UiO-67 for CO2 reduction.159 However, they grew 

the MOF on silver nanocubes to use plasmon-enhanced photocatalysis.159 They found 

three [Re(bpydc)(CO)3Cl] per Zr6O4(OH)4 cluster achieved the highest catalytic turnover 

and the Re-MOF on silver nanocube support was a better photocatalyst and was more 

stable long term than the free Re complex.159  

In this work we synthesize a [Re(bpydc)(py)(CO)3]+ doped UiO-67, which is the 

first reported to our knowledge, and characterized its photophysical properties 
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compared to the free [Re(bpydc)(py)(CO)3]+ and the [Re(bpydc)(CO)3Cl] doped MOF. 

[Re(bpydc)(py)(CO)3]+ is a known singlet oxygen sensitizer and has been used in 

photocatalytic oxidation. Herein, we show that the [Re(bpydc)(py)(CO)3]+ doped MOF 

retains its ability to sensitize singlet oxygen and oxidize organic olefins. Future work will 

focus on optimizing photo-oxidation conditions, expanding substrate scope and scaling 

up production of the catalyst doped MOF. 

5.3. Experimental 

5.3.1. General 

All spectral data were collected with solid state 2 wt % samples in barium sulfate 

pressed between quartz slides unless otherwise stated. Diffuse reflectance spectra were 

collected using a Shimadzu UV-2540 spectrometer and transformed using the Kubelka-

Monk equation. Steady-state photoluminescence spectra were taken on a Horiba Jobin 

Yvon FluoroLog excited with a 450 W Xe lamp and time-correlated single photon 

counting (TC-SPC) spectra were measured with an Edinburgh OB 920 excited with a 

pulsed laser diode (peak center 370 nm pulse width 75 ps).  

5.3.2. Synthesis 

[Re(bpydc)(CO)3Cl]: [Re(CO)5Cl] (0.107 g, 0.29 mmol) and 4,4’-(2,2’-bipyridine-

5,5’-diyl)dibenzoic acid (0.086 g, 0.35 mmol) were dissolved in 30 mL of nitrogen purged 

toluene and refluxed for 4 h. Reaction was cooled to room temperature and the orange 



 
131 

 

powder was filtered and crystalized in MeCN/Et2O. Yield 0.116 g, 0.21 mmol, 73%. 1H 

NMR (500 MHz d6-DMSO) ⸹ 9.33 ppm (2H, J = 0.8, 1.8, dd) 8.99 (2H, J = 0.8, 8.5, dd) 8.74 

(2H, J = 1.8, 8.5, dd). 

[Re(bpydc)(py)(CO)3]+·PF6-: [Re(bpydc)(CO)3Cl] (0.116 g, 0.21 mmol) and 

AgNO3 (0.041 g, 0.24 mmol) were dissolved in 20 mL MeCN protected from light and 

refluxed for 8 h. When the reaction was cooled to room temperature, AgCl was filtered 

off and the filtrate was concentrated and [Re(bpydc)(CO)3MeCN]+ was crashed out with 

aqueous KPF6 as a yellow solid and used without further purification. 

[Re(bpydc)(CO)3MeCN]+·PF6- was dissolved in 20 mL dry THF with pyridine (0.03 mL, 

0.4 mmol) and refluxed overnight. THF was removed under vacuum and the yellow 

powder was crystalized in acetone/Et2O. Yield 0.064 g, 0.086 mmol, 41%. 1H NMR (500 

MHz, d6-DMSO) ⸹ 9.49 ppm (2H, s) 8.66 (2H, J = 8.0, d) 8.58 (2H, J = 7.5, d) 8.25 (2H, J = 

5.0, d) 7.97 (1H, J = 8.0, t) 7.46 (2H, J = 7.0, t). 

UiO-67: ZrCl4 (0.0093 g, 0.04 mmol) and acetic acid (0.5 mL) were sonicated in 

10 mL DMF. Biphenyl-5,5’-dicarbocylic acid (bpdc) (0.0097 g, 0.04 mmol) was added and 

sonicated for another 10 min then place in an oven at 110 °C for 10 h. Once cooled to 

room temperature the powder was washed with DMF (2x 1mL) and MeCN (3x 1mL).  

RexMOF: The Re complex was incorporated into the framework during synthesis 

with a similar protocol as above. ZrCl4 (0.0093 g, 0.04 mmol) and acetic acid (0.5 mL) 

were sonicated in 10 mL DMF. Bpdc (0.0093 g, 0.04 mmol) and various amount of 

[Re(bpydc)(py)(CO)3]+ (see Table 5.1) was added and sonicated for another 10 min then 
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place in an oven at 110 °C for 10 h. Once cooled to room temperature the powder was 

washed with DMF (2x 1mL) and MeCN (3x 1mL). 

Table 5.1. Amounts of each reagent in MOF synthesis. 

Sample ZrCl4 BPDC [Re(bpydc)(py)(CO)3]
+ 

UiO-67 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol --- 

Re0.05MOF 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol 1.5 mg, 0.002 mmol 

Re0.1MOF 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol 2.9 mg, 0.004 mmol 

Re0.2MOF 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol 5.9 mg, 0.008 mmol 

Re0.3MOF 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol 8.9 mg, 0.012 mmol 

Re0.5MOF 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol 14.8 mg, 0.02 mmol 

Re0.7MOF 9.3 mg, 0.04 mmol 9. 7 mg, 0.04 mmol 20.7 mg, 0.028 mmol 

 

Rex@MOF: The Re complex was adsorbed into the pores of the full formed MOF 

through passive diffusion. UiO-67 was sonicated in 10 mL DMF for 10 min and 

[Re(bpydc)(py)(CO)3]+ was added in various concentrations and left at room 

temperature for 10 h.  Then powder was washed with DMF (2x 1mL) and MeCN (3x 1mL) 

or until the UV-Vis of the wash was free of Re. 

Singlet Oxygen Sensing: Re0.3MOF (0.57 mg) was dispersed in 3 mL of water 

through sonication. Singlet oxygen sensor green (SOSG) was added to the solution to a 

final concentration of 5 μM. Photoluminescence spectra was taken exciting at 480 nm and 
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measuring emission 500-700 nm through a 490 nm filter (scans took 45s). Then the 

sample was irradiated with the 450 W Xe lamp at 470 nm with slits open to 10 nm and 

PL spectra were taken at different time points. The increase in PL of SOSG with time 

shows the production of singlet oxygen.  

Photo-oxidation: Re0.3MOF (0.56 mg) was dispersed in 2,4,4-timethyl pent-1-ene 

and settled for 30 min. Excess 2,4,4-trimethyl pent-1-ene was removed and the saturated 

Re0.3MOF was irradiated with 470 nm LED for 2 h. The organic products were extracted 

into CDCl3 and NMR was immediately taken. 

5.4. Results 

[Re(bpydc)(py)(CO)3]+ PF6-  and UiO67 were synthesized from modified protocols 

in previously published work.155,167 [Re(bpydc)(py)(CO)3]+ was doped into the UiO67 

framework based on the ratios listed in Table 5.1. MOFs were rinsed with DMF and MeCN 

until the UV of the wash was blank. The UV spectra of the reaction mixture supernatant 

after synthesis was used to determine the concentration of [Re(bpydc)(py)(CO)3]+  that 

was actually incorporated in the framework (Figure 5.1). Saturation was reached at 0.3 

mole equivalents of [Re(bpydc)(py)(CO)3]+ per mole of zirconium. This series of MOF will 

be referred to as RexMOF, x being the mole equivalents in the synthesis. X-ray powder 

diffraction of the MOFs match published structure155,168 and the increased 

[Re(bpydc)(py)(CO)3]+  did not affect crystallinity (Figure 5.2a). The peak at 10.9 degrees 

increases in intensity as [Re(bpydc)(py)(CO)3]+  is doped in; although there is a generally 
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trend, the lack of linearity means the ratio of PXRD peaks cannot be used in a predictive 

manner (Figure 5.2b). 

 

Figure 5.1. The amount of [Re(bpydc)(py)(CO)3]+ incorporated into the MOF compared 

to the amount in the synthesis calculated by UV-Vis of the reaction solvent after the 

MOF was collected. 

 

Figure 5.2. A) Powder XRD of RexMOF UiO-67 at the bottom and Re content increases as 

plots accend. B) Ratio of intesntiy of PXDR peaks at 10.9° and 11.4° plotted v. the mole 

equivalent of [Re(bpydc)py(CO)3]+ in the synthesis of RexMOFs. 
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Spectroscopic studies were measured in the solid state as 2% samples in barium 

sulfate (Figure 5.3a inset). Diffuse reflectance spectra show large UV band of the MOF 

framework and the MLCT band grows in at 400 nm as [Re(bpydc)(py)(CO)3]+  

concentration increases (Figure 5.3a). Fluorescence spectra excited at 320 nm show the 

MOF peak at 400 nm and is quenched rapidly at Re0.1MOF (Figure 5.3b). Spectra excited 

at 450 nm show and increase in intensity of the 640 nm band until Re0.1MOF and then 

slowly decrease in intensity and red shifts 10 nm as [Re(bpydc)(py)(CO)3]+  

concentration increases further (Figure 5.3c). This self-quenching is caused by too many 

[Re(bpydc)(py)(CO)3]+  complexes in the framework, held so close together. The average 

lifetime of the UiO67 MOF is 1.88 ns and this multi-exponential decay is explained by 

different orientations of the MOF. The alignment/stacking of the biphenyl linkers 

changes the electronic resonance of the excited state resulting in multiple lifetimes. 

Similarly, the RexMOFs have multi-exponential lifetimes but there was no trend that 

followed the concentration of [Re(bpydc)(py)(CO)3]+  in the structure. This is an 

indication of static quenching and consistent with exciton migration throughout the 

structure until reaching defect sites that leads to excited state deactivation. The lifetimes 

and fitting are listed in Table 5.2 and show longer lifetimes than the [Re(bpyc)(py)(CO)3]+ 

alone. 
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Figure 5.3. A) Kubelka-Monk transformation of solid state diffuse reflectance (Inset: 

samples in barium sulfate under ambient light and 365 nm light). B) Fluorescence 

spectra of MOF is quenched with increasing Re content (λex 320 nm). C) Direct 

excitation of Re phosphorescence (λex 450 nm). 

 

Table 5.2. Lifetime fitting of Rex@MOFs. UiO-67 λex: 370 nm, λem: 400 nm. Rex@MOF λex: 

370 nm, λem: 650 nm. 

Sample τ1 (ns) % τ2 (ns) % τ3 (ns) % χ2 

UiO-67 0.027 38 0.89 32 5.30 30 1.59 

Re0.05MOF 16.6 12 371 17 2280 71 1.13 

Re0.1MOF 17.0 9 365 17 2300 74 1.16 

Re0.2MOF 16.7 9 343 18 2240 73 1.17 

Re0.3MOF 18.7 9 376 18 2310 73 1.14 

Re0.5MOF 12.1 4 430 19 2390 76 1.13 

Re0.7MOF 13.0 4 460 19 2540 77 1.07 

 

 [Re(bpy)(py)(CO)3]+ is a known reactive oxygen sensitizer.169 To test if Re0.3MOF 

retained this ability in the UiO-67 framework we ran an SOSG assay. Singlet oxygen 
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sensor green (SOSG) is a fluorescein derivative quenched by an attached anthracene, 

when in proximity of singlet oxygen, the anthracene scavenges the single oxygen and 

forms the endoperoxide.170 This oxidized SOSG regains its fluorescein fluorescence. 

Re0.3MOF was dispersed in water and SOSG was added to a final concentration of 5 μM. 

The solution was irradiated at 470 nm and SOSG fluorescence increased continuously for 

2 h (Figure 5.4). There was a short lag time before fluorescence increases which we 

presume is due to the diffusion of SOSG into the pores of the MOF to be close enough to 

the singlet oxygen generation. 

 

Figure 5.4. Fluorescence spectra of SOSG increases in intensity as Re0.3MOF is irradiated 

with 470 nm light. Inset shows peak intensity at 530 nm increases with irradiation 

time. 

Furthermore, we tested small olefins for photo-oxidation. Re0.3MOF was saturated 

with 2,4,4-trimethyl pent-1-ene and irradiated with 470 nm LED light. Samples were 

irradiated for 2 and 12 h, extracted with CDCl3 and an NMR was taken. There are several 

new peaks formed in the NMR; however, without definitively identifying the expected 
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endoperoxide NMR studies are inconclusive at this time. Increase in catalytic activity has 

been reported with other transition metal doped MOF compared to the complex alone 

primary due to prevention of photolyzing of the catalyst.171,172 

5.5. Planned experiments 

This project is ongoing in our lab. To ensure that all of these results are 

characterizing [Re(bpydc)(py)(CO)3]+  actually incorporated into the frame work and not 

just adsorbed or trapped in the pores, UiO67 will be synthesized and then various 

concentrations of [Re(bpydc)(py)(CO)3]+  will be diffused into the MOF in DMF at room 

temperature. The soaked MOFs will be rinsed with DMF and MeCN until the UV/Vis show 

no trace of [Re(bpydc)(py)(CO)3]+. This series of MOF will be referred to as Rex@MOF, x 

being the mole equivalents in the synthesis.  We expect XRD to show a loss of crystallinity 

due to the uneven distribution of Re adsorbed in the pores of the MOF.  Diffuse reflectance 

of the Rex@MOFs should not be significantly different than the RexMOFs but the 

[Re(bpydc)(py)(CO)3]+ band of the fluorescence spectra is expected to greatly red shift 

based on preliminary data with a [Re(bpydc)(CO)3Cl] doped MOF. The lifetime of the 

[Re(bpydc)(py)(CO)3]+ band is expected to be shorter its doped counterpart at all 

concentrations, more similar to the free complex. Due to these differences we hope to 

demonstrate that the RexMOF series are in fact [Re(bpydc)(py)(CO)3]+ incorporated into 

the framework and not just trapped in the pores of the MOF. 
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5.6. Conclusion 

A series of UiO-67 MOFs were synthesized with [Re(bpydc)(py)(CO)3]+ 

substituted as the organic linkers. Due to steric hindrance, only a 30% mole equivalent 

of the Re complex could be achieved in the MOF. However, the photoluminescence of the 

UiO-67 framework was completely quenched and the photoluminescence of the Re 

complex reached its peak well before the framework was physically saturated. 

[Re(bpydc)(py)(CO)3]+ maintained its ability to sensitize singlet oxygen and therefore 

shows promise as a photooxidative catalyst. Preliminary data suggests small olefins can 

be oxidized upon irradiation with the RexMOF. Current work is being performed 

optimizing the oxidative conditions. This is the first report of a [Re(bpydc)(py)(CO)3]+ 

doped MOF to our knowledge. While others have focused on the [Re(bpydc)(CO)3Cl] 

complex none have reported an in depth photophysical spectral analysis. 
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Chapter 6  

Conclusions 

A modular boron dipyrromethene (BODIPY) derivative (PEG-BODIPY) was 

synthesized as a probe that can sense temperature through changes in the fluorescent lifetime. 

Methyl groups were strategically place at the 1 and 7 positions of the BODIPY core to hinder 

the rotation of 8-phenyl group; this decreased the effect of viscosity of the fluorescence of the 

PEG-BODIPY. A polyethylene glycol chain was added in the last step of synthesis for water 

solubility and cell permeability; however, due to the versatility of the copper click reaction the 

probe could be targeted to a specific organelle or attached to a protein. The temperature 

response measured by lifetime, steady state, and quantum yield was consistent with accepted 

mechanisms for molecular rotors. PEG-BODIPY showed reproducible lifetime measurements 

upon heating and cooling in aqueous solution and only slight variations with pH, or ionic 

strength.  

PEG-BODIPY was readily water soluble, incorporated by cells, and non-toxic at high 

concentrations. Although there was no nuclear uptake of PEG-BODIPY, there was diffuse 

staining in the cytosol and the endoplasmic reticulum in multiple cell lines. Fluorescent 

lifetime imaging micrographs of pancreatic cells stained with PEG-BODIPY showed 
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biexponential decays that decrease with temperature. These live cell results were consistent 

with the bulk solution measurements in highly viscous glycerol-water mixtures.  This was 

likely due to the interaction of PEG-BODIPY with membranes and biomolecules as 

demonstrated by experiments using growth media with serum. As a fully functional live cell 

fluorescent nano-thermometer that can be used across multiple cell lines, PEG-BODIPY could 

be used in studying heat shock response, metabolism, and hyperthermia therapies.  

Graphene quantum dots (GQDs) bound lanthanide ions (Tb3+, Eu3+, and Gd3+) at 

defect sites and oxidized functional groups produced during synthesis. The heterogeneity 

of the GQDs caused broad emission bands and low quantum yields compared to 

traditional quantum dots, but more interestingly also affected the energy transfer to the 

lanthanide ions. The sharp long-lived Tb3+ emission was easily separated from the broad 

shrot-lived GQD emission in time-resolved emission spectra (TRES). Quantum yield 

measurements of the Tb3+ bands were higher when excited with higher energy light. 

Although it seems to break the Kasha-Vavilov rule, the ensemble of different 

nanoparticles cannot be compared to a sample of one pure molecule. The larger 

sensitization of the Tb3+ came from small semi-discrete organic moieties attached to the 

main graphitic domain of GQDs. This was the first example of rare earth 

photosensitization using GQDs. The unique properties of this nanoarchitectures can have 

important implications in the design of photoluminescent sensors, labeling, and as 

inimitable anti-counterfeit dyes and inks. 

A rhenium photocatalyst, [Re(bpydc)(py)(CO)3]+ (bpydc = bipyridine dicarboxylic 

acid; py = pyridine), was doped into a UiO-67 metal organic framework (MOF) as the 
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linker. Because of the bulk of the rhenium catalyst protruding into the pores of the MOF 

a maximum concentration of 0.3 mole equivalent of rhenium to zirconium was reached. 

The perturbation of the rhenium catalyst did not disturb the crystallinity of the MOF as 

seen by powder x-ray diffraction. The fluorescent of the parent UiO-67 MOF was quench 

with the addition of [Re(bpydc)(py)(CO)3]+. The phosphorescence from the rhenium 

catalyst peaked at 0.08 mole equivalents of rhenium to zirconium.  Self-quenching caused 

a decrease in emission at higher concentrations. [Re(bpydc)(py)(CO)3]+ maintained its 

ability to sensitize singlet oxygen while incorporated in the framework as measured by a 

singlet oxygen sensor green assay. Initial experiments demonstrated that olefins can be 

oxidized upon irradiation with the rhenium doped MOF. Current work is being 

performed optimizing the oxidative conditions and measuring controls of the catalyst 

diffused into the pores of the MOF but not as structural pieces.  
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