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In this dissertation, my research work on excited state dynamics of small organic molecules in 

solutions is presented. Using femtosecond stimulated Raman spectroscopy (FSRS) as the main 

experimental tool, the excited state hydrogen-bonding dynamics (ESHBD) of Coumarin 102, a 

common laser dye molecule, in ethanol solution is examined with <150 fs time resolution. The 

dynamics extracted from our FSRS spectra brings new insights into the currently controversial 

picture of ESHBD of Coumarin 102, i.e. whether the hydrogen bond formed between the carbonyl 

oxygen of Coumarin 102 and a nearby hydrogen donor is strengthened or cleaved upon 400 nm 

photoexcitation. The dynamics of the spectator mode, i.e. the C=O stretching mode, is examined 

within a 600 ps time window. The excited state dynamics in the first few picoseconds after 

photoexcitation unequivocally supports a picture of excited state reaction pathway bifurcation, i.e. 

only a portion of the molecules in the initial excited state undergo hydrogen bond cleavage 

occurring within 160 ± 50 fs after 400 nm photoexcitation. In the first 200 fs after excitation, clear 

vibrational peaks of the hydrogen-bonded C=O stretching mode are observed for the first time, 

confirming that the ultrafast excited state hydrogen bond cleavage occurs after rather than during 

photoexcitation. Dynamics extracted from FSRS data on a longer timescale, when combined with 

data obtained from femtosecond transient absorption (TA) spectroscopy, suggests a minimal model 

of ESHBD of Coumarin 102 in which both the hydrogen bond coordinate and the solvation 

coordinate play critical roles.  



 

 

 

The conformational dynamics of a photoacid pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, 

or HPTS) in pure water/D2O and aqueous solution is also studied using FSRS. In the presence of 

acetate as the proton acceptor, it is observed that the marker bands of the deprotonated form of 

HPTS (1139 cm-1) appears earlier and faster than the marker band of the monomer acetic acid (864 

cm-1), indicating the participation of water as an intervening molecule. Several low-frequency 

modes (106, 150, 195 and 321 cm-1) have been identified in our FSRS spectra and their possible 

role of facilitating ESPT at different stages is discussed with the assistance of computational 

chemistry. Similar low-frequency modes (108, 191, 321, 362 cm-1) have been observed in pure 

water, and the intricate relationship between the dynamics of these modes further supports the 

essential role they play during ESPT. A comparison of the dynamics of key vibrational modes in 

H2O and D2O yields a kinetic isotope effect (KIE) of 3-4 on the 5-200 timescale. The merit of FSRS 

as a powerful tool of deciphering excited state dynamics, whose complexity roots in the 

multidimensional nature of the chemical potential energy surface, is demonstrated through these 

experiments.  

  



 

 

 

 

 

 

 

 

 

 

 

 

©Copyright by Fangyuan Han  

November 18, 2014  

All Rights Reserved  



 

 

 

 

 

 

Excited State Molecular Structural Evolution and Chemical Reactivity Studied by Femtosecond 

Stimulated Raman Spectroscopy 

 

 

 

by 

Fangyuan Han 

 

 

 

 

 

 

 

 

A DISSERTATION 

 

submitted to 

 

Oregon State University 

 

 

 

 

 

 

 

 

in partial fulfillment of 

the requirements for the  

degree of 

 

 

Doctor of Philosophy 

 

 

 

 

 

Presented November 18, 2014 

Commencement June 2015 

  



 

 

 

 

 

 

 

Doctor of Philosophy dissertation of Fangyuan Han presented on November 18, 2014. 

 

 

 

 

 

APPROVED: 

 

 

 

 

 

 

Major Professor, representing Chemistry 

 

 

 

 

 

Chair of the Department of Chemistry  

 

 

 

 

 

Dean of the Graduate School 

 

 

 

 

 

 

 

 

 

 

 

 

I understand that my dissertation will become part of the permanent collection of Oregon State 

University libraries.  My signature below authorizes release of my dissertation to any reader upon 

request. 

 

 

 

 

 

Fangyuan Han, Author 



 

 

 

ACKNOWLEDGEMENTS 

 

 

The completion of this dissertation would not become possible without the kind help from 

many people. First and foremost I’d like to thank my advisor Chong Fang for offering me the 

opportunity of entering the fascinating world of femtosecond chemistry and patiently guiding me 

through the long journey of pursuing my PhD’s degree. From time to time, I’ve been admiring 

Professor Fang’s broad knowledge in spectroscopy and enduring enthusiasm to fundamental 

science.  

I’m indebted to Professor Wei Kong for her support and guidance during my first three years 

at Oregon State University when I was in her research group as a master student. Both my 

experimental and programming skills have been greatly honed over the years, which turned out to 

be invaluable when I plunged into my PhD study.  

I would like to show my gratitude to Weimin Liu, the Postdoctoral Research Associate in our 

research group who built the FSRS setup from scratch and devoted great efforts to the development 

of the amazing technique. Nothing would be possible without Weimin’s expertise in laser physics 

and ultrafast optics, and discussions with Weimin are always enjoyable, intriguing and fruitful. 

I’m fortunate enough to have the chance of working with a group of nice, intelligent and hard-

working people here at OSU. I would like to thank all my labmates – Liangdong Zhu, Yanli Wang, 

Breland G. Oscar, Longteng Tang and Liang Wang – for helping me during my experiments, 

calculations or daily discussions.  

I’m also grateful to many of my dear friends, who still stick around or already left this peaceful 

little town. I enjoy the days I hung out with you, went to the gym with you, prepared for a party 

with you, made mooncakes with you, watched football games with you, worried about the future 

with you, laughed with you and sighed with you. Those joyful moments will stay in my memory 

and never fade away. 



 

 

 

Finally, I owe a big thank you to my dear parents who whole-heartedly support me at all times. 

I’m sorry that I have not been able to visit and stay with them every year as I used to. Dad and mom, 

I love you. 



 

TABLE OF CONTENTS 

 
 

Page 

 

Chapter 1 Introduction ..................................................................................................................... 1 

1.1 Background: A brief introduction to chemical dynamics study ...................................... 1 

1.2 Ultrafast photochemistry in solutions ............................................................................. 5 

1.3 The hydrogen bond ......................................................................................................... 6 

1.4 Studies of structural and dynamic properties of hydrogen bonds ................................... 8 

1.5 Femtosecond transient absorption spectroscopy ........................................................... 15 

1.6 Femtosecond stimulated Raman spectroscopy (FSRS) ................................................. 18 

1.7 References ..................................................................................................................... 25 

Chapter 2 Experimental Setup ....................................................................................................... 29 

2.1 The conventional FSRS setup ....................................................................................... 29 

2.2 The improved FSRS setup with wavelength-tunable Raman pump and Raman probe 

pulses ............................................................................................................................. 35 

2.3 Calibration of FSRS spectra .......................................................................................... 37 

2.4 Data processing ............................................................................................................. 37 

2.5 References ..................................................................................................................... 39 

Chapter 3 Probing ultrafast excited-state hydrogen-bonding dynamics of Coumarin 102 in ethanol 

with FSRS and transient absorption spectroscopy ........................................................ 40 

3.1 Hydrogen-bonding dynamics in the electronic ground state ......................................... 40 

3.2 Hydrogen-bonding dynamics in the electronic excited state ......................................... 43 

3.3 Coumarin and its derivatives ......................................................................................... 48 

3.4 ESHBD of Coumarin 102 in solutions: A summary of current findings ....................... 52 

3.4.1 Femtosecond optical pump/mid-IR probe study ........................................................ 52 

3.4.2 Other ultrafast methods with subpicosecond time resolution .................................... 54 

3.4.3 Computational study with DFT/TDDFT methods ..................................................... 55 

3.5 ESHBD of Coumarin 102 in ethanol: Our study using transient absorption and FSRS .... 

 ....................................................................................................................................... 60 

3.5.1  Steady state spectra of Coumarin 102 in ethanol and tetrachloroethylene ................ 60 

3.5.2 Excited state dynamics of Coumarin 102 in ethanol: A transient absorption study ... 64 

3.5.3 Excited state dynamics of Coumarin 102 in ethanol: A FSRS study ......................... 71 

3.6 Summary ....................................................................................................................... 89 

3.7 References ..................................................................................................................... 93 

Chapter 4 Study of excited state proton transfer (ESPT) of pyranine in aqeous solutions using FSRS

  ................................................................................................................................... 96 

4.1 Introduction ................................................................................................................... 96 



 

 

 

TABLE OF CONTENTS (Continued) 

 

Page 

 

4.2 Experimental details .................................................................................................... 102 

4.3 UV/Vis spectra of HPTS ............................................................................................. 103 

4.4 Ground state spectra of HPTS: Experimental and computational results ................... 106 

4.5 Excited state FSRS spectra of HPTS in aqueous solutions and pure water ................ 114 

4.6 Vibrational modes of excited state HPTS: Peak assignment and time evolution ........ 119 

4.7 Discussion of the structural dynamics of HPTS during ESPT .................................... 137 

4.7.1 Dynamics inferred from excited state FSRS spectra of HPTS in water with acetate .... 

  ............................................................................................................................... 137 

4.7.2 Dynamic information retrieved from excited state FSRS spectra of HPTS in pure 

water/D2O ................................................................................................................ 150 

4.8 Summary ..................................................................................................................... 158 

4.9  Acknowledgement....................................................................................................... 160 

4.10  References ................................................................................................................... 161 

Chapter 5 Concluding remarks and future work .......................................................................... 164 

5.1 Summary ..................................................................................................................... 164 

5.2  Future work ................................................................................................................. 165 

5.3 References ................................................................................................................... 167 

 

 

  



 

 

 

LIST OF FIGURES 

Figure                       Page                                                                                                      

 

 

Figure 1.1. Schematic diagram of femtosecond transient absorption setup ................................... 16 

 

Figure 1.2. Schematic diagram of FSRS setup ............................................................................... 20 

 

Figure 2.1. Schematic of the newly developed femtosecond stimulated Raman spectroscopy 

(FSRS) in our laboratory. ............................................................................................ 30 

 

Figure 2.2. The frequency-resolved optical Kerr effect (OKE) cross-correlation traces measured 

from the Raman probe spectrum gated by the compressed 400 nm actinic pump pulse 

in a 0.1-mm-thickness BK7 glass plate ....................................................................... 34 

 

Figure 2.3. Top-view of the modified part in our improved FSRS setup with tunable Raman pump 

and Raman probe beams .............................................................................................. 36 

 

Figure 3.1. A sketch of the chemical structure of 1,2-benzopyrone (a) and Coumarin 102 (b) 

molecules ..................................................................................................................... 51 

 

Figure 3.2. A schematic of the three commonly seen types of hydrogen bonds between 7-

aminocoumarin derivatives and a nearby hydrogen donor/acceptor ........................... 51 

 

Figure 3.3. Electronic absorption (red) and fluorescence (blue) spectra of Coumarin 102 in C2Cl4 

(solid lines) and ethanol (dashed lines) ....................................................................... 61 

 

Figure 3.4. Fluorescence spectra of Coumarin 102 (0.5 mM) in methanol (a); ethanol (b) with 

excitation wavelengths of 320 nm (blue, solid line) and 400 nm (red, dashed line) ... 63 

 

Figure 3.5. Transient spectra of 0.5 mM Coumarin 102 in ethanol measured at different pump-

probe delays (-1 ps to 600 ps) ...................................................................................... 66 

 

Figure 3.6. Time evolution of transient absorption signal at 660 (a), 690 (b) and 725 (c) nm. ...... 69 

 

Figure 3.7. Ground state FSRS spectra of Coumarin 102 in tetrachloroethylene C2Cl4 (a); DMSO 

(b); deuterated chloroform CDCl3 (c); chloroform CHCl3 (d); and ethanol (e) .......... 74 

 

Figure 3.8. Three representative electronic ground state vibrational modes calculated using DFT-

RB3LYP with 6-31G+(d,p) basis set in Gaussian 09. 1575 cm-1 (a); 1618 cm-1 (b); 

1712 cm-1 (c) .............................................................................................................. 77 

 

Figure 3.9. Excited state FSRS spectra of Coumarin 102 in ethanol within the first 3.2 

picoseconds following 400 nm excitation ................................................................... 79 

 

Figure 3.10. Time evolution of the integrated peak area of both 1700 cm-1 (red line and open 

circles) and 1740 cm-1 (blue line and solid triangles) vibrational bands within ~2 ps of 

400 nm photoexcitation ............................................................................................... 81 

 

Figure 3.11. Pump-probe transients (open circles) and best-fit line between 0 and 200 ps (solid 

curve) ........................................................................................................................... 87 
 

Figure 3.12. Schematic energy diagram of Coumarin 102 in ethanol solution .............................. 90 

file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721270
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721270
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721272
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721272
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721277
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721277
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721279
file:///C:/HanFiles/Downloads/FSRS%20papers/PhD%20Dissertation/Phd%20Dissertation.docx%23_Toc402721279


 

 

 

LIST OF FIGURES (Continued) 

Figure                                                                    Page 

 

 

Figure 4.1. The UV/VIS spectra of 20 mM HPTS dissolved in water with various acetate 

concentrations ............................................................................................................ 105 

 

Figure 4.2. State FSRS spectra of 11 mM HPTS photoacid (PA, red) and its conjugate base (PB, 

blue) in aqueous solution using the 800 nm Raman pump ........................................ 107 

 

Figure 4.3. Ground state FSRS data of 11 mM HPTS in water solution with various acetate 

concentration ............................................................................................................. 110 

 

Figure 4.4. The ground-state FSRS spectra of ~50 mM HPTS in HPLC-grade DMSO, methanol 

and millipore water solution with 800 nm Raman pump .......................................... 112 

 

Figure 4.5. Time-resolved excited state FSRS spectra of 11 mM HPTS with 2 M acetate in water 

solution following ~1.5 mW 400 nm photoexcitation ............................................... 117 

 

Figure 4.6. Time-resolved excited-state FSRS spectra of 11 mM HPTS in water following ~1 mW 

400 nm photoexcitation ............................................................................................. 118 

 

Figure 4.7. Time evolution of the 1048 cm-1 excited state mode of 11 mM HPTS with 2 M acetate 

in water solution following 400 nm photoexcitation up to 150 ps ............................ 121 

 

Figure 4.8. Time evolution of the excited state low-frequency modes of 11 mM HPTS with 2 M 

acetate in water solution following 400 nm photoexcitation ..................................... 123 

 

Figure 4.9. An illustration of a few representative vibrational modes of HPTS in pure water (a, b, 

d) and with acetate in water solution (c). Vibrational motions are shown by the 

displacement of atoms (arrows) ................................................................................. 125 

 

Figure 4.10. Time evolution of the 1048 cm-1 excited-state mode of 11 mM HPTS in water 

following 400 nm electronic excitation up to 150 ps ................................................ 130 

 

Figure 4.11. Time evolution plots of three excited-state vibrational modes of HPTS in water 

following 400 nm photoexcitation ............................................................................. 131 

 

Figure 4.12. Time evolution of three low-frequency vibrational modes of photoexcited HPTS in 

water following 400 nm electronic excitation ........................................................... 133 

 

Figure 4.13. Temporal evolution of the peak intensities of the 108 and 125 cm-1 modes of HPTS in 

water following 400 nm photoexcitation up to 150 ps .............................................. 135 

 

Figure 4.14. Time-resolved peak intensity plot of the 952 cm-1 mode of 400 nm-photoexcited 

HPTS in water ........................................................................................................... 136 

 

Figure 4.15. The ground-state FSRS spectra of two acetate-water solutions with different pH 

values, using the 800 nm Raman pump ..................................................................... 138 

 

Figure 4.16. The ground-state FSRS spectra of acetic acid with various concentrations (0.5, 1 and 
2 M) in water using the 800 nm Raman pump .......................................................... 139 

 



 

 

 

LIST OF FIGURES (Continued) 

Figure                                                                    Page 

 

 

Figure 4.17. Time evolution of two marker bands for ESPT in 11 mM HPTS with 2 M acetate in 

water solution up to 10 ps .......................................................................................... 141 

 

Figure 4.18. Time evolution of the nascent monomer acetic acid peak frequency in 11 mM HPTS 

with 2 M acetate in water solution following 400 nm photoexcitation ..................... 145 

 

Figure 4.19. A schematic of different ESPT reaction pathways from HPTS to acetate upon 400 nm 

photoexcitation .......................................................................................................... 148 

 

Figure 4.20. Time evolution of the 146 cm-1 mode intensity and frequency in excited state FSRS 

spectra of 11 mM HPTS with 2 M acetate in water solution, with 800 nm Raman 

pump and following 400 nm photoexcitation ............................................................ 149 

 

Figure 4.21. Comparison between the peak intensity kinetic plots of the 1048/1042 cm-1 modes in 

H2O/D2O (blue/red solid), and the 1138/1136 cm-1 modes in H2O/D2O (blue/red 

dashed), respectively ................................................................................................. 152 

 

Figure 4.22. A schematic of the multiple reaction stages of ESPT in pure water upon 400 nm 

photoexcitation of HPTS ........................................................................................... 157 
  



 

 

 

LIST OF TABLES 

 

Table                                                                  Page 

 

Table 1.1. Classification of hydrogen bond based on bond energy .............................................. 7 

 

Table 1.2.  Spectral region of characteristic vibrational modes in a hydrogen-bonded system   

A−H•••B ...................................................................................................................... 13 

 

Table 3.1.  Calculated and experimentally determined C=O stretching band positions in free 

Coumarin 102 and the Coumarin 102-phenol complex ............................................... 58 

 

Table 3.2.  Calculated equilibrium bond lengths of hydrogen-bonded Coumarin 102 in different 

solvents ........................................................................................................................ 59 

 

Table 3.3.  Best-fit dynamic parameters at representative probing wavelengths ......................... 68 

 

Table 4.1.  Representative vibrational peaks of HPTS in acetate water solution observed by 

FSRS .......................................................................................................................... 126 

 

Table 4.2.  Representative vibrational peaks of HPTS in H2O observed in FSRS ..................... 127 

 

  



1 

 

 

Chapter 1 Introduction 

1.1 Background: A brief introduction to chemical dynamics study 

One of the central tasks in physical chemistry is to unravel the detailed dynamics during chemical 

reactions. For a long time, this has been done by obtaining reactivity-related physical quantities, such as 

Gibbs free energy, rate constants, reaction orders, etc., based on experimental data and 

thermodynamic/kinetic models.1-3 These models, despite their efficacy of introducing valuable insights into 

the elementary steps of reactions and depicting the overall process in a succinct manner, are usually 

insufficient to establish a detailed enough picture of microscopic events on the molecular level. As pointed 

out by Dudley R. Herschbach and Ahmed H. Zewail, kinetics emphasizes on reaction rates but ignores the 

actual forces causing molecular motions, while in thermochemistry the postulation of existence of molecules 

is not even related in many cases.4,5 For many decades, the main obstacle that prevents scientists from 

acquiring knowledge about dynamics details on the molecular level has been the limited time resolution 

experimentally achievable. Although the macroscopic rate of chemical reactions is known to span a wide 

range along the time axis, the elementary dynamic events at the molecular level often occur rapidly, as 

predicted by early theoretical studies in 1930s.6,7 For example, the breaking or formation of a chemical bond 

can take place on picosecond or even femtosecond timescales.8 On the other hand, it is not until the 

introduction of flash photolysis in late 1940s that millisecond time resolutions can be achieved 

experimentally.9 The three decades that followed witnessed a great advance in technology, which led to a 

revolution in dynamics studies. The invention of lasers and their subsequent applications on dynamics 

problems plunged the field into the nanosecond and later picosecond era.10,11 However, deciphering the 

mysteries in molecular systems with subpicosecond dynamics, as commonly seen in chemistry and biology, 
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remained a formidable task. Unfortunately, many reactions of great consequences in nature, such as the very 

early steps of photosynthesis and the primary event in vision, fall into this category.12,13 Experimental 

methods with even higher temporal resolution were thus called for to win the race with time. 

The advent of mode-locked lasers generating optical pulses with femtosecond duration in early 1980s 

opens up new opportunities to ultrafast dynamics studies,14,15 making it possible to observe atomic motions 

within a single period of molecular vibration, and thus follow the fast photochemical processes in real 

time.16,17 Among various spectroscopic techniques that have been developed in this new era, the most 

employed ones include transient absorption spectroscopy, which uses a pump-probe scheme and can be 

viewed as an ultrafast version of the traditional flash photolysis. With simultaneously high temporal and 

spectral resolution, it has proven to be a powerful tool to explore electronic changes in molecules along the 

reaction pathway and provide invaluable information on excited-state molecular dynamics.12,18-20 However, 

electronic spectra are intrinsically not sensitive enough to small structure changes, and the absorption bands 

in electronic spectra are usually lack of structural information. The overlapping between bands is commonly 

seen and easily skews the overall band shape, thus further complicates the assignment.21 As a result, except 

in very simple systems, associating electronic features with specific chemical structures or states is usually 

challenging for spectroscopists, especially in the condensed phase where the spectral features are seriously 

broadened by the interaction between the sample molecule and surroundings.22 

Great efforts have also been made to improve the time resolution of structurally resolving techniques, 

such as X-ray and electron diffraction, to gain more insight into molecular structural dynamics.23 Ideally, 

atomic motions can be fully resolved by such techniques during the whole dynamic process. For certain 

samples in the crystalline phase, femtosecond electron diffraction data with high enough signal-to-noise ratio 
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to monitor basic dynamic processes like solid-liquid phase transition has become attainable,24-27 as a result 

of successful development of ultrabright femtosecond electron sources.28-30 Recent advancement in this area 

has also allowed dynamics studies of organic systems where information of ultrafast structural changes 

associated with bond making and breaking is accessible, opening new chances of probing structural 

dynamics in chemistry and biology related systems.31,32 The phenomenal progress made in X-ray source 

development, such as the construction of the X-ray free-electron laser at the SLAC National Accelerator 

Lab,33 have made available unprecedentedly bright X-ray pulses as short as 20 femtoseconds, promising new 

powerful tools for tracking ultrafast structural dynamics of molecules with atomic level spatial resolution.34  

These structure-sensitive methods, however, still have their own drawbacks. Due to the significantly 

smaller scattering cross section of X-ray compared with electrons, ultrabright femtosecond X-ray pulses is 

a must for acquiring high-quality diffraction patterns. Such pulses can only be generated from either 

synchrotrons or free electron lasers, which are not easily accessible for most research labs. Unlike in optical 

spectroscopy where all optical pulses used for excitation and detection are typically derived from the same 

laser system, femtosecond X-ray diffraction using free electron laser faces a jittering problem between X-

ray and excitation laser pulses used to initiate the dynamic process. Solutions to this problem have been 

recently proposed but will unavoidably add extra technical sophistication to the setup.35 Femtosecond 

electron diffraction setups are less technically demanding and can be conveniently constructed on a table top, 

but there are other considerable limits on this method. It is difficult to compress electrons into intense 

ultrashort pulses due to the Coulomb repulsion between them. Moreover, laser-pumped electron diffraction 

has been known to suffer from the velocity mismatch between the laser and electron beams in gas phase 

experiments, limiting the temporal resolution to about 1ps.36-38 Probing samples in liquid phase with electron 
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diffraction is challenging since electrons are charged particles and need to be kept in vacuum.39 To date, most 

published femtosecond X-ray/electron diffraction-based structural studies have been applied to samples in 

the solid state, especially crystalline phase, probably because of the relative ease of sample setup and much 

higher signal-to-noise ratio.32,40  

Vibrational spectroscopy, over the years, has proved its competence as an informative structural probe. 

Unlike electronic spectra which mostly include features as broad as several hundred or even thousand 

wavenumbers lacking sensitivity to small changes in molecular structures, the peaks in vibrational spectra 

are much narrower and directly report on the molecular force field, which is sensitively dependent on 

structural changes, making it possible to capture changes as small as 0.01 angstrom in nuclear 

coordinates.41,42 Time-resolved vibrational spectroscopy, such as optical pump/IR probe spectroscopy and 

Femtosecond Stimulated Raman Spectroscopy (FSRS), has been developed to meet the needs of probing 

ultrafast structural dynamics.41-45 In these experiments, chemical events are routinely initiated by a 

femtosecond pump pulse, since these events usually involve the crossing over of energy barriers and rarely 

take place under thermal equilibrium conditions. The ultrashort actinic pump pulse also precisely defines a 

time zero that other pulses can refer to, so that dynamics at different time can be conveniently monitored by 

introducing an optical delay line in the experimental setup. Both IR and Raman techniques have been 

employed to a variety of systems to gain insight into important processes such as proton transfer,46,47 electron 

transfer,48,49 isomerization,50,51 internal conversion,52,53 intersystem crossing,54,55 etc. The femtosecond 

UV/vis-pump IR probe technique has the benefit of using a relatively simpler setup involving only two laser 

beams, while FSRS needs at least three. The advantage of the Raman technique, on the otherhand, includes 

a broader detection window and the convenience of using UV/visible/near-IR laser beams, which can be 
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easily generated, aligned, tuned and detected. Furthermore, Raman signal of chromophores can be selectively 

enhanced by up to six orders of magnitude when resonance Raman scattering is introduced, providing the 

possibility of probing dynamics of chromophores of interest effectively, even in a complex system such as a 

protein.56  

 

1.2 Ultrafast photochemistry in solutions 

Recent years have witnessed an increasing and sometimes reignited research interest in excited state 

dynamics in solutions.57 So far, the most practical and efficient way of investigating these dynamics has been 

initiating the excitation using an ultrashort laser pulse, thus not only define a clear time zero of the subsequent 

excited state dynamic processes but also greatly increase the population on the specific reaction pathways to 

be traced. Promptly after photoexcitation of the solute molecule, its electron distribution alters immediately, 

from the distribution of the electronic ground state to that of an electronic excited state. However, the atoms 

comprising the skeleton of the molecule are much heavier and essentially “frozen” during this process 

(Franck-Condon transition), as long as Born-Oppenheimer approximation holds, as in the classic picture. 

This transitory state, in which the solute molecule adopts the electron distribution of the electronic state and 

the equilibrium structural atomic configuration of the electronic ground state, is known as the locally excited 

(LE) state. Various dynamic processes, both radiative and non-radiative, are involved during the lifetime of 

the excited state. For instance, the ultrafast redistribution of electrons usually results in a sudden change in 

dipole moment of the solute molecule, and the equilibrium established between the electronic ground state 

solute molecule and the solvent bath is broken, inducing subsequent rearrangement of solvent molecules at 

the vicinity of the excited state solute molecule and formation of a solvated state. The above process is 



6 

 

 

known as solvation, during which the energy levels of the solute molecule change accordingly, leading to a 

continuous spectral shift of emission or absorption bands. If the molecule is initially excited to high 

vibrational levels of the electronic excited state (vibronic excitation), it will move toward vibrational states 

of lower energy, while the excess energy stored in the initial state will be transferred to the surrounding 

solvent molecules (vibrational cooling) via coupling of solute and solvent vibrational modes, or to other 

coupled vibrational modes of the same solute molecule (intramolecular vibrational energy redistribution, 

IVR).58 Other non-radiative processes include but not limited to intersystem crossing (ISC) to triplet states, 

internal conversion (IC) to a different singlet state, isomerization and electron/proton transfer. The most 

commonly seen radiative processes are fluorescence and phosphorescence emission, during which the excess 

energy of the excited state solute molecules are released as photons, while the molecule is deactivated to the 

electronic ground state from a singlet excited state and triplet excited state, respectively. The above-

mentioned processes occur on timescales ranging from a few tens of femtosecond to seconds, and those 

occurring on similar timescales could compete efficiently with each other.  

 

1.3 The hydrogen bond 

The hydrogen bond was first proposed as a model in early 20th century to describe the attractive 

interaction between the hydrogen atom in a functional group A−H (donor), where A is typically more 

electronegative, and an atom B (acceptor) in the same or a different molecule.59,60 The earliest use of the 

specific term “hydrogen bond” dates back to 1939, when Pauling published the very first edition of his 

famous book “The Nature of the Chemical Bond”.61 Although the idea had been proposed in even earlier 

academic literature, it is not until the publication of this book that the importance of the model in structural 
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chemistry became accepted by the mainstream.62 In a hydrogen bond, the most common donors include an 

electronegative atom, such as oxygen, nitrogen and halogens, or even atoms not very electronegative, e.g. 

carbon and phosphorous, with one or more hydrogen atoms attached. The acceptor can be a Lewis base 

which has electron lone pairs, or systems with polarizable π electrons such as aromatic compounds. The 

hydrogen bond is weaker than a common chemical bond but stronger than van der Waals forces, with a bond 

energy typically falling in the range -2 kcal/mol to -15 kcal/mol. In hydrogen-bonded systems that are 

electrically charged, however, the bond energy could reach as high as -40 kcal/mol.63 Hydrogen bonds are 

sometimes classified as weak/medium/strong (or weak/strong/very strong), as listed out in the table below, 

based on the bond energy.64 

 

Table 1.1. Classification of hydrogen bond based on bond energy 

 Weak Medium/Strong Strong/Very Strong 

Hibbert et al65 -2.4 to -12 kcal/mol -12 to -24 kcal/mol stronger than -24 kcal/mol 

Joesten et al59 weaker than -3 kcal/mol -3 to -10 kcal/mol stronger than -10 kcal/mol 

Alkorta et al66 weaker than -5 kcal/mol -5 to -10 kcal/mol stronger than -10 kcal/mol 

 

Hydrogen bonds exist in solid, liquid and gas phases, and in a wide variety of molecules. They can be 

found in small molecules, both organic and inorganic, as well as macromolecules, such as polymers and 

proteins. Hydrogen bond can be present between molecules (intermolecular) or within a single molecule 

(intramolecular). The most common example of hydrogen bond exists in the ubiquitous solvent water, where 

a three-dimensional network of hydrogen bonds is present. As a site-specific interaction with high 
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directionality, hydrogen bonds is responsible for many characteristics of water, such as the unusually high 

boiling point, the strong surface tension, the large heat capacity, and the viscosity decrease with increasing 

pressure. Hydrogen bonds also play a critical role in determining the open hexagonal lattice structure of the 

ice crystal. Numerous efforts have been devoted throughout the last century to understand the hydrogen bond, 

both experimentally and theoretically, especially since the crucial role it plays in molecular biology was 

revealed. Marked by the publication of Pauling, Corey and Branson’s classical paper on α-helix and β-pleated 

sheet, 66 as well as Watson and Crick’s ground-breaking paper on the DNA double helix,67 it has been well-

established that hydrogen bonds are the most important interaction in determining the three dimensional 

structure of proteins and nucleic acids. Hydrogen bonds have also been found to play important roles in 

sustaining the solid-state architecture of supramolecules.68 

 

1.4 Studies of structural and dynamic properties of hydrogen bonds 

A variety of experimental tools have been applied to unravel the structure and dynamics of hydrogen 

bonds during the past century.59,69,70 X-ray diffraction, as a standard structural tool, has been used to help 

determine the geometry of hydrogen bonds since the early stage of hydrogen bond studies. Despite the 

accurate measurement of the distance between the heavy atoms/functional groups A and B in a hydrogen-

bonded complex A−H•••B, the hydrogen atom is much harder to locate due to its small scattering cross 

section. Neutron diffraction at low temperature is a good alternative in terms of spatial resolution while being 

more technically demanding and time-consuming. Unlike X-rays, neutron diffraction apparatuses are 

available only at a limited number of research sites and collection time of a few weeks are normal. 

Furthermore, larger crystals are required when compared with X-ray diffraction.71  
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Spectroscopic methods, in addition to diffraction methods, are another set of powerful tools for 

hydrogen bond studies. Spectroscopic methods span over a wide range along the wavelength/frequency axis, 

from UV spectroscopy that attains information of electronic states to NMR and neutron spectroscopies that 

give insights into nuclear motions. Using nuclear magnetic resonance (NMR) spectroscopy, valuable 

information of chemical environment at the vicinity of hydrogen bonds can be obtained by analyzing the 

change in chemical shift of the hydrogen in the donor A−H and the spin-spin coupling, while the magnitude 

is quantitatively associated with the hydrogen bond strength. The NMR spectra lines are usually sharp 

enough to allow detailed structural information to be extracted, even for large biomolecules, when assisted 

with multidimensional methods.72,73 Detection and analysis of NMR signal of nuclei other than hydrogen, 

such as isotopes 13C, 14N and 17O is possible, but technically more challenging. Electron paramagnetic 

resonance (EPR) has also been applied to hydrogen bond studies, but it is limited to species with unpaired 

electrons.74 

Hydrogen-bonding has long be recognized as a fundamental intermolecular force in solutions, and 

electronic spectra, i.e. UV-vis absorption and fluorescence spectra, can be used to characterize this force. 

Traditionally, intermolecular forces are classified into two categories: non-specific and specific. Typical 

examples of non-specific forces include directional (dipole-dipole) forces, induction (dipole-induced dipole) 

forces and the dispersion force (London force), all of which cannot be completely saturated. Hydrogen-

bonding, together with other forces such as electron pair donor/electron pair acceptor interactions, belongs 

to the category of specific forces. Unlike non-specific forces, these forces are highly directional and can be 

saturated. Molecules bound together by specific forces can be viewed as molecular complexes.75 

Intermolecular interactions between solute and solvent molecules can greatly influence the spectroscopic 
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characteristics of solute molecules, usually reflected by a change in intensity, shape, and especially spectral 

position, of steady-state electronic spectra.76 The spectral peak position shift, commonly known as 

solvatochromism, is highly dependent on the solvent polarity for a large number of molecules. This 

dependence can be easily understood, because the polarities of the electronic ground state and electronic 

excited states can differ, and it follows that solvents with different polarities may introduce distinct effects 

on the energy gaps between electronic states via solvent-solute interaction. Therefore, meaningful 

information of solvent-solute interactions, including hydrogen-bonding, can be retrieved by analyzing the 

shift in absorption or fluorescence wavelengths as a function of variables related to these interactions. Many 

empirical solvatochromic models have been constructed for the above purpose, among which the Taft-

Kamlet method is probably the most widely used one.76-78 In the generalized form of this model, the location 

of the peak maximum, usually in wavenumber unit, of either absorption or fluorescence band of a solute 

molecule, is expressed in the following form79  

𝜈𝑚𝑎𝑥 = 𝜈0 + 𝑠(𝜋∗ + 𝑑𝛿) + 𝑎𝛼 + 𝑏𝛽 + ℎ𝛿𝐻 + 𝑒𝜉 

In this equation, π*, δ, α, β, δH and ξ are solvent-specific solvatochromic parameters, among which α 

and β are closely related to hydrogen-bonding: α is known as hydrogen bond donor (HBD) acidity, which 

describes solvent’s ability of donating a proton in a hydrogen bond formed with solute molecules80; β is 

related to the ability of the solvent molecule as a hydrogen acceptor and is termed hydrogen bond acceptor 

(HBA) basicity.81 The coefficients s, a, b, h and e can be determined from multiple linear regression, and the 

ratios between these coefficients is a measure of the relative contributions of the corresponding solvent 

properties in the overall solvent-solute interaction. While these parameters give a quantitative measurement 

of the overall hydrogen-bonding interaction from the perspective of solvent, they can only provide 
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information on the level of thermodynamics, lacking the ability of revealing detailed dynamics on the 

molecular level. Neither can they distinguish the electronic ground state hydrogen-bonding from the 

electronic excited state hydrogen-bonding. Other solvatochromic models, such as models proposed by 

Catalan and co-workers,77,78 also have the same limitation.  

Historically vibrational spectroscopy, both infrared and Raman, is the most applied method of studying 

hydrogen bonds. Compared with electronic spectroscopy, vibrational spectroscopy has the advantage of 

being sensitive to small-scale structural changes of the molecular skeleton. Several characteristic vibrational 

modes exists as spectroscopic signatures in IR or Raman spectra, as listed in the Table 1.2.59 In many 

hydrogen-bonded systems, these modes are both IR and Raman active, allowing investigations with both 

methods. However, IR spectroscopy has been far more widely utilized than Raman spectroscopy for practical 

reasons. Raman setups are generally more complicated and the Raman signals are usually much weaker due 

to the small scattering cross section. Conventional one-beam Raman experiments frequently suffer from 

interference such as absorption and fluorescence, as well as side-effects such as photodecomposition and 

thermal effects. Due to its nature as a weak scattering effect, Raman signals are also easily overwhelmed by 

background radiation such as room light.82 The hydrogen-bonding effect can be characterized by monitoring 

the relative shift in frequency of the A−H stretching band in environments with and without hydrogen-

bonding. While this shift gives a good description of the hydrogen-bonding as a local effect induced by the 

proton acceptor B that can be isolated from the rest of the hydrogen-donor molecule, this picture is 

oversimplified in the sense that the frequency of the hydrogen-bonded A−H stretching is actually governed 

by the motions of all nuclei in the whole complex. As a result, the intuitive picture that the a downshift in 

A−H stretching frequency should be observed in hydrogen-bonded systems due to the weakening of A−H 
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bond does not hold in some systems, where a blueshifting “improper” hydrogen-bond exists.83,84 Another 

important characteristic of hydrogen-bonding is the integrated intensity of the A−H vibrational band, which 

can be more sensitive than the frequency shift in certain systems. Broadening and shape change of the A−H 

band also depends on the strength of the hydrogen bond in a complicated manner, and thus can provide 

information of hydrogen-bonding in some cases.85 Extensive studies of a wide variety of hydrogen-bonded 

systems revealed that a strong broadening of the fundamental A−H stretching band by up to 500 cm-1 could 

occur, together with a dramatic increase in the transition oscillator strength.86  

Information on hydrogen bonds can also be deduced from probing the characteristic vibrational modes 

on the acceptor side. More direct insights into hydrogen-bonding can be done by probing the bending and 

stretching modes of the hydrogen bond linkage (Table 1.2). These characteristic vibrational modes usually 

lie in the low-frequency range below 300 cm-1 due to the relative high reduced mass and small force constant. 

Detection of vibrational modes in this spectral range is intrinsically and technically challenging. Other low-

frequency bands of various origins in the same spectral region easily overlap with the characteristic bands 

of hydrogen bonds, and serious inhomogeneous broadening is a common case due to the distribution of 

hydrogen bond geometry. Despite these difficulties, meaningful information has been retrieved using a 

variety of detection methods, such as far-infrared spectroscopy87,88, microwave dielectric relaxation 

spectroscopy89, terahertz spectroscopy90, optical Kerr effect spectroscopy91 and low-frequency Raman 

spectroscopy.92  

 

  



13 

 

 

Table 1.2. Spectral region of characteristic vibrational modes in a hydrogen-bonded system A−H•••B 

Spectral Region (cm-1) Vibrational Mode85 

< 200 cm-1 H•••B bending 

100 – 250 H•••B stretching 

300 – 900 A−H out-of-plane bending 

1000 – 1700 A−H in-plane bending 

2500 – 3500 A−H stretching 
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One limitation of both electronic spectroscopy and vibrational spectroscopy as methods of hydrogen 

bond study is that they cannot directly provide structural details as diffraction methods can do, and such 

information would not be possible unless compared with proper theoretical models. Many of the early 

theoretical models deal with the order and disorder of the hydrogen network in hydrogen-bonded systems, 

trying to build up microscopic pictures that account for the macroscopic characteristics.93 For example, in 

typical models treating aqueous solutions, water is treated as hydrogen-bonded flickering clusters,94 a 

continuous distorted hydrogen-bonded network,95,96 or a macroscopic space-filling gel-like network,97 so as 

to explain its macroscopic physical quantities. Computational chemistry offers valuable information of 

energies, structures, electron densities and other important physical quantities of hydrogen-bonded systems, 

and thus play an important role in hydrogen bond study. Due to the small mass of protons and thus strong 

quantum effects, results produced by semiempirical methods such as extended Hückel calculation and simple 

ab initio methods such as SCF calculation are generally not accurate enough and of little predictive value. 

Accurate calculations of important quantities such as the distance between hydrogen donor and acceptor, the 

binding energy, and the frequency shift induced by hydrogen bond making and breaking in vibrational 

spectra, would be impossible without the rapid development of algorithms, the continual improvement of 

theoretical models, and the dramatic advancement in computing power, which will allow direct comparison 

between theoretical results and experimental data. While most experimental techniques incline to probe the 

vicinity of local minima on the potential energy surface, quantum chemistry calculations have the 

convenience of sampling any region of the potential energy surface and the capability of freezing other 

degrees of freedom of the molecule as desired, so that information of specific configurations/interactions 

can be examined.98 However, to obtain a reasonably accurate description of hydrogen-bonded systems, 
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theoretical methods including correlation such as second-order Møller–Plesset perturbation theory (MP2), 

as well as basis sets including diffuse functions and polarization e.g. 6-31 + G*, are usually required. For 

large hydrogen-bonded systems, meeting such requirements can be computationally expensive even with 

supercomputers,99 and theoretical methods base on density functional theory (DFT), such as B3LYP, can be 

a good compromise.64  

 

1.5 Femtosecond transient absorption spectroscopy 

Transient absorption spectroscopy is one of the most applied time-resolved technique in dynamic 

studies.19 In this technique, a small portion of electronic ground state is promoted by an excitation pulse to 

an electronic excited state, and a broadband probe beam is then sent through with a designated time delay τ 

(Figure 1.1). The probe beam intensity registered at the detector is then compared with the intensity measured 

without the excitation pulse. This procedure essentially measures the change in absorbance (also known as 

optical density, OD) upon photoexcitation, rather 

than the actual absorbance of the excited state molecules,100 which can be seen from the equation below: 

∆A(λ, τ) = A𝑒𝑥 − A𝑔𝑟 = (−𝑙𝑜𝑔
𝐼𝑒𝑥(λ, τ)

𝐼0(𝜆)
) − (−𝑙𝑜𝑔

𝐼𝑔𝑟(λ, τ)

𝐼0(𝜆)
) = −log

𝐼𝑒𝑥(λ, τ)

𝐼𝑔𝑟(𝜆)
 

where 𝐼𝑒𝑥(λ, τ), 𝐼𝑔𝑟(λ, τ) and 𝐼0(𝜆) are the probe beam intensity after passing through the excited state 

sample, the ground state sample and pure solvent, respectively. The probe beam needs to be weak enough so 

that its influence on excited state population is negligible. Multichannel detectors such as CCD cameras are 

routinely used to simultaneously detect the absorbance change over a wide spectral range. 

 The spectroscopic features in transient absorption spectra are usually broad, originating from  
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Figure 1.1. Schematic diagram of femtosecond transient absorption setup 
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various electronic processes. The most commonly seen origins include ground state bleach, stimulated 

emission, and excited state absorption.101 In the presence of the excitation pulse, a fraction of ground state 

molecules are excited to the excited state, so that a net decrease in ground state population is induced. This 

leads to a drop in ground state absorbance, and the difference spectrum will show a negative band where 

ground state molecules absorb, if no other effect is present within the same spectral range. Stimulated 

emission occurs when the probing wavelength matches an allowed transition from the excited state to the 

ground state, and the emitted photons are of the same frequencies and transmit in the same direction as the 

incident ones. This represents a process during which the intensity of the incident light is amplified. A greater 

excited state population is produced in the presence of the excitation pulse, leading to a stronger stimulated 

emission and thus a larger number of photons arriving at the detector. This leads to a negative signal in the 

difference spectrum. Excited state absorption could occur where the probing wavelength coincides with a 

transition from the original excited state, e.g. S1, to another high-lying excited state such as S2. Within these 

spectral regions, the molecules in the original excited state effectively “filter out” the incident photons of the 

probe beam, so that less photons arrive at the detector. Such an effect is not as pronounced in the absence of 

the excitation pulse due to a smaller excited state population. Thus, the excited state absorption signal 

appears as a positive peak in the difference spectrum. 

 Kinetic traces can be constructed from transient spectra collected at different time delays and valuable 

information of dynamics can then be extracted. A complete set of transient spectra represent an example of 

two-way data, where the data are collected along two orthogonal dimensions, i.e. frequency and time. Ideally, 

a global analysis combined with testing of a sensible photophysical or photochemical model is needed to 

ensure that maximal amount of information could be retrieved with high accuracy and physical 
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significance.102 The validity of the above method, known as target analysis, relies heavily on the proper 

choice of kinetic and spectral models. For instance, in solvation studies, the stimulated emission band can 

be fitted with a log-normal function to account for its asymmetric shape, so that both intensity and spectral 

position of the band can be determined simultaneously. Kinetic traces can then be separately constructed for 

each parameter and fitted with an appropriate kinetic model, e.g. a multi-exponential model, to retrieve 

population dynamics (with peak intensity) and solvation dynamics (with peak position), respectively.103 In 

some cases, implementation of target analysis is prevented by, for examples, truncated bands in transient 

spectra. A simpler yet not as accurate method is to take a “slice” of data, i.e. the signal intensity at a specific 

wavelength or over a spectral range, and kinetic information can be extracted from its temporal evolution. 

When the pump and probe pulse overlap in time, i.e. near zero time delay, processes other than those 

mentioned above can also contribute to the overall signal, introducing non-negligible features in transient 

spectra that are not related to population dynamics. These contributions are known as coherence artifacts 

which introduce unwanted sharp spikes around zero time delay in kinetic traces and in many cases mask the 

dynamics of interest. Due to the difficulty of including these artifacts in the analysis,104 population dynamics 

in the first few hundred femtoseconds are generally not available in transient absorption data, and the data 

fitting typically starts after the initial artifacts. 

 

1.6 Femtosecond stimulated Raman spectroscopy (FSRS) 

Femtosecond Stimulated Raman Spectroscopy (FSRS) is an emerging ultrafast structural dynamics 

technique that has been developed during the past decade, which is capable of obtaining Raman spectra with 

both high time resolution and spectral resolution.105-107 Under proper conditions, a time resolution as good 
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as ~30 fs, in terms of time delay, and a spectral resolution of <10 cm-1 can be simultaneously achieved,44 

making FSRS a powerful tool to monitor a wide range of ultrafast dynamic processes. Furthermore, as a 

stimulated Raman technique, the FSRS signal is emitted collinearly with the probe beam, so that only a small 

portion of fluorescence photons could reach the detector. This makes FSRS a technique intrinsically rejecting 

background fluorescence, which is a main obstacle of applying conventional, spontaneous Raman technique 

to fluorescent molecules.106 

Three laser beams are needed in a typical FSRS setup to probe the dynamic processes of interest (Figure 

1.2). A femtosecond excitation pulse (the actinic pump) is incorporated to initiate excited state 

photophysical/photochemical processes; two spatially and temporally overlapping laser pulses,  

namely the Raman pump and Raman probe, are then used in the detection scheme to interrogate the system 

under study, after a designated time delay precisely controlled by a mechanic delay line. The Raman probe 

is a femtosecond pulse with a broad bandwidth in the frequency domain. On the contrary, the Raman pump 

pulse has a much longer time duration (typically 2-4 ps) but spans over a narrower spectral range. In the 

early “conventional” FSRS setup, the picosecond Raman pump is generated by passing the fundamental 

pulse through a home-built grating-based spectral filter. It has a fixed central wavelength of ~800 nm. The 

broadband Raman probe is a supercontinuum white light generated by focusing the fundamental pulse into 

a single crystal sapphire plate.106 As in other stimulated Raman techniques, a Raman signal is generated 

when the frequency difference between the Raman pump and Raman probe components matches the 

vibrational frequency of Raman-active  
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Figure 1.2. Schematic diagram of FSRS setup 

  



21 

 

 

vibrational modes. In the conventional FSRS setup, a spectral window spanning over a 1500 cm-1 range is 

routinely available.  

 The conventional FSRS, which has a fixed Raman pump wavelength of ~800 nm and thus generally off 

resonance for most but a few molecular systems such as green fluorescent protein (GFP) can be well 

described using either the classic coupled-wave approach or the quantum theory.108,109 In the classic approach, 

the medium is treated as a collection of oscillators. The electric field of the incident Raman pump and Raman 

probe pulses induce a response in the medium which can be well described by the polarization 

P(z, t) = α ∙ E(z, t) 

where α is the polarizability of the medium. The total electric field is assumed to be linearly polarized while 

propagating along the z direction. The coherent motions along the vibrational coordinate Q follows those of 

a damped harmonic oscillator driven by the external electric field and can be described by the Lagrange 

equation 

𝑑2𝑄

𝑑𝑡2
+ 2𝛾

𝑑𝑄

𝑑𝑡
+ 𝜔0

2𝑄 = 𝛼0
′ |𝐸(𝑧, 𝑡)|2 

in which 𝜔0 is the undamped angular frequency of the oscillator and 𝛼0
′  is the first derivative of the 

polarizability α with respect to the vibrational coordinate Q, and γ/𝜔0 is the damping ratio. This response, 

nonlinear in nature, then interacts with the electric fields and modifies them as they propagates through the 

medium, following the Maxwell equation 

∂2𝐸(𝑧, 𝑡)

∂𝑧2
−

1

𝑐2

∂2𝐸(𝑧, 𝑡)

∂𝑡2
≈

4𝜋

𝑐2
𝑁𝛼0

′
∂2[𝑄𝐸(𝑧, 𝑡)]

∂𝑡2
 

in which N stands for the number of the aforementioned oscillators per unit volume. These equations have 

been solved by Lee et al, and it can be shown that the solution in the direction of the probe pulse in the 

frequency domain takes the form109 
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E(z,ω) ≈ {1 +
2πiχ𝑅(ω, 𝑡𝑑)|𝐸𝑝𝑢𝑚𝑝

0 |2ωz

𝑐
}𝐸𝑝𝑟𝑜𝑏𝑒(𝑧,ω) = 𝐸𝑝𝑟𝑜𝑏𝑒(𝑧, ω) + 𝐸𝑆𝑅(𝑧, ω) 

which is a superposition of two terms, i.e. a homogeneous solution 𝐸𝑝𝑟𝑜𝑏𝑒(𝑧, ω) that arises from the Raman 

probe pulse alone, as well as a particular solution 𝐸𝑆𝑅(𝑧, ω) that involves both pulses and accounts for the 

stimulated Raman signal. It has been further shown that |𝐸𝑆𝑅(𝑧,ω)| is peaked at the frequency ω ≈

ω𝑝𝑢𝑚𝑝 − ω0 with the width determined by γ in the usual case, corresponding to the Stokes shift. The 

experimentally detected signal I ∝ |E(z,ω)|2 arising from a single vibrational mode thus consists of a 

narrow peak on top of the broad Raman probe profile.107 It is worth-mentioning that the classic coupled wave 

theory only applies to the off-resonance case, and it fails to predict the anti-Stokes FSRS signal. 

One major obstacle of applying the conventional FSRS to a wider variety of systems is that the Raman 

signal is inherently weak. This difficulty can be circumvented in several ways, the most important among 

which are surface-enhanced Raman spectroscopy (SERS) and resonance-enhanced Raman spectroscopy.82

 Both approaches have been applied in FSRS, with the resonance-enhanced FSRS being more popular 

due to its flexibility.110-113 The resonance enhancement is achieved when the Raman pump frequency is close 

to that of an electronic transition of the system. This can be done by incorporating a wavelength-tunable 

Raman pump beam in the setup.114-116 The Raman probe needs to be tuned accordingly to ensure a wide 

enough spectral window to collect Stokes or anti-Stokes shifted Raman signals.117 

 The resonance-enhanced FSRS is best described by a quantum-mechanical approach. Upon 

photoexcitation, a vibrational wavepacket is prepared on the potential energy surface of the initial excited 

state e1. The evolution of the wavepacket is then interrogated by the pair of Raman pump and probe pulses. 

The information of interest is the stimulated Raman signal along the direction of Raman probe propagation, 

and this information can be extracted by monitoring the evolution of the vibronic density matrix in LioUVille 
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space. When all three pulses significantly overlap in time, the stimulated Raman scattering represents a 

nonlinear process directly related to fifth-order polarizations. In most cases, however, the actinic pump pulse 

is well separated from the other two, and the two-beam detection scheme involves the third-order 

polarization, while the major role of the actinic pump pulse is to prepare the excited state wavepacket. In 

this scenario, the time evolution of the density matrix in Liouville space is describe by the equation108,118 

∂ρ

∂t
= −

𝑖

ℏ
[ℋ0 + 𝒱(𝑡), 𝜌(𝑡)] − Γ𝜌(𝑡)

The density matrix ρ involves two electronic states, i.e. the state |1⟩ whose potential energy surface 

the wavepacket moves along, and another state |2⟩responsible for the resonance enhancement, giving rise 

to four terms in the density matrix 

ρ(t) = ∑ |𝑎⟩𝜌𝑎𝑏(�⃗� , 𝑡)⟨𝑏|

2

𝑎,𝑏=1

where �⃗� represents the vibrational coordinate. The initial wavepacket prepared by the actinic pump is 

assumed to be purely vibrational and it takes the form 

ρ11
(0)

(𝑡) = |𝜓1(�⃗� , 𝑡)⟩⟨𝜓1(�⃗� , 𝑡)|

The unperturbed system Hamiltonian is the sum of the vibrational Hamiltonian of the two electronic 

states involved 

ℋ0 = |1⟩ℎ1(�⃗� )⟨1| + |2⟩ℎ2(�⃗� )⟨2|

The term 𝒱(𝑡) is a perturbation accounting for the system’s interaction with an external electric field 

�⃗� (𝑟 , 𝑡) and is defined as 

𝒱(𝑡) = −𝜇 (�⃗� ) ∙ �⃗� (𝑟 , 𝑡) 

where 
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𝜇 (�⃗� ) = |2⟩𝜇 21(�⃗� )⟨1| + 𝐶

in which C represents a constant. A detailed mathematical treatment by Lee et al shows that eight terms are 

contributing to the third order polarization and thus the stimulated Raman signal in the direction of the 

Raman probe beam, accounting for both Stokes and anti-Stokes peaks in FSRS spectra. In the off-resonance 

case, only one of the eight terms is significant, yield the same results as the classic coupled wave approach 

for Stokes peaks.119,120 

Some unique advantages of FSRS can be clearly seen when compared with other ultrafast techniques, 

particularly in the realm of probing molecular structural dynamics along the multidimensional reaction 

coordinates. Notably, ultrafast vibrational dynamics can also be probed by the two-beam femotosecond 

pump/probe technique in which the probe pulse falls in the mid-IR spectral region. Despite the seemingly 

simpler setup of this technique, it suffers from the technical difficulty and high cost of generating 

femtosecond mid-IR laser pulses and the limited spectral range the mid-IR pulse spans. The time resolution 

is mostly limited to ~200 fs, and the spectral window to ~200 cm-1.121,122 Additionally, coherence artifacts 

exists near zero time delay similar to those in transient absorption spectroscopy, making it difficult to directly 

observe and study critical early-time dynamics. Also, the technique is largely confined to the spectral 

region >1000 cm-1, while FSRS can access a much broader spectral window. We will show in Chapter 4 that 

our conventional FSRS setup is able to simultaneously detect the low- and high-frequency vibrational modes 

of a widely used photoacid, spanning a spectral window of 100-1600 cm-1, while keeping an excellent time 

resolution of ~140 fs.47,123 
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Chapter 2 Experimental Setup 

2.1 The conventional FSRS setup 

Our original FSRS setup largely follows the “conventional” layout previously published,1,2 and a 

schematic is shown in Figure 2.1. All the laser pulses originate from a femtosecond laser amplifier 

system, which consists of a mode-locked Ti:Sapphire oscillator (Mantis-5, Coherent, Inc.) and 

regenerative amplifier (Legend Elite-USP-1K-HE, Coherent) which provides ~35 fs pulse centered 

at ~800 nm with millijoule per pulse energies (average power ~4.1 W) at 1 KHz repetition rate. Half 

of the output energy is set aside for other spectroscopic experiments. The ~2 W output laser beam 

is split into three beams to generate a narrow-bandwidth picosecond Raman pump pulse, a 

broadband femtosecond Raman probe pulse and a femtosecond actinic pulse. About 200 µJ/pulse 

of the laser amplifier output is collimated by a telescope lens system (f=150, 50 mm) to decrease 

the beam size to ~3 mm and then frequency-doubled using a β-barium borate (BBO) crystal (type-

I, phase matching angle θ=27.8˚, 0.3 mm thickness) to generate the actinic pump pulse at 400 nm 

with the pulse energy of 50 µJ/pulse. The actinic pump pulse is rotated 90º by a /2 waveplate and 

then compressed by a prism pair (Suprasil-1, CVI Melles Griot) to ~40 fs, which is diagnosed using 

a 0.1 mm BK7 glass plate in a home-built 3rd-order intensity autocorrelator based on the 

polarization gating technique. The pulse energy of the compressed actinic pump beam is ~10 

µJ/pulse and varied by a circular variable neutral-density filter (OD=0.05-2, Newport), the 

polarization can be rotated by a /2 waveplate for various experimental purposes (Optical Kerr 

Effect-OKE or FSRS).  

About 15 µJ/pulse of the amplified output is focused using a f=100 mm BK7 lens on a Z-cut 

single crystal sapphire plate with 2 mm thickness to generate super-continuum white light, and then 
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Figure 2.1. Schematic of the newly developed femtosecond stimulated Raman spectroscopy (FSRS) 

in our laboratory. The output laser beam from a Coherent femtosecond regenerative amplifier is 

split to generate three beams: the actinic pump beam at 400 nm (40 fs, 1 mW), Raman pump beam 

at 800 nm (3.5 ps, 6 mW), and Raman probe beam with the wavelength range of 805–940 nm (30 

fs, 100 nW). BS: beamsplitter, G: reflective ruled diffraction grating (1200 grooves/mm, 

wavelength first order at 750 nm, blaze angle θ=26.7°), CL: cylindrical lens, UM: pick-up mirror, 

ND: neutral density filter, L: bi-convex lens (f=10 or 5 cm), SA: sapphire plate, LPF: long-

wavelength pass filter, PR1: fused silica prism pair, PR2: Suprasil-1 prism pair, P: polarizer, λ/2 

WP: half-wavelength waveplate, and DL: delay line stage. 
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re-collimated afterwards by a f=50 mm BK7 lens to a beam size of 2 mm (IR part of the continuum 

white light). The wavelength range from 810−910 nm of the white light that corresponds to 

~150−1500 cm-1 Stokes Raman shift to the 800 nm fundamental is selected using a long-pass filter 

(Color glass filter with cut-on wavelength of 830 nm, RG830, Newport) and compressed with a 

fused silica prism pair to produce ~35 fs broadband Raman probe pulse. The pulse duration of 

Raman probe is measured with a type-I BBO (θ=27.8˚, 0.1 mm thickness) crystal by a homemade 

speaker-driven moving-mirror autocorrelator. The audio speaker is driven by a sine wave from a 

function generator (Sweep function generator, Heath 1274). To increase the signal-to-noise ratio 

(SNR) of the very weak second harmonic generation (SFG) autocorrelation signal, a lock-in 

amplifier (EG&G 5207) is used and synchronized with the laser repetition rate at 1 KHz. The 

autocorrelation signal is monitored by a digital oscilloscope (Tektronix TDS 2024c) triggered by 

the same function generator.  

The Raman pump pulse is produced by a homemade grating-based bandwidth compressor. About 

1.2 W of the laser fundamental pulse is dispersed by a gold reflective grating (1200 grooves/mm, 

wavelength first order at 750 nm, blaze angle θ=26.7˚) and focused onto an adjustable slit by an 

f=150 mm cylindrical lens. After the slit, a close-set mirror reflects back the spatially filtered pulse 

along the input beam path. The bandwidth compressed laser pulse is re-collimated by the cylindrical 

lens and grating and then picked off by a mirror. The slit width is set as 0.1 mm corresponding to 

the bandwidth of Raman pump ~10 cm-1 and pulse duration of 3.2 ps, which is measured by OKE 

of the cross correlation of Raman pump with the compressed actinic pulse at the sample position. 

The Raman pump is ~4 mW average power at the sample spot. 

The actinic pump, Raman pump and probe beams are set up in a crossing geometry which 
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minimizes scattering background and interference effects caused by the Raman pump, and improves 

the SNR at the low-frequency region of the spectrum (< 400 cm-1). All three beams are focused onto 

the sample cell by a parabolic reflective mirror instead of a lens to reduce pulse broadening and 

chirp. After the sample a beam blocker is used to spatially block the Raman pump and actinic pump 

beams, while the Raman probe is re-collimated by an f=100 mm BK7 lens and focused into the 

spectrograph by an f=150 mm BK7 lens. A long-pass filter (RG830) and a circular variable neutral-

density filter (OD=0.05-1, Newport) are put in front of spectrograph to further block the Raman 

pump scattering and avoid signal saturation. In the spectrograph, the probe beam is dispersed by a 

600 grooves/mm grating (wavelength first order at 1000 nm, blaze angle θ=17.5˚) and imaged on a 

front-illuminated CCD camera (Princeton Instruments, PIXIS 100F) with a 1340100-pixel array. 

The probe beam is dispersed along the direction with 1340 pixels corresponding to evenly spaced 

wavelengths. During each cycle of data acquisition, the signal is summed up along the other 

dimension, so that a 13401 array is obtained, representing a set of raw data for further processing. 

The data acquisition process is controlled by a comprehensive program written in LabVIEW, which 

incorporates the STIK scientific imaging toolkit (R-Cubed software) designed for the CCD camera.  

The spatial overlap of the three beams is first achieved using a pinhole with 50 µm diameter at 

the focal point of the parabolic reflect mirror. For prime temporal overlap, by using a type-I BBO 

crystal (θ=27.8˚, 0.3 mm thickness), the SFG signals generated by the Raman pump plus Raman 

probe as well as Raman probe plus actinic pump beams can be directly observed on a paper screen 

through adjusting the retroreflective delay lines in the Raman pump beam or actinic pump beam. 

The ground state Raman signal of the standard sample, e.g. cyclohexane (C6H12), carbon 

tetrachloride (CCl4) or ethanol (CH3CH2OH) depending on the spectral window of interest, is 
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maximized by adjusting the spatial overlap using a fine tuning mirror mount in the Raman pump 

right before the parabolic mirror, and temporal overlap optimization using the micrometer-driven 

retroreflective delay line of the Raman pump. Each Raman gain spectrum is acquired through 

averaging and processing 3000 raw spectra (1500 spectra each with Raman pump on and off) and 

therefore ~3 s acquisition time of one data set. To increase the SNR of the ground state signal, we 

normally collect 80 sets for one sample run. For the exited state FSRS spectra, the Raman pump and 

probe beams remain fixed at zero-time overlap while the actinic pump is precisely delayed by a 

computer-controlled stepper-motor-driven translation stage (07EAS504 with 17BSC101 controller, 

CVI Melles Griot). The spatial and temporal overlap of the actinic pump and Raman probe beams 

are finely adjusted using OKE before excited state FSRS data collection. A representative plot of 

the frequency-resolved OKE signal is shown in Figure 2.2, where an instrument cross-correlation 

time of ~90 fs has been measured from a 0.1-mm-thick BK7 glass plate. A cross-correlation time of 

~120 fs has been obtained with the quartz sample cell we used. 

A phase-locked optical chopper (New Focus 3501), which is synchronized with the laser output 

at 1 KHz, is used to chop the Raman pump beam at 500 Hz. The stimulated Raman spectrum is 

calculated from [(Raman probe spectrum)Raman pump on/(Raman probe spectrum)Raman pump off], and 

displayed on-screen after averaging. The Raman probe intensity pulse-to-pulse fluctuations is 

~0.5%. In the actinic pump beam, an electronic shutter (LS6S2, with the single-channel shutter 

driver/timer VMM-T1, Uniblitz) is used to control the actinic pulse on/off at different time delays. 

The excited state FSRS spectrum at each delay point is obtained by the different spectrum of 

[(Raman gain spectrum)actinic pump on – (Raman gain spectrum)actinic pump off] through collecting and 

averaging 10-20 sets of the different spectrum, with the total acquisition time at each time point of 
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Figure 2.2. The frequency-resolved optical Kerr effect (OKE) cross-correlation traces measured 

from the Raman probe spectrum gated by the compressed 400 nm actinic pump pulse in a 0.1-mm-

thickness BK7 glass plate. Note that some spectral interferences are present in the low-frequency 

region below 500 cm-1, corresponding to the wavelength below 830 nm. The average FWHM of the 

OKE traces is ~90 fs, and the GVM is ~50 fs which indicates that no significant chirp is present 

across the broad Raman probe window from 810—900 nm. The average FWHM of the OKE traces 

measured in the sample quartz cell is ~120 fs, which was subsequently used in the convolution for 

multi-exponential fit of the dynamic traces from excited state FSRS data. 
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30-60 seconds (15,000-30,000 averages per point). To reduce the thermal heating effect caused by 

the high peak power fs-pulsed laser on the sample, the sample solution is contained in a short-

pathlength (thickness=1 mm) flow cell sandwiched by two 0.5-mm-thick quartz glass windows (48-

Q-1, Starna Cells) and re-circulated with a peristaltic pump (HP 89052B) with adjustable rate. 

 

2.2 The improved FSRS setup with wavelength-tunable Raman pump and Raman probe 

pulses 

To increase the flexibility of our setup so that more molecular systems can be examined by 

FSRS with sufficient signal-to-noise ratio, our original FSRS setup has been improved to endue 

both Raman pump and Raman probe beams with wavelength tunability. The actinic pump is 

generated and compressed in the same manner as in the conventional FSRS. Figure 2.3 shows the 

additional technical details in generating both Raman pump and Raman probe pulses.3 The 

generation of Raman pump pulse includes (1) a home-made second harmonic bandwidth 

compressor to produce a 400 nm ps pump pulses with average power of 150 mW; (2) a fs 

noncollinear optical parametric amplifier (NOPA) system and single grating-slit-based spectral filter 

to generate a ps wavelength tunable narrow band seed and (3) a two-stage ps NOPA system finally 

generate a narrow bandwidth (~1 nm)and tunable (480 nm – 750 nm) Raman pump pulses with 

average power of 10 mW. The Raman probe pulses are generated based on cascaded four wave 

mixing processes. To be specific, 15 μJ/ pulse 400 nm fundamental pulse is focused on a 2-mm-

thick Z-cut single-crystal sapphire plate to generate supercontinuum white light. Meanwhile, a small 

portion of the fundamental pulse (~30 μJ/ pulse) passes through a delay stage and is attenuated by 

a variable neutral density filter. The two beams with the same p polarization are then focused onto 

a 0.5 mm Z-cut quartz plate using an f = 10 cm concave mirror with a crossing angle of ~6°. When 
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Figure 2.3. Top-view of the modified part in our improved FSRS setup with tunable Raman pump 

and Raman probe beams. Actinic pump pulse is generated in the same way as in conventional FSRS 

setup and is not shown here. Three distinct parts are powered by the fundamental pulse beam of 800 

nm: the SHBC (light blue shade), fs NOPA and spectral filter (light green), and BUMA setup (light 

red). Wavelength-tunable Raman pump pulses are generated in the visible range by combining in 

the two-stage single-pass ps NOPA (light violet). SP, sapphire plate; f100, lens with 100 mm focal 

length; BS, beamsplitter; VNDF, variable neutral-density filter; CM, concave mirror; PM, parabolic 

mirror; CL, cylindrical lens. Gratings 1(2) are reflective gratings with 1800(1200) grooves/mm, 

500(1000) nm glaze. The geometry of the four beams on grating 2 is shown on the right.  
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the two crossing laser beams are temporally and spatially overlapped, two sets of broadband up-

converted multicolor arrays (BUMA) are generated on both sides of the fundamental pulse beam.4 

The spectral range covered by each array can be conveniently tuned by adjusting the time delay 

between the two crossing laser beams. The strongest first-order BUMA sideband spans over a 

spectral range of ~580-780 nm, and can be incorporated into the setup as the Raman probe beam. 

 

2.3 Calibration of FSRS spectra 

All the stimulated Raman spectra are calibrated using standard samples such as ethanol 

(CH3CH2OH) and/or carbon tetrachloride (CCl4). Their Raman peaks have been well documented 

and span over a range of ~200-1400 cm-1 (Raman shift). Ideally, the spatial distribution of the 

dispersed light is linear in wavelength, so a correlation between pixel and frequency can be retrieved 

by constructing a calibration curve and carrying out a simple linear regression. The calibrated axis 

in wavenumbers is then used in presenting all the Raman spectra.  

 

2.4 Data processing 

All the FSRS data are processed using Igor Pro software (Version 6.22A, WaveMetrics, Inc.). 

Each complete data set contains Raman spectra measured at predefined time delays, as well as 

ground state spectra intermittently measured with the actinic pump pulse blocked. The Raman 

spectra measured at each delay point are plotted separately, and obvious bad traces (outliers) are 

removed manually. The averaged ground-state spectrum is then subtracted from the averaged 

spectrum at each delay point to get a difference spectrum. In conventional FSRS experiments where 

excited state signals are small, the difference spectrum typically contains solvent Raman peaks and 

small positive peaks with larger negative peaks at the vicinity, representing a bleaching of ground 
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state Raman signal due to the decrease in ground state population upon photoexcitation. The actinic 

pump pulse does not excite the solvent molecules efficiently, so the solvent peaks can be eliminated 

by subtracting a scaled ground state FSRS spectrum of pure solvent. The ground state spectrum of 

the sample is then added back to the difference spectrum after being scaled by a proper factor to 

remove the negative bleaching signals. It is possible that some vibrational modes undergo slightly 

different bleaching dynamics depending on the nature of the multidimensional potential energy 

surface, but it is generally good enough to assume that all ground state peaks are depleted to the 

same extent upon excitation to a different electronic state. Such a ground state adding-back 

procedure is usually necessary in conventional FSRS experiments, because the displacement 

between electronic ground state and excited state Raman peaks are usually small compared with 

their width, so that the ground state features have to be completely removed to reveal undistorted 

excited state peaks, i.e. the remaining positive features that originate from excited state molecules. 

With wavelength-tunable Raman pump and Raman probe beams, the excited state features can be 

selectively enhanced if the Raman pump satisfies the resonance condition, e.g. the energy of Raman 

pump photons match or nearly match the energy gap between S1 and another electronic state. In this 

case, the ground state bleaching signals are usually negligible and an adding-back procedure is not 

necessarily required to recover the undistorted excited state vibrational features. To remove the 

broad electronic background, baseline is manually drawn in a consistent way for the spectrum at 

each delay point. It is then fitted with a polynomial function before being removed from the 

spectrum to obtain a “pure” excited state FSRS spectrum for dynamics analysis. The baseline-free 

spectrum consists of vibrational features arising from excited state molecules only, and can be fitted 

as a sum of Gaussian functions so as to decompose the bands into individual peaks. The Gaussian 
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lineshape mainly arises from the inhomogeneous broadening of vibrational peaks in solution. The 

area or peak position of each excited state Raman peak is then plotted against the time delay to 

construct a kinetic trace of the vibrational response in the electronic state. The kinetic trace is 

typically fitted with a multi-exponential function convoluted with the instrument response function 

(IRF), and the lifetime and weight of each rising and decaying component is then used for further 

analysis. 

In the above-mentioned procedures, there are two steps susceptible to human error, i.e. the adding 

back of ground state spectrum and baseline drawing. Efforts are being devoted to the improvement 

of FSRS data processing. For instance, McCamant et al attempted removing the broad transient 

absorption by subtracting a transient-absorption-only spectrum which is collected under the same 

conditions as the FSRS spectrum except that the Raman pump beam is blocked.5 However, it can 

be shown that the transient absorption spectral lineshape is not identical to the shape of FSRS 

baseline. The ultimate solution should rely on the improvement of signal-to-noise ratio, so that the 

error introduced by the above-mentioned steps become negligible. 
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Chapter 3 Probing ultrafast excited-state hydrogen-bonding dynamics of Coumarin 102 

in ethanol with FSRS and transient absorption spectroscopy 

3.1 Hydrogen-bonding dynamics in the electronic ground state 

For physical chemists, it is of particular interest to examine the hydrogen bond making and 

breaking dynamics in real time so as to clarify its detailed mechanism. Such a task requires a 

detection method with high time and spatial resolutions to be sensitive enough to molecular 

structural changes. To be specific, a time resolution of subpicoseconds, a timescale set by the 

transient molecular events of the hydrogen-bonded systems, is required in many cases.1 Diffraction 

methods can usually provide rich structural information, at the price of sacrificing the time 

resolution by averaging over long periods of data acquisition. Conventional NMR spectroscopy has 

a time resolution limited to milliseconds, which has been greatly improved with recent 

developments in techniques such as residual dipolar couplings (rdcs) measurements, allowing for 

detection of motions on picosecond and occasionally sub-picosecond timescales,2,3 but still 

insufficient to distinguish the transient events in many important systems.4 On the other hand, 

hydrogen-bonding dynamics in solutions involve various intra- and intermolecular interactions, 

such as anharmonic coupling between low-frequency modes of hydrogen bond and high-frequency 

stretching modes, Fermi resonances, excitonic coupling, and interactions with the solvent bath, 

which result in highly complicated broadening and splitting of vibrational bands. Linear vibrational 

spectroscopy, another standard tool for structural dynamics studies, has proven incapable of 

breaking down this complication and distinguishing between different mechanisms.  

 Recent advances in nonlinear vibrational spectroscopy with femtosecond laser pulses offer 

new opportunities to tackle the problems in ultrafast hydrogen-bonding dynamics study in solution.5 

Manifold pump-probe methods have been implemented to retrieve information of interest, allowing 
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dynamic processes such as intramolecular vibrational energy redistribution (IVR), vibrational 

energy relaxation (VER), population relaxation, dephasing and spectral diffusion of A−H stretching, 

hydrogen bond cleavage and reformation, within representative hydrogen-bonded systems such as 

water, acetic acid dimer and HOD/D2O. Due to the nature of hydrogen-bonding as a weak interaction 

compared with “real” chemical bonds, the configuration of hydrogen bonds in a system usually has 

a wide distribution, contributing to a broad absorption line. Excitation with a femtosecond IR laser 

pulse will thus sample a sub-ensemble of the molecules with similar configurations, whose 

vibrational dynamics will then be monitored by the probe pulse(s).  

Among all pump-probe methods applied, two-dimensional infrared (2D-IR) spectroscopy is 

probably the most important one, in the sense that it not only probes the dynamics of each vibrational 

mode of interest, but also provide insights into the anharmonic couplings between them. The latter 

is crucial for hydrogen-bonding dynamics study because the coupling between intra- and 

intermolecular degrees of freedom involved in hydrogen-bonding can be important, directly 

resulting in shift in A−H frequency and change in spectral bandwidth, as can be experimentally 

detected in very simple hydrogen-bonded “dimers” such as diols.6 Analogous to 2D-NMR 

techniques, 2D-IR spectroscopy adopts a muti-pulse detection scheme, making it possible to 

disentangle interactions of different origins, e.g. homogeneous and inhomogeneous broadening of 

the spectral lineshape. In typical 2D-IR experiments, upon vibrational excitation at a frequency ω1, 

the response at a frequency ω3, which can be the same as ω1 (diagonal) or a different frequency (off-

diagonal) within the detection window, is probed by recording the photon echo signal emitted in a 

new direction in the conventional boxcar geometry after a specified waiting time τ2. In other words, 

the 2D-IR signal intensity can be viewed as a quantity related to the joint probability of detecting 
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the signal at one frequency after photoexcitation at another frequency with a certain waiting time.7 

Abundant dynamic information can be revealed from 2D-IR spectra by analyzing the time evolution 

of spectral quantities such as the signal amplitude, the asymmetry and ellipticity of lineshapes7-9, 

the slope of the center line10,11, first moments of vertical slices12, and the slope of the nodal line that 

separates fundamental and overtone peaks.13,14 Studies have been carried out in carefully designed 

systems that contain hydrogen-bond networks of extended but finite sizes, such as hydroxy group 

arrays of Paterson type, as well as in corresponding arrays where the formation of the networks is 

inhibited by chemical means. The diminished couplings in the latter has been confirmed by the 

different lineshape and the long-lived inhomogeneity.6 The HOD/D2O mixture is another 

extensively studied system containing hydrogen-bond networks. Compared with pure water, 

couplings between adjacent O−H groups in this system are remarkably reduced, if not eliminated, 

and the dynamics is thus greatly simplified. Hydrogen bond switching in HOD/D2O mixture has 

been extensively studied with the 2D-IR technique and it is concluded that the ultrafast switching is 

a “concerted” process involving the donor as well as both initial and final acceptors, during which 

the non-hydrogen-bonding configuration does not form a metastable state. The results also supports 

the mechanism that the donor HOD molecule undergoes a large angle rotation, where the O−O 

distance between the donor and the initial acceptor is increased while the corresponding O−O 

distance between the donor and the final acceptor is reduced.7 An pure dephasing time of 90 fs, 

which is much shorter than the lifetime of 0.5 to 1 ps of the v=1 vibrational level of the O−H 

stretching mode, has also been determined from 2D-IR studies, leading to the conclusion that 

homogeneous broadening serves as the major source of the O−H stretching band broadening.15 Pure 

water represents another interesting yet more complicated system. Similar to the HOD/D2O system, 
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it is revealed that the relaxation dynamics of hydrogen-bonded and non-hydrogen-bonded 

configurations are distinctly different, where the non-hydrogen-bonded configurations are unstable 

and return to hydrogen-bonded configurations within 150 fs, a timescale set by the most rapid 

hydrogen-bonding fluctuations.13 Additionally, resonant energy transfer and spectral diffusion have 

been shown to complete on a shorter timescale compared with the hydrogen bond lifetime of about 

1 ps.16 There has also been a wide interest in unraveling hydrogen-bonding dynamics in aqueous 

solution. For instance, the hydrogen bond between water O−H group and halogenic anions have 

been found responsible for the distinct dynamics of water molecules in the solvation shell compared 

with the bulk water molecules.17,18 The dynamic details of hydrogen bond switching between anions 

and water oxygens in aqueous solutions have been well characterized by 2D-IR spectroscopy, and 

a large angular jump mechanism was proposed.19-22  

 

3.2 Hydrogen-bonding dynamics in the electronic excited state 

Compared with the still limited understanding of hydrogen bonding dynamics in the electronic 

ground state, even less is known about what occurs in the electronic excited state on the molecular 

level, partly due to the fact that such studies are very challenging both theoretically and 

experimentally.23 Upon photoexcitation of a hydrogen-bonded system, either the donor or acceptor, 

from the electronic ground state to an electronic excited state, there is a sudden change in electron 

distribution and thus the force field both inside and between molecules. The hydrogen bonds that 

are already present in the electronic ground state have to respond to this change and a new 

equilibrium is established over time. In some systems, this process strengthens/weakens the 

hydrogen bond between donor and acceptor, while in more extreme cases the hydrogen bond can be 

ruptured, or excited state proton transfer (ESPT) can occur. This process can have a profound 
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influence on the spectroscopic, kinetic and physicochemical properties of the system, and the 

detailed underlying mechanism of these phenomena are appealing to physical chemists. From a 

microscopic point of view, the excited state hydrogen-bonding dynamics (ESHBD) is largely 

determined by the geometry of the excited state potential energy surface. Ideally, a complete 

characterization of the ground and excited state potential energy surfaces by computational 

chemistry methods should help tremendously in deciphering the ESHBD by predicting the dynamic 

evolution of the system along possible pathways. However, due to the multidimensional nature of 

the potential energy surfaces, the complexity of computations increase dramatically with the 

molecular size. As a result, the above goal has not become achievable even for medium-sized 

molecules, not to mention large molecules such as proteins and supramolecules by virtue of the 

large number of degrees of freedom involved. A practical way is to concentrate on a few degrees of 

freedom that are crucial to hydrogen-bonding dynamics, e.g. the distance between hydrogen and 

acceptor (the hydrogen-bonding coordinate). As prevailing theoretical methods, quantum chemistry 

calculations based on density functional theory (DFT) and time-dependent density functional theory 

(TD-DFT) are usually implemented for characterizing ground electronic state and excited electronic 

state potential energy surfaces, respectively. Using these methods, computational chemists have 

suggested the possible roles that ESHBD plays in facilitating important dynamic processes, 

including but not limited to fluorescence quenching24,25, solvation26, internal conversion between 

electronic excited and ground states27,28, photo-induced electron transfer29,30 and intersystem 

crossing.31 ESHBD in several interesting systems have been theoretically examined by Han and 

coworkers.32 Their results showed that the hydrogen bond is strengthened in the twisted 

intramolecular charge-transfer (TICT) state of 4-dimethylamino-benzonitrile in methanol, and this 



45 

 

 

strengthening eventually leads to higher efficiency of the non-radiative deactivation via internal 

conversion (IC) to the electronic ground state.28 A similar mechanism has been proposed to account 

for the lower fluorescence quantum yield (fluorescence quenching) of fluorenone in alcohols 

compared with in non-hydrogen-bonding solvents.24 In methanol, it is concluded that the hydrogen 

bond strengthening upon photoexcitation of protochlorophyllide a, a substance that widely exists in 

plants and serves as an indispensable precursor in chlorophyll biosynthesis, induces site-specific 

solvation and facilitates formation of an intermediate state.26 Similarly, it is proposed that the 

ultrafast photoinduced intermolecular charge transfer (ET) between the oxazine 750 dye and 

alcoholic solvents is assisted by excited state hydrogen bond strengthening.25 

To our best knowledge, the real-time experimental ESHBD study is pioneered by Nibbering 

and coworkers using a femtosecond optical pump/mid-IR probe scheme. Similar to the transient 

absorption method, a femtosecond pump pulse, usually within the near-UV range, is used to initiate 

the photophysical or photochemical processes by exciting the sample molecule to an electronic 

excited state. After a designated delay, a femtosecond IR pulse is introduced as the probe pulse. The 

change of absorbance at frequencies of interest is then plotted against the delay time to reveal the 

dynamics.33 A drawback of this method is that there is usually a strong peak due to coherence effects 

around time zero, like in most of the pump-probe based transient absorption experiments, and 

crucial dynamics of interest at early time is easily masked.34 Such dynamics is multidimensional in 

nature, and techniques such as 2D-IR, if applicable, should be of tremendous help. Hitherto, report 

of applying 2D-IR detection scheme to excited states dynamics study has been rare, probably due 

to the complication of introducing an additional pump pulse to the already highly sophisticated pulse 

sequence for signal detection. Other ultrafast spectroscopic methods such as transient absorption 
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and fluorescence up-conversion have also been applied to give a deeper insight into ESHBD from 

different perspectives.35,36 Using these methods, the ESHBD of Coumarin 102 in several organic 

solvents has been examined by a few research groups, and it is concluded that there is an ultrafast 

hydrogen bond cleavage upon 400 nm photoexcitation.34,37  

In addition, 9-fluorenone is another system that arouses researcher’s interest. In alcoholic 

solvents, both hydrogen-bonded and non-hydrogen-bonded fluorenone exist in the electronic 

ground state, as evinced by steady state electronic spectra. Recent sub-picosecond transient 

absorption measurements suggest the occurrence of hydrogen bond breaking promptly after 400 nm 

photoexcitation, followed by hydrogen bond reformation on a longer timescale.38 In amine solvents, 

electron transfer occurs upon 400 nm photoexcitation, where amines serve as electron donors to 

photoexcited fluorenone. The charge separation and recombination dynamics have been studied 

using both UV pump/mid-IR probe and fluorescence up-conversion methods, and it is suggested 

that hydrogen-bonding between fluorenone and amine molecules plays a key role.36   

 The recent development of FSRS offers a new tool for ESHBD study. Similar to the two-beam 

optical pump/mid-IR probe technique, FSRS records the time evolution of vibrational spectra in real 

time, with both high time resolution and spectral resolution (Chapter 1.6, 2). Despite the similar 

dynamic information that can be retrieved using both techniques, FSRS has the advantage that clear 

vibrational spectra are usually attainable around zero delay time, whereas in most cases vibrational 

features are seriously masked due to coherence effects when the optical pump/mid-IR probe 

technique is applied. Early time dynamics, i.e. the dynamics in the first few hundred femtoseconds 

after photoexcitation, is extremely important in many systems, where primary events occur and 

largely determine the reaction pathways at later time. On the other hand, potential challenges of 
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FSRS technique are also conspicuous. First, the FSRS setup employs a two-beam detection scheme 

(Raman pump and Raman probe), and is thus in principle more complicated than the optical 

pump/mid-IR probe technique, where only one beam is required for probing. Second, typical Raman 

scattering cross sections are several orders of magnitude smaller than typical IR absorption cross 

sections, so that much higher pulse energies are required to achieve a satisfactory signal-to-noise 

ratio. However, higher pulse energies could easily introduce other problems such as photo-induced 

sample degradation and heat effect. Third, vibrational peaks are superimposed on broad electronic 

features in raw FSRS spectra, and data processing is more complicated compared with optical 

pump/mid-IR probe data. Processing of FSRS data usually includes removal of baseline, which in 

many cases needs to be generated manually and more or less subjective, especially when the signal-

to-noise level is low. Additionally, the Raman activity of local modes is usually weak, due to the 

fact that local vibrations do not change the polarizability as significantly as collective modes which 

involve concurrent movement of many atoms. Such local modes can be crucial signature modes for 

studying hydrogen-bonding, a site-specific interaction.  

To date, ESHBD study using FSRS has been reported in only a very limited number of 

publications. Yoshizawa and co-workers investigated the photoactive yellow protein (PYP), a 

protein isolated from the phototrophic bacterium Ectothiorhodospira halophile and serves as an 

important photoreceptor. Two different PYP, i.e. the wild-type (WT)-PYP and a mutant E46Q-PYP, 

were studied using FSRS both in the electronic ground and excited states.39 By comparing time 

evolution of the intensity ratio of the 1555 cm-1 to the 1290 cm-1 Raman band of two PYP proteins, 

which has been argued to be strongly dependent on the hydrogen bond network surrounding the 

phenolate oxygen of the chromophore, it is concluded that an ultrafast rearrangement of the (WT)-
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PYP hydrogen bond network occurs within 150 fs after 460 nm photoexcitation, reaching a excited 

state structure similar to that of the E46Q-PYP mutant. Mathies et al studied a slightly different PYP 

protein, the apo-PYP that exists in the purple halophilic bacterium Halorhodospira halophile, and 

the structural dynamics of the chromophore parA−Hydroxycinnamic acid (HCA) was investigated 

using FSRS.40 The authors proposed an isomerization mechanism where the out-of-plane vibration 

of the C9=O bond weakens the hydrogen bond between the carbonyl and Cys69 on a timescale of 

800 fs, leading to the formation of the important photoproduct intermediate I0. With the recent 

implementation of the FSRS technique at Oregon State University, our research group examined the 

ESHBD of the strong photoacid 8-hydroxypyrene-1,3,6-trisulonic acid (HPTS or pyranine) in pure 

methanol upon 400 nm photoexcitation, and the variation of the hydrogen-bonding geometry has 

been characterized by analyzing the dynamics of the 1532 cm-1 phenolic COH rocking mode, the 

952 cm-1 H-out-of-plane wagging mode, and several low frequency modes, as well as the coupling 

between these modes.41 Earlier studies on HPTS in water with acetate ions42 and pure water43 

yielded important experimental evidences that the ESPT is multi-staged involving different numbers 

of intervening water molecules, and low-frequency skeletal motions are active on the fs to ps 

timescale, playing either a facilitating or accompanying role. In all of these representative results, 

FSRS has proven itself as a novel and powerful tool for ESHBD study, and its full potential is yet 

to be revealed by more work in this research area. 

 

3.3 Coumarin and its derivatives 

Coumarin refers to a large class of compounds that include fused benzene and α-pyrone rings. 

More than 1300 different coumarin compounds have been found from natural sources such as fungi 

and bacteria and especially green plants.44 The parent molecule of these compounds, also named 
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coumarin (or 1,2-benzopyrone), whose structure is shown below in Figure 3.1 (a), is a natural 

product first isolated from the tonka bean. Coumarin derivatives have been reported to exhibit a 

wide range of pharmacological properties such as being anticoagulant, antioxidative, anti-

inflammatory, analgesic, antineurodegenerative and antimutagenic.45,46 Coumarin-based medicine, 

e.g. the anticoagulant warfarin and acenocoumarol, have been marketed for wide clinic use. Recent 

studies have also suggested potential pharmaceutical applications of coumarin derivatives, such as 

treating Alzheimer’s disease and inhibiting tumors.47,48 Coumarin can also serve as pathologic 

probes for certain ions, such as Cu2+ and Cd2+, in living cells.49-51 As in many cases of medicinal 

chemistry, the underlying mechanism of exhibiting the above properties for coumarin derivatives 

has not yet been clarified. It is proposed that various weak interactions, such as van der Waals force 

and hydrogen-bonding between active sites of organisms and certain sites of coumarin, could play 

a critical role.46 To date, a thorough understanding of such interactions, even in very simple systems, 

is lacking. Therefore, it would be of great interest, from the viewpoint of fundamental science, to 

look into the details of these intermolecular interactions. 

7-aminocoumarins are a large class of coumarin derivatives which found their application as 

important laser dyes in the blue to green region due to their excellent photostability and high 

fluorescence quantum yield in many common solvents. The photophysical properties of these 

coumarin derivatives are of particular interest to laser physicists and physical chemists, and it has 

been known that these properties strongly depend on both substitution pattern and solvent.52,53 Using 

various solvatochromic models, it has been confirmed that specific solute-solvent interactions such 

as hydrogen-bonding plays a significant role in modulating photophysical properties of 7-

aminocoumarins in polar, protic solvents.54 For instance, the solvation time has been shown to be 
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greatly influenced by the hydrogen bonds between coumarin and alcoholic solvents. In 1-propanol 

solution, coumarins which allow formation of specific types of hydrogen bonds show solvation 

dynamics at least twice as fast as that of the “normal” solutes.55  Hydrogen bonds between 7-

aminocoumarin and protic solvent molecules can be divided into separate types, and three of them 

(types A, B and C, Figure 3.2) are commonly seen.56 For example, in alcoholic solvents, hydrogen 

bonds can form between the lone pair electrons of the amino group of coumarin and the hydrogen 

of the O−H group of alcohol (type A), between the carbonyl oxygen of coumarin and the hydrogen 

of the O−H group of alcohol (type B), and between the oxygen of the O−H group of alcohol and the 

hydrogen of the amino group of coumarin (type C). Hydrogen bonds of other types are also possible 

when hydrogen-donating or hydrogen-accepting substituents are present. As a result, it can be seen 

that the solute-solvent interactions are highly complicated even in very simple cases, to say nothing 

of complicated cases such as in mixed solvents or living organisms. It has also been observed that 

the fluorescence quantum yield can be strongly affected by the hydrogen-bonding between coumarin 

and solutes. Based on early studies on fluorescence quantum yield of a wide range of 7-

aminocoumarins in various solvents, a model was proposed to account for the non-radiative 

deactivation, where an excited state population transfer from a planar, highly emissive 

intramolecular charge transfer (ICT) state to a non-planar, non-fluorescent twisted intramolecular 

charge transfer (TICT) state is involved.53,57,58  

The photophysics can be greatly simplified by synthesizing structurally constrained 7-

aminocoumarins, whose degrees of freedom are reduced so that certain processes cannot occur.  

One of the most studied 7-aminocoumarins, Coumarin 102, represent the example of applying such 

a strategy. In the Coumarin 102 molecule (Figure 3.1 (b)), the amino group is bridged to the phenol  
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Figure 3.1. A sketch of the chemical structure of 1,2-benzopyrone (a) and Coumarin 102 (b) 

molecules 

   

 

 

Figure 3.2. A schematic of the three commonly seen types of hydrogen bonds between 7-

aminocoumarin derivatives and a nearby hydrogen donor/acceptor 
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ring from both sides and large-scale structural rearrangement, such as twisting around the C-N bond, 

could not occur, and the possibility of forming a TICT state is excluded, and the formation of certain  

types of hydrogen bonds is eliminated or hindered. Much effort has been devoted to photophysics 

study of Coumarin 102 in solutions during the past few decades. It has been used as a probe in 

solvation and microviscosity studies33,59-63, as a paradigmatic system for solvatochromic studies64-

66, and as an intriguing model system for investigating ESHBD.32  

 

3.4 ESHBD of Coumarin 102 in solutions: A summary of current findings 

3.4.1 Femtosecond optical pump/mid-IR probe study 

 As mentioned earlier in this chapter, the femtosecond optical pump/mid-IR probe technique 

has been a powerful tool in revealing ESHBD of organic molecules in solutions. Its application to 

Coumarin 102 is one of the earliest examples of real-time ESHBD study with subpicosecond time 

resolution. Among the electronic ground state vibrational modes of Coumarin 102 in hydrogen-

donating solvents, the C=O stretching mode at 1700 cm-1 is most pertinent to the type B hydrogen 

bond (Figure 3.2), i.e. the hydrogen bond formed between the C=O site of Coumarin 102 and the 

hydrogen-donor. In non-hydrogen-bonding solvents such as tetrachloroethylene (C2Cl4), the ground 

electronic state C=O stretching band is located at 1740 cm-1, the characteristic spectral position of 

a free C=O bond. Thus, the relative redshift of about 40 cm-1 in hydrogen-donating solvents of this 

band represents an effect of C=O bond weakening due to the formation of hydrogen bond. In 

chloroform (CHCl3), a hydrogen-donating solvent, it is found that, upon 405 nm photoexcitation, 

the intensity of C=O stretching band at 1700 cm-1 drops significantly, and the whole band upshifts 

to 1746 cm-1, the spectral position of a free C=O band, within 200 fs, the time resolution of the 

experimental setup. It is thus concluded that the type B hydrogen bond cleaves on this timescale. 
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An additional blueshift of 7 cm-1 with a time constant of 2.5 ± 0.3 ps has been attributed to 

solvation.67 Similar results were obtained for coumarin in phenol solution.34 A closer examination 

of the coumarin102-phenol complex was made by simultaneously dissolving Coumarin 102 (5 mM) 

and phenol (50 mM) in the nonpolar, non-hydrogen-bonding C2Cl4, and probing the dynamics of 

both C=O stretching band of Coumarin 102 and the O−H stretching band of phenol. In other words, 

the ESHBD was investigated by probing marker vibrational bands of both the hydrogen donor and 

acceptor. The ground state O−H stretching band consists of a sharp peak located at 3600 cm-1, 

corresponding to free O−H groups, and a broad band between 3200 and 3550 cm-1, due to hydrogen-

bonded O−H groups. While the C=O stretching band shows an ultrafast blueshift within 200 fs as 

in CHCl3, the broad O−H band between 3200 and 3550 cm-1 drops in intensity, supporting the 

picture that the type B hydrogen bond between Coumarin 102 and phenol is broken after 

photoexcitation around 400 nm. In comparison with Coumarin 102 in C2Cl4 (without phenol), the 

C=O band does not shift, within the spectral resolution of the experimental setup.68 Palit et al 

investigated the ESHBD of Coumarin 102 in aniline, another hydrogen-donating solvent, in a 

similar way. An instantaneous increase in intensity at 1742 cm-1 within 250 fs of 400 nm 

photoexciation is consistent with the picture that an ultrafast hydrogen bond cleavage occurs. A 

subsequent biphasic decay with time constants 0.6 ± 0.1 and 7.2 ± 0.4 ps has been ascribed to a two-

stage solvation after hydrogen-bond cleavage: the fast component is assigned as a signature of a 

rapid, nondiffusive solvation process where a “dangling” hydrogen bond is left, while the slow 

component represents a diffusive restructuring of the solvation shell. A bleaching of the signal at 

1700 cm-1 is observed in the first few tens of picoseconds, yield a bleaching lifetime of about 5 ps. 

This time constant has been correlated with the electron distribution reorganization in the aniline 
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molecule hydrogen-bonded to Coumarin 102 to achieve a new equilibrium configuration of excited 

state hydrogen bond. A control experiment of Coumarin 102 in N,N-dimethylaniline (DMA), a non-

hydrogen-bonding derivative of aniline, shows a bleaching signal in the first 5 ps of the free C=O 

stretching band peaked at 1730 cm-1, yielding a time constant of about 2 ps, attributed to the 

nondiffusive dipolar solvation.37  

 

3.4.2 Other ultrafast methods with subpicosecond time resolution 

 Complementary to the optical pump/mid-IR probe method, a few other ultrafast techniques 

have been applied to give insights into the ESHBD of Coumarin 102 in solutions. Transient pump-

probe spectra of Coumarin 102 in the non-hydrogen-bonding C2Cl4 at λpump = 380 nm and λpump = 

380 or 400 nm reveal a recovery in transmission signal with a time constant 6 ± 1 ps, after the 

bleaching upon photoexcitation. In the hydrogen-bonding solvent CHCl3, an initial bleaching with 

a time constant of 170 ± 30 fs is followed by a 2.8 ± 0.5 ps recovery. Similar dynamics has been 

observed for Coumarin 102-phenol complex in C2Cl4, with time constants of 170 ± 30 fs (bleaching) 

and 1.6 ± 0.4 ps, respectively. An additional oscillatory component superimposed on the broad 

electronic response signal with a period of 490 ± 20 cm-1 has also been revealed, attributed to a 

vibrational coherence in the electronic ground or excited states. The 170 ± 30 fs time constant is 

consistent with the subpicosecond hydrogen bond cleavage time determined by the optical 

pump/mid-IR probe method, and all picosecond components have been ascribed to solvation.35 

 Grating scattering is an ultrafast technique that provides information on excited state lifetimes. 

A total of three laser pulses are used, two of which interfere with each other in the sample and 

generate a population grating, while the third one is diffracted in a direction defined by the phase-

matching condition. The diffraction efficiency, and thus the signal intensity, is affected by factors 
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such as excited state population. The dynamics of Coumarin 102 in CHCl3 shows an ultrafast 

component of 85 ± 60 fs, as well as a slower component of 1.25 – 2.5 ps. In C2Cl4, a fast component 

with a time constant < 200 fs, and a slow component with a time constant of 740 ± 200 fs have been 

obtained.35 According to the authors, the <200 fs time constants are signatures of excited state 

hydrogen bond cleavage, the 740 ± 200 fs represents the reorganization time of newly generated 

free phenol dimers, and the 1.25-2.5 ps lifetime is consistent with the solvation time in CHCl3 

previously determined with other techniques.  

 Femtosecond two-pulse photon echo is another ultrafast technique that probes electronic 

coherences and reports on jumps between quantum states. Upon photoexcitation of Coumarin 102 

in a solution, an electronic coherence between the electronic ground state and the initial electronic 

excited state is generated. The coherence will be destroyed if a jump to a third state occurs. For the 

Coumarin 102-phenol complex in phenol, the coherence vanishes around 200 fs after 

photoexcitation.68 Thus, either the initial excited state has a lifetime around 200 fs, or an electronic 

state hopping occurs. Combined with the information from other techniques, Nibbering et al 

concluded that an electronic hopping process occurs around 200 fs, and the electronic dynamics is 

coupled to the hydrogen-bonding dynamics. The hydrogen bond between Coumarin 102 and the 

hydrogen-donating solvent molecule either directly breaks during the photoexcitation, or after the 

photoexcitation. In the first case, the electronic hopping occurring around 200 fs might be a process 

such as internal conversion to a nearby electronic state, while in the second case, the electronic 

hopping is associated with hydrogen bond cleavage.  

 

3.4.3 Computational study with DFT/TDDFT methods 

It is interesting to note that, theoretical studies of ESHBD of Coumarin 102 in solutions suggest 
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a possibility that directly contradicts the main conclusion drawn from the above ultrafast 

experiments. As pointed out by Zhao and Han, their theoretical results indicate a strengthening of 

the hydrogen bond between the C=O site of Coumarin 102 and phenol molecule in the early time of 

photoexcitation around 400 nm.27 Subsequent theoretical studies largely followed their method, and 

the ESHBD of Coumarin 102 in other hydrogen-donating solvents, such as aniline, water and 

ethanol, has been investigated using the DFT and TDDFT calculations. In all cases, the DFT method 

was used in ground state calculations, while the TDDFT was used for excited state calculations. The 

conclusion of hydrogen bond strengthening was drawn based on the calculated IR spectra, the 

equilibrium geometry and the hydrogen bond binding energy both in the electronic ground state and 

the initially populated excited state. To be specific, the calculation results show a relative redshift 

of C=O stretching band of hydrogen-bonded Coumarin 102 compared to free Coumarin 102, both 

in the electronic ground and initial excited states. Han and Zhao pointed out that the relative redshift 

is greater in the initial excited state (75 cm-1) than in the ground state (55 cm-1), so that the hydrogen 

bond should be strengthened in the initial excited state, since the relative redshift is a result of 

hydrogen-bonding formation. The validity of this argument, however, depends on the accuracy of 

the calculation results, which can be hampered by many factors. While Han and Zhao’s ground state 

calculation results (Table 3.1) match experimental values well (within 10 cm-1 for both free 

Coumarin 102 and hydrogen-bonded Coumarin 102), the excited state peak positions determined 

by TDDFT show a much larger discrepancy. Calculation results show essentially no shift of the 

hydrogen-bonded C=O stretching band upon 400 nm photoexcitation at 1686 cm-1, while 

experimentally the band upshifts by 35 – 40 cm-1. On the other hand, experimental results show 

essentially no shift of the free C=O stretching band, while a upshift of 20 cm-1 (1741 cm-1 to 1761 
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cm-1) is predicted by calculations.  

A crucial evidence of excited state hydrogen bond strengthening proposed by computational 

chemists is that the calculated excited state equilibrium geometry of the hydrogen-bonded complex 

shows a shortening of hydrogen bond C=O···H−B (see Figure 3.2), i.e. the equilibrium distance 

between the carbonyl oxygen and the hydrogen of the donor molecule, as well as an increase in both 

C=O and H−B bond lengths. Similarly, the calculated hydrogen bond binding energy is greater in 

the initial excited state than in the ground state (Table 3.2). However, the early time dynamics, i.e. 

the dynamics within the first few hundred femtoseconds is more related to the local geometry of the 

multidimensional potential energy surface within and near the Franck-Condon region, which could 

be very different from the equilibrium geometry.42 Although hydrogen bond strengthening might be 

preferable in terms of energy, it is cannot be ruled out that strengthening is not the only pathway, or 

in more extreme cases, not favored, given proper local geometry of the potential energy surface near 

the Franck-Condon region. Han and Zhao suggested that their results could be used to understand 

the early time dynamics because the Coumarin 102 molecules relaxes to its equilibrium geometry 

of the initial excited state within 200 fs after photoexcitation, as suggested by Nibbering’s two-pulse 

photon echo experiment.68 This argument, however, is likely a misinterpretation of Nibbering’s 

results. In the original paper, the electronic coherence between the ground state and the initial 

excited state vanishes about 200 fs after photoexcitation, and it has been interpreted as a signature 

of an electronic state hopping from the initial excited state to some other electronic state, rather than 

a hopping from the ground state to the initial excited state as restated by Han and Zhao. Furthermore, 

even if some excited state population persists in the initial excited state, there is no indication that 

the relaxation to equilibrium completes as the electronic state hopping occurs. Thus, the validity of 
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deducing excited state dynamics promptly after photoexcitation based on calculation results at 

equilibirium positions is questionable. Additionally, it seems that solvent effect was not taken into 

account in most calculations, i.e. the calculation results essentially apply to gas phase rather than 

liquid phase. Solvent effect can be treated using the polarizable continuum model (PCM), and 

calculation results reported by Xia et al shows a nonnegligible influence of solvent effect on the 

ground state geometry and the excitation transition energy of Coumarin 102 in hydrogen-donating 

solvents.69 Their results also reveal the possibility of coexistence of two type B hydrogen bonds, i.e. 

two hydrogen-donating solvent molecules are hydrogen-bonded to the carbonyl oxygen of the same 

Coumarin 102 molecule, which has not been explicitly considered in most of the aforementioned 

ESHBD calculations except in Miao’s work of Coumarin 102 in water.69 

 

Table 3.1. Calculated and experimentally determined C=O stretching band positions in free 

Coumarin 102 and the Coumarin 102-phenol complex 

 State νC=O cal. (cm-1)70  ΔνC=O cal. (cm-1) νC=O exp. (cm-1) 

Free C102 S0 1741 55 1735 

C102-phenol S0 1686 1695 

Free C102 S1 1761 75 ~1735 

C102-phenol S2
a 1686 ~1740 

 aCalculation shows that 400 nm laser pulse excites the Coumarin 102 molecule to S2 state, 

while the S1 state of the C102-phenol complex is a dark state of charge-transfer nature. 
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Table 3.2. Calculated equilibrium bond lengths of hydrogen-bonded Coumarin 102 in different 

solvents 

ref  State LC=O (Å) LO···H (Å) LH−B (Å) EHB
c (kJ/mol) 

27
 C102-phenol S0 1.231 1.786 0.995 36.8 

C102-phenol S2 1.246 1.691 1.007 51.5 

C102-(phenol)2 S0 1.237 1.680 1.007 54.3 

C102-(phenol)2 S3 1.253 1.580 1.025 62.7 

71 C102-aniline S0 1.214 2.052 1.015 25.96 

C102-aniline S2 1.228 1.968 1.019 37.27 

72 C102-H2Oa S0 1.226 1.970 0.972 28.4 

C102-H2Oa S1 1.243 1.928 0.977 40.9 

C102-H2Ob S0 1.226 1.912 0.974 29.2 

C102-H2Ob S1 1.243 1.859 0.977 34.6 

70 C102-ethanol S0 1.216 1.898 0.973 27.81 

C102-ethanol S1 1.229 1.847 0.976 32.36 

 a,b In the reference, a model where two water molecules are simultaneously hydrogen-bonded 

to the carbonyl site of Coumarin 102 is adopted. c EHB is the hydrogen bond binding energy and 

defined as EC102, ex + Edonor, gr - EC102-donor, ex, where ex and gr in the subscripts denote electronic 

excited and ground states, respectively. Ground state energy of the H-donor is used because the 

initial excited states are locally excited (LE) states and the donor moiety remains in the ground 

electronic state.70 
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3.5 ESHBD of Coumarin 102 in ethanol: Our study using transient absorption and FSRS 

3.5.1 Steady state spectra of Coumarin 102 in ethanol and tetrachloroethylene 

The steady state spectra of Coumarin 102, such as absorption and fluorescence, in several 

solutions have been reported.35,73 When dissolved in nonpolar, aprotic solvents such as C2Cl4, 

Coumarin 102 has a strong absorption band between 300 and 400 nm, and a fluorescence band 

between 400 and 600 nm. In hydrogen-donating solvents, e.g. alcohols, both absorption and 

fluorescence bands redshift due to the formation of hydrogen bonds between Coumarin 102 and 

solvent molecules and thus a change in quantum energy levels. This mechanism has been confirmed 

by the continual shift of both bands upon addition of gradually increased amount of hydrogen-

donating solvents into a Coumarin 102/C2Cl4 solution. The steady state spectra of Coumarin 102 in 

pure ethanol and pure C2Cl4 are shown in Figure 3.3. For fluorescence measurement, the excitation 

wavelength was fixed at 380 nm for the C2Cl4 solution and 400 nm for the ethanol solution. The 

absorption spectrum of Coumarin 102 in ethanol is peaked at 390 nm, corresponding to an electronic 

transition from S0 to S1, according to Jin and Tian’s calculation results.70 Both absorption and 

fluorescence bands are noticeably broader in ethanol. This can be understood by taking into the fact 

that only free Coumarin 102 exists in C2Cl4 while both free and hydrogen-bonded forms may exist 

in ethanol. The fluctuation in hydrogen-bond strength could introduce more inhomogeneity and 

further broaden the electronic spectra.  

An interesting fluorescence study conducted by Liu and Li reveals two sub-bands (~460 and 

~470 nm) in several alcoholic solvents upon photoexcitation at 376 nm, where both free and 

hydrogen-bonded Coumarin 102 can be simultaneously excited. The 470/460 nm sub-band intensity 

ratio increases consistently from n-Octanol to methanol (increasing H-donating ability), indicating 

the existence of two fluorescing species.74 The 440 and 480 nm sub-bands have been assigned to 
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Figure 3.3. Electronic absorption (red) and fluorescence (blue) spectra of Coumarin 102 in C2Cl4 

(solid lines) and ethanol (dashed lines) 
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free (non-hydrogen-bonded) and hydrogen-bonded Coumarin 102, respectively. This is further 

supported by the time evolution of fluorescence intensity at two characteristic emitting wavelengths, 

i.e. 440 and 480 nm, in n-butanol. It is shown that the 480 nm kinetic trace is delayed along the time 

axis when compared with the 440 nm kinetic trace, and the fluorescence at 480 nm reaches its peak 

intensity several hundred picoseconds later than the fluorescence at 440 nm. In DMSO, an aprotic 

solvent, such a shift is absent. It is thus concluded that this shift is induced by ESHBD. However, 

from the above-mentioned experiments, there is not enough evidence to conclude whether the 

excited-state hydrogen bond is strengthened or cleaved.  

The fluorescence spectrum changes slightly when the excitation wavelength is varied (Figure 

3.4). In both ethanol and methanol, the intensity at the blue side (short wavelengths) drops slightly 

when the excitation wavelength is increased from 320 nm to 400 nm. This is consistent with the 

conclusion drawn by Liu and Li that there are two different fluorescing state belonging to hydrogen-

bonded Coumarin 102 (emitting at longer wavelengths) and free Coumarin 102 (emitting at shorter 

wavelengths), respectively. From Figure 3.3, it can be seen that at 400 nm the C102-ethanol complex 

absorbs strongly, while the free Coumarin 102 molecule barely absorbs. Both species absorbs 

efficiently at shorter wavelengths (320−390 nm). Excitation at 320 nm thus leads to a greater 

population of excited-state free Coumarin 102 and stronger fluorescence arising from it. The overall 

difference between the fluorescence spectra at different excitation wavelengths, however, is very 

small, indicating that free Coumarin 102 only constitutes a small portion of ground state population 

in these hydrogen-donating solvents.  
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Figure 3.4. Fluorescence spectra of Coumarin 102 (0.5 mM) in methanol (a); ethanol (b) with 

excitation wavelengths of 320 nm (blue, solid line) and 400 nm (red, dashed line) 
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3.5.2 Excited state dynamics of Coumarin 102 in ethanol: A transient absorption study 

 Transient absorption spectroscopy is a powerful tool of studying electronic state dynamics. By 

probing the change in absorbance at different delay time after photoexcitation over a wide spectral 

range, the population transfer between electronic states can be monitored. Transient spectra of 

Coumarin 102 in several alcoholic solvents have been reported by Morlet-Savary et al with ~10 ps 

time resolution.75 In 1-propanol, two broad electronic features have been observed within the 

spectral range of 400 to 800 nm: a strong stimulated emission band between 400 and 550 nm, and 

a weak but much boarder excited state absorption peak extending from 550 nm to the near-infrared 

region and truncated at 800 nm, the edge of their spectral window. To the best of our knowledge, 

transient spectra of Coumarin 102 with sub-picosecond time resolution has not been reported within 

this spectral range. Since the dynamics in the first few hundred femtoseconds is crucial in this 

system, as revealed by other ultrafast techniques, femtosecond transient absorption study is 

definitely necessary to provide a more complete understanding of the excited state dynamics of 

Coumarin 102 in solution.  

Using our newly built transient absorption setup, we successfully collected transient spectra 

with a time resolution of ~150 fs within the spectral range of 625 to 725 nm corresponding to a 

portion of the broad excited state absorption band of Coumarin 102 in ethanol. Due to the breadth 

of our spectral window, the band is truncated at both ends, and the stimulated emission band at 

shorter wavelengths is not observable in our spectra. The raw transient spectra at different pump-

probe delays (-1 to 600 ps) over the whole spectral window (625 to 725 nm) are shown in Figure 

3.5, where the arrows show the general trend how the signal intensity, i.e. change in absorbance, 

evolves with increasing time delays. The trend turns out to be wavelength-dependent, which is of 

no surprise since the broad band could involve contributions from more than one electronic state. 
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At all wavelengths, a sharp spike appears near time zero, representing a coherence effect. Due to 

the existence of this feature, early time dynamics of the Coumarin 102 is seriously masked, making 

the analysis within this critical time region difficult, if not totally impossible. Our analysis thus only 

focuses on the region where the coherence feature diminishes so that its influence on the lineshape 

is negligible. The kinetic trace is fitted with a model where a multi-exponential function is 

convoluted with the instrument response function (IRF). The IRF can be well approximated using a 

Gaussian function 

𝐼𝑅𝐹(𝑡) =
𝑎

√2𝜋𝜎
𝑒

−
(𝑡−𝑡0)

2

2𝜎2  

where σ and t0 are the standard deviation (also known as the Gaussian RMS width) and time zero, 

respectively. The full width at half maximum (FWHM) of the Gaussian function is given by 

FWHM = 2√2𝑙𝑛2𝜎 

The FWHM has been estimated to be ~140 fs from the frequency-resolved optical Kerr effect (OKE) 

traces measured with the quartz sample cell we used in our experiments. The dynamics of the 

systems can be represented by a multi-exponential function 

f(t) = C + ∑𝐴𝑖𝑒
−
𝑡−𝑡0
𝜏𝑖

𝑛

𝑖=1

 

and the convolution of the IRF and f(t) 

IRF(t) ⊗ f(t) = 𝐶0 + ∑𝐶𝑖𝑒
{
𝜎2

2𝜏𝑖
2−

𝑡−2𝑡0
𝜏𝑖

}
∙ erfc (

𝑡 − 2𝑡0

√2𝜎
−

𝜎

√2𝜏𝑖

)

𝑛

𝑖=1

 

is used as a model for fitting kinetic traces, where erfc is the complementary error function defined 

as 

erfc(x) = 1 − erf(x) =
2

√𝜋
∫ 𝑒−𝑡2

𝑑𝑡
+∞

𝑥

 

and Ci’s are constants. The best-fit values of parameters in the model at several probing wavelengths 
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has been summarized in Table 3.3. A satisfactory fitting of the kinetic trace requires an inclusion of 

two to four exponentials in the model, depending on the probing wavelength.  

The early time dynamics is largely masked by the coherence feature near time zero at short 

probing wavelengths. At longer probing wavelengths, e.g. above 690 nm, there is indication of an 

ultrafast rising component in the first few hundred femtoseconds after photoexcitation, with a 

lifetime shorter than 140 fs, the time resolution of our setup. A rising component with a lifttime of 

about 10 to 14 ps is present at all probing wavelengths within our spectral window, representing an 

increase in transient signal in the first 25 to 30 ps. The dynamics at longer time delays is highly 

wavelength-dependent. At wavelengths shorter than 700 nm, two decaying components need to be 

included to account for the dynamics at long time delays: a component with lifetime of a few tens 

of picoseconds (t3 in Table 3.3), as well as a component with nanosecond decaying lifetime. 

However, there is a noticeable change of the shape of the kinetic trace around 710 nm, where the 

kinetic trace becomes flat at long time delays. At even longer probing wavelengths, a slowly rising 

component appears, with a lifetime of a few hundred picoseconds (Figure 3.6).  

The wavelength dependence of the excited state dynamics retrieved from the transient 

absorption may have multiple origins. First, the abroad absorption band may involve more than one 

excited electronic state. For instance, the absorption of one excited state of free Coumarin 102 may 

partially overlap with some excited state of hydrogen-bonded Coumarin 102. Then the kinetic traces 

at different wavelengths may reflect the time evolution of different states, or a combined effect of 

them. If excited state population transfers between these states, within certain wavelength range, the 

“source” state and the “receiver” state may be simultaneously probed, and the signal decay of one 

state can be partially or totally cancelled by the signal rise of the other state in the overall dynamics.  
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Table 3.3. Best-fit dynamic parameters at representative probing wavelengths 

Probing 

wavelength (nm) 

t1 (fs) t2 (ps) t3 (ps)a t4 (ns) 

630 - (+) 13.7 (-) 19.3 (69%) (-) >1 (31%) 

660 - (+) 13.2 (-) 26.4 (53%) (-) >1 (47%) 

690 (+) <140 (+) 10.2 (-) 36.8 (40%) (-) >1 (60%) 

700 (+) <140 (+) 10.0 (-) 42.5 (37%) (-) >1 (63%) 

710 (+) <140 (+) 9.9 (-) (-) 

725 (+) <140 (+) 12.1 (+) 380 (-) 

aIn all cases, (+) represents a rising component, (-) represents a decaying component, the numbers 

in parentheses represent the relative weight of the corresponding decaying components. 
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Figure 3.6. Time evolution of transient absorption signal at 660 (a), 690 (b) and 725 (c) nm. All 

kinetic traces are fitted with a multi-exponential function convoluted with the instrument response 

function. The data (red empty circles) and best-fit curve (black solid line) are shown for all three 

wavelengths. The inset in (c) shows the spike-like coherence feature near time zero. Similar 

features are present at other wavelengths. 
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This depends on the extent of overlapping between states, which varies at different probing 

wavelengths. In this case, a wavelength-dependent change in the apparent time constant and weight 

will be observed. Second, the wavelength-dependent dynamics may simply originate from the shift 

in the absorption band maximum over time, in which case the dynamic shift of the absorption 

maximum and the intensity of the absorption band should be treated separately. Due to the limited 

width of our spectral window, the maximum of the absorption band cannot be determined with 

sufficient accuracy, and such a treatment is not possible. In an earlier picosecond transient 

absorption study of Coumarin 102, Morlet-Savary et al examined the strong stimulated emission 

band in 1-propanol between 400 and 550 nm.75 The apparent dynamics shows a wavelength 

dependence similar to ours. At the probing wavelength of 430 nm, the kinetic trace shows 

biexponential dynamics where a < 5 ps rise is followed by an 83 ps decay. At a longer probing 

wavelength of 570 nm, the decaying component is replaced by a rising one. However, if the dynamic 

shift of the stimulated emission band maximum and the band intensity are treated separately by 

fitting the band with a log-normal function and extracting both quantities, the band intensity simply 

shows a monoexponential rise with a time constant < 5 ps, the time resolution of their setup, while 

the dynamic shift yields a lifetime of 83 ps. Therefore, the possibility that the apparent 

multiexponential dynamics is a result of the dynamic shift of band maximum cannot be ruled out. 

In a more complicated case, both factors may contribute, i.e. the apparent dynamics may originate 

from multiple excited states where the absorption band of one or more state shifts over time, making 

it more challenging to separate different contributing factors and clarify the excited state dynamics. 

With transient absorption data alone, it is impossible to distinguish between these possibilities. On 

the other hand, the dynamics in the first 20 to 30 ps are highly consistent throughout the spectral 
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window. The initial rise with a characteristic lifetime shorter than 140 fs is consistent with the fastest 

dynamic process revealed by the optical pump/mid-IR probe technique, which was interpreted as a 

signature of hydrogen-bond cleavage after photoexcitation around 400 nm.67 The other rising 

component has a time constant roughly between 10 and 14 ps, which match the calculated solvent 

longitudinal relaxation time τL of ethanol at room temperature, and may be attributed to 

solvation.62,75 These two time constants were not observed in Morlet-Savary’s results, probably due 

to their limited time resolution (10 ± 5 ps) and time window (starting from 40 ps after 

photoexcitation).  

 

3.5.3 Excited state dynamics of Coumarin 102 in ethanol: A FSRS study 

3.5.3.1 Introduction 

 Despite the rich information of excited state dynamics provided by ultrafast two-beam pump-

probe techniques such as optical pump/mid-IR probe and transient absorption methods, these 

methods have an intrinsic drawback, i.e. they usually suffer from coherence effects such as free 

induction decay and multi-photon absorption near time zero, where the primary events driving the 

excited state dynamics occur. The spectral signatures of these events are thus easily masked by the 

coherence features, as we already show in previous sections, making it difficult to investigate the 

early time dynamics in the first few hundred femtoseconds after photoexcitation, a temporal region 

that is critical to excited state dynamics studies.  

 FSRS fits nicely in the gap not as a complementary, but rather an indispensable tool, in that 

early time dynamics can be monitored with FSRS data. By judiciously tuning the Raman pump 

beam to appropriate wavelengths, FSRS “vibrational” signals associated with specific “electronic” 

states can be selectively enhanced while others are suppressed, so that a much better signal-to-noise 
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ratio can be attained for the state of interest. The nature of FSRS being a vibrational spectroscopic 

technique with both high spectral resolution and temporal resolution endues it with high sensitivity 

to ultrafast small-scale structural changes, making it a powerful tool for ESHBD studies, where site-

specific interactions are typically involved.  

 

3.5.3.2 Experimental details 

The Coumarin 102 used in our FSRS and femtosecond transient absorption experiments was 

originally purchased from Lambda Physik and used as received. The ground state FSRS experiments 

were carried out using 10 mM Coumarin 102 solutions, while a more diluted solution of 2 mM was 

used in the excited state FSRS experiments. DMSO (EMD), CHCl3 (Fisher Scientific), ethanol 

(Koptec) and C2Cl4 (J.T.Baker) used in our experiments are of reagent or higher grade. CDCl3 was 

purchased from Cambridge Isotope Labrotories, Inc. (99.8 atom D%). All solvents were used 

without further purification. The Raman pump pulse is centered at 663.5 nm (measured using Ocean 

Optics USB650 spectrometer), and the average power at the sample spot is ~2 mW. The 2 mM 

Coumarin 102 sample used in excited state FSRS experiments corresponds to an OD of ~3.8/mm at 

400 nm, the central excitation wavelength. Each FSRS spectrum saved represents an average of 

1500 raw spectra to improve the SNR, and a total of 10 data sets were collected for each time delay. 

A randomization procedure is included to assign a random order of time delays before data 

collection to help remove possible time-dependent artifacts in our data such as backlash of the 

translation stage or heat effect. The instrument cross-correlation time has been determined to be 

~140 fs. Since the spectral region of interest is around 1700 cm-1, the FSRS system is optimized by 

using acetone as a standard sample and maximizing its 1709 cm-1 peak (C=O stretching mode) and 
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then replace acetone with the ethanol solution of Coumarin 102.  

 

3.5.3.3 Ground state FSRS spectra of Coumarin 102 in solutions 

 The FSRS spectra of electronic ground state Coumarin 102 in several organic solvents, both 

protic and aprotic, are shown in Figure 3.7. Abundant vibrational features have been observed 

between 1100 and 1800 cm-1. It is of special interest to examine the C=O stretching band, because 

of the role of the carbonyl oxygen as the hydrogen accepting site of the type B hydrogen bond . The 

formation of hydrogen bond leads to a redistribution of electrons over the hydrogen-bonded 

complex, and the C=O bond is normally weakened as electron density builds up between the donor 

and acceptor. Thus, the band redshifts from the typical spectral position of about 1740 cm-1 of free 

C=O stretching to about 1700 cm-1, a typical frequency of hydrogen-bonded C=O stretching. 

According to our spectra, in the polar, protic solvent ethanol, the band is peaked at 1695 cm-1, while 

in the nonpolar, aprotic solvent tetrachloroethylene, it peaks at 1735 cm-1, consistent with the 

numbers reported by others.37,67 In chloroform and deuterated chloroform, the band is located at 

1700 cm-1, indicating the existence of type B hydrogen bond between Coumarin 102 and solvent 

molecules. Interestingly, in the polar, aprotic solvent DMSO, which usually can only serve as a 

hydrogen acceptor, the C=O band appears at 1710 cm-1, i.e. between typical positions of free C=O 

and hydrogen-bonded C=O stretching bands. It seems that Coumarin 102 and DMSO forms some 

kind of complex via the carbonyl site. We do observe a color change of the solution from light 

yellow to dark yellow in a few days, while all other Coumarin 102 solutions maintain the original 

colors for much longer time. This observation indicates that some kind of chemical reaction occurs  
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*The two coumarin peaks around 1550 and 1600 cm-1 in C2Cl4 is masked by the residual of a solvent 

peak which could not be completely removed by subtracting a reference (pure solvent) spectrum.  

 

 

 

 

  

Figure 3.7. Ground state FSRS spectra of Coumarin 102 in tetrachloroethylene C2Cl4 (a); 

DMSO (b); deuterated chloroform CDCl3 (c); chloroform CHCl3 (d); and ethanol (e). All the 

spectra are normalized to the C=O stretching band at 1695 to 1735 cm-1. These ground state 

FSRS spectra are measured with 10 mM Coumarin 102 solutions at room temperature (298 

K) with a 400 nm actinic pump beam and a 514 nm Raman pump beam. 
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between Coumarin 102 and DMSO.  

 Quantum chemistry calculations of ground state Coumarin 102 have been performed in our lab 

to give a better understanding of our ground state data. Using density functional theory (DFT) with 

RB3LYP functional and the 6-31G+(d,p) basis set, the frequency and activity of ground state Raman 

modes have been calculated in Gaussian 09 software. Due to the high cost of CPU hours of 

calculating a hydrogen-bonded complex in solutions, we only performed the calculation on free 

Coumarin 102 in ethanol, where the solvent effect was taken into account using the integral equation 

formalism based version of polarizable continuum method (IEF-PCM). Correlating experimentally 

observed vibrational bands to the calculated vibrational modes is a difficult task, partly due to the 

uncertainty of calculated frequencies and activities, as well as the imperfect spectral resolution of 

the experiment. The calculated frequencies are usually larger than the experimentally observed ones, 

and scaling factors of 0.96 to 0.98 are routinely used to make the frequency corrections.76 For 

vibrational modes between 1000 and 2000 cm-1, a change of 0.01 in scaling factor would introduce 

a difference of 10 to 20 cm-1 in frequency. Given the large number of vibrational modes in 

calculation results, it is challenging to assign the observed Raman bands exactly. Moreover, in 

certain spectral regions, vibrational peaks of different origins are “fused” together due to our limited 

spectral resolution compared with continuous-wave (CW) Raman techniques. It is the overall 

overlapping peak envelope rather than individual peaks that are observed, making it even more 

difficult to make a one-to-one correlation between calculated vibrational normal modes and 

experimentally recorded vibrational bands. In particular, the band between 1500 and 1650 cm-1 

includes several “ring modes”, two strongest among which are peaked at 1555 and 1599 cm-1 in our 

spectra and can be correlated with the calculated modes at 1576 and 1618 cm-1, respectively. Both 
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modes involve large-scale deformation of phenol and lactone rings (Figure 3.8), while the C=O 

bond is largely at rest. The modes between 1100 and 1500 cm-1 are related to various ring/peripheral 

hydrogen motions that are not directly pertinent to hydrogen bonding at the carbonyl site. The 

calculated C=O stretching mode is at 1712 cm-1, where an asymmetric deformation of the lactone 

ring and a symmetric deformation of the phenol ring are also involved. Thus, it is likely that this 

mode is not a true “local” mode isolated from the rest of the molecule. 

 

3.5.3.4 Excited state FSRS spectra of Coumarin 102 in ethanol solution 

 Acquiring excited state FSRS data of Coumarin 102 is a very challenging task, even with 

resonance enhancement. On one hand, the excited state absorption band in the visible range is weak 

(see Figure 3.4), so that only a weak or moderate resonance enhancement effect is expected. On the 

other hand, the power stability of the probe beam is not as good as the picosecond Raman pump 

beam, due to the complicated mechanism of broadband up-converted multicolor arrays (BUMA) 

signal generation (see Chapter 2.2), thus introduce extra noise due to pulse-to-pulse power 

fluctuation. Unlike the conventional FSRS setup with 800 nm Raman pump, supercontinuum white 

light generation in sapphire cannot effectively work with the 663 nm Raman pump we use here, 

because the photon counts to the red side of it is too low for FSRS measurements. Instead, we had 

to adopt the BUMA technology to extend the spectral window to near-IR so that vibrational modes 

above 1700 cm-1 can be observed. We are able to identify a few excited state features in excited state 

FSRS spectra, including a broad band between 1550 and 1680 cm-1, a weak feature around 1700 

cm-1, and another band between 1720 and 1800 cm-1. Compared with the ground state FSRS spectra 

of Coumarin 102 in ethanol and C2Cl4, the 1550 to 1680 cm-1 band can be assigned as ring modes 

involving deformation of both phenol and lactone rings. The weak band around 1700 cm-1 is a 
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Figure 3.8. Three representative electronic ground state vibrational modes calculated using DFT-

RB3LYP with 6-31G+(d,p) basis set in Gaussian 09. 1575 cm-1 (a); 1618 cm-1 (b); 1712 cm-1 (c). 

Atomic motions are shown using displacement vectors. 
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signature of hydrogen-bonded C=O stretching, while the band between 1720 and 1800 cm-1 with a 

peak around 1740 cm-1 is due to free C=O stretching. Unlike the optical pump/mid-IR probe 

technique, our FSRS data shows very clear vibrational bands in the first 200 fs. The early time 

excited state dynamics can thus been examined directly with high time resolution afforded by FSRS. 

A glimpse of the FSRS spectra in the first few picoseconds following 400 nm photoexcitation 

(Figure 3.9) immediately reveals a few important facts. First, the 1700 cm-1 band appears promptly 

upon photoexciation, while the 1740 cm-1 band appears later. Second, the 1700 cm-1 band diminishes 

quickly in the first few hundred picoseconds after the prompt initial rise; in contrast, it is not until 

the 1700 cm-1 band largely loses its intensity that the 1740 cm-1 band starts to grow, and the two 

bands coexist until the 1700 cm-1 band becomes unobservable at about 6 ps after photoexcitation. 

Third, a small splitting is observed in both bands. Splitting of the C=O stretching band of electronic 

ground state coumarin and other unsaturated lactones has been reported in solutions using 

conventional IR and Raman spectroscopy, and a Fermi resonance hypothesis has been proposed.77 

There is indication of splitting of the excited state C=O stretching band in Nibbering’s published 

data using the optical pump/mid-IR probe technique, as evidenced by the obvious asymmetric 

shaped of the C=O stretching band at 400 fs after excitation.68 Furthermore, the splitting in the 

excited state seems to be more obvious than that in the ground state. The splitting of the main peak 

at 1700 cm-1 in ethanol is not obvious in our ground state FSRS spectrum, probably due to our 

limited spectral resolution. However, there is strong indication of splitting of both 1700 and 1740 

cm-1 bands in our excited state spectra. Reliable analysis of each sub-band, which would give better 

insights into the origin of splitting, is currently prevented by the spectral resolution and noise level. 

The coexistence of the 1700 and 1740 cm-1 bands until about 6 ps is different from Nibbering’s 
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Figure 3.9. Excited state FSRS spectra of Coumarin 102 in ethanol within the first 3.2 picoseconds 

following 400 nm excitation. Black solid lines are experimental data, red solid shadows are multi-

peak fitting results. The corresponding time delay has been indicated by the number on the right 

side of each spectrum. 
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observation in CHCl3 where the 1700 cm-1 band completely disappears as the 1740 cm-1 band 

becomes discernable at least 200 fs after excitation. In a related context, Zhao and Han argue that 

the “blueshift” could be a pure effect of electronic excitation, during which the redistribution of 

electrons leads to the shift of vibrational bands.27 However, such a possibility is ruled out based on 

our observation because the 1700 cm-1 band, i.e. the hydrogen-bonded C=O stretching band, still 

exists for a few picoseconds after excitation. The delayed rise of the 1740 cm-1 indicates additional 

excited state dynamics, which is closely related to excited state hydrogen bonding.  

 Quantitative analysis of the excited state C=O stretching bands sheds more lights on ESHBD 

of Coumarin 102 in ethanol solution. Due to the splitting of both 1700 and 1740 cm-1 bands, we fit 

each band with two Gaussian functions. Although analysis of each Gaussian peak is mathematically 

possible, such a strategy might not make much physical sense due to the spectral resolution and 

noise level of our data, unless additional information such as the width of the sub-bands is known 

prior to the fitting process. Thus, only the total integrated area is analyzed for each band, and the 

kinetic traces of both 1700 and 1740 cm-1 bands are shown in Figure 3.10. The 1700 cm-1 band area 

rises promptly upon excitation and starts to drop after reaching its maximum at ~50 fs. A satisfactory 

simulation of the whole kinetic trace requires a model including three exponential components: an 

ultrafast initial rise (τ < 140 fs), followed by an ultrafast decay (τ < 140 fs) and a much slower decay 

(τ = 3.2 ± 1.0 ps). The 1740 cm-1 kinetic trace needs to be fitted with a model containing at least 

two rising and two decaying exponential components. The initial rise has a characteristic lifetime 

shorter than our resolution of 140 fs, and the subsequent rise has a lifetime of 12.6 ± 3.3 ps; the band 

area reaches the maximum about 20 ps after excitation, and decays with 37.2 ± 10 ps (57.5% weight) 

and > 1 ns (42.5% weight) characteristic lifetimes, respectively. In each kinetic trace, all components  
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Figure 3.10. Time evolution of the integrated peak area of both 1700 cm-1 (red line and open circles) 

and 1740 cm-1 (blue line and solid triangles) vibrational bands within ~2 ps of 400 nm 

photoexcitation. Experimental data are represented in markers and best-fit curves in solid lines. The 

insert shows the long-time dynamics of the 1740 cm-1 mode up to 600 ps. The intensity of the 1700 

cm-1 band drops to noise level after 6 ps and no long-time dynamics are observed. 
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share the same starting time t0 defined in section 3.5.2. Notably, fitting results show that the time 

zero of the 1740 cm-1 kinetic trace is 160 ± 50 fs “behind” the time zero of the 1700 cm-1 kinetic 

trace. Since the 1740 cm-1 band is a marker band of free Coumarin 102, it can be concluded that a 

portion of excited state Coumarin 102 molecules undergoes hydrogen bond cleavage within 160 ± 

50 fs after 400 nm excitation. In contrast, the directly excited free Coumarin 102 molecules, i.e. the 

non-hydrogen-bonded ground state Coumarin 102 molecules excited by the 400 nm excitation pulse, 

should not make a large contribution to the 1740 cm-1 band. This is because the efficiency of 400 

nm excitation is very low for free Coumarin 102 molecules, evidenced by the small absorbance of 

free Coumarin 102 at 400 nm (see Figure 3.3 and Figure 3.4). Furthermore, if the directly excited 

free Coumarin 102 molecules were an important origin of the 1740 cm-1 band in the excited state 

FSRS spectra, we would have observed a simultaneous rise of both 1700 and 1740 cm-1 bands. 

Notably, our data also reject the possibility of hydrogen bond cleavage being the only pathway of 

excited state dynamics, in which case the 1700 cm-1 band should vanish immediately when the 1740 

cm-1 band appears. In other words, the type B hydrogen bonds are ruptured only in a portion of, but 

not all excited state Coumarin 102 molecules.  

The initial rise of the 1700 cm-1 band is a signature of Franck-Condon excitation of ground 

state hydrogen-bonded Coumarin 102, and the increased polarizability contributes to the nascent 

excited-state peaks at about the same position as the ground state peak. The subsequent ultrafast 

decay reports on the movement of wavepackets out of Franck-Condon region down the potential 

energy surface of the original excited state. About 160 ± 50 fs after 400 nm excitation, the 

wavepackets move to a region where a hopping to a different, nearby electronic state could occur, 

leading to a dynamic pathway bifurcation. The excited state wavepackets then either continue 
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moving along the original excited state potential energy surface, or the potential energy surface of 

the state they newly hop onto. The delayed rise of the 1740 cm-1 band is a result of this reaction 

pathway bifurcation, i.e. the band intensity will not rise until the electronic state hopping occurs so 

that the product state is populated. The characteristic initial rise time constant of the 1740 cm-1 band 

(<140 fs) thus reports on the electronic state hopping timescale. Such an ultrafast timescale indicates 

that the hopping is a barrierless process, whose details cannot be revealed without a thorough 

understanding of the geometries of multidimensional excited state potential energy surfaces. The 

nature of the reactant state as an electronic state of hydrogen-bond Coumarin 102, and the product 

state as an electronic state of free Coumarin 102 indicates that hydrogen bond cleavage is directly 

coupled with the electronic state hopping, i.e. they occur simultaneously. The above picture is 

consistent with the conclusions of Nibbering and Palit that the hydrogen bond cleaves within 200 fs 

upon 400 nm excitation. Furthermore, for the first time, our early-time FSRS data provide 

unambiguous evidence that the type-B hydrogen-bond cleavage occurs in the excited state, rather 

than during excitation. Such a picture was proposed, but could not be confirmed in Nibbering’s 

work, because the vibrational spectra within 200 fs after excitation were not attainable with their 

optical pump/mid-IR probe technique due to the existence of strong coherence artifacts.34,67  

 The fate of excited state wavepackets after the dynamic pathway bifurcation is largely 

determined by the geometries of excited state potential energy surfaces. As mentioned earlier, 

dynamic processes such as vibrational relaxation, solvation, fluorescence, intersystem crossing, and 

internal conversion may compete with each other. Better insights into the complicated excited state 

dynamics are attainable when the information revealed by our FSRS data and transient absorption 

data are combined. We notice that the dynamics of the 1740 cm-1 band retrieved from our FSRS 
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data match well to those extracted from transient absorption with a probing wavelength shorter than 

700 nm. To be more specific, kinetic traces obtained from both techniques show a rising component 

with a time constant around 10 ps, followed by a decaying component with a lifetime of a few tens 

of picoseconds, plus a nanosecond decay. The kinetic traces constructed from transient absorption 

data suffer from a coherence feature near time zero that masks the dynamics in the first few hundred 

femtoseconds, so that the initial ultrafast rise revealed by FSRS is not observable in transient 

absorption data.  

The significance of this dynamic evolution similarity is twofold. On one hand, transient 

absorption spectra directly report on the population transfer between electronic states, while lacking 

structural sensitivity. It is thus difficult to tell by the transient absorption spectra alone whether they 

report on the dynamics in excited states of free Coumarin 102 or hydrogen-bonded Coumarin 102 

at a given probing wavelength. On the other hand, FSRS data have clearly defined marker bands 

that can be unequivocally assigned to vibrational modes of specific transient species, e.g. the 1700 

cm-1 band can be solely attributed to the C=O stretching motion of hydrogen-bonded Coumarin 102, 

while the 1740 cm-1 can only arise from the C=O stretching motion of free Coumarin 102. However, 

the FSRS signal intensity not only reflects the population change, but also reports on the change in 

Raman polarizability and resonance enhancement conditions by using tunable Raman pump pulses, 

whose contributions are difficult to be quantitatively separated. The similarity between the dynamic 

timescales revealed by transient absorption and FSRS data thus suggests that the spectral evolution 

of the 1740 cm-1 FSRS band is largely a population effect, and the transient absorption dynamics 

probed at shorter wavelengths (630 to 690 nm) mainly reflects the population change in the excited 

state of free Coumarin 102 rather than hydrogen-bonded Coumarin 102. As mention before, the ~10 
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ps rise time is highly consistent at all probing wavelength in transient absorption spectra, and close 

to the theoretical value of longitudinal relaxation time of ethanol.62,75 This rising component can 

then be assigned to solvation of excited state free Coumarin 102 which is newly formed via 

hydrogen bond cleavage. The subsequent decay reflects a decrease in population of solvated excited 

state Coumarin 102 on a timescale of a few tens of picoseconds (37.2 ± 10 ps from FSRS data), and 

is likely a signature of hydrogen bond reformation between Coumarin 102 and surrounding ethanol 

molecules. Another possibility is that the excited population is transferred to a different electronic 

state of free Coumarin 102, such as a nearby “dark state” or the ground electronic state via 

nonradiative processes such as internal conversion, resulting in a drop in both FSRS and transient 

absorption signals. The mechanism of population transfer to a low-lying dark state has been 

employed by Sahu et al to explain the fluorescence quenching of Coumarin 102 in C2Cl4 upon 

addition of phenol or p-Cl-phenol, two hydrogen-donating reagents.73 Calculations show that the 

400 nm pulse directly excites the Coumarin 102-phenol complex to its second singlet excited state 

S2, while the S1 state is a dark state with charge-transfer character. However, recent calculations 

delineate a different picture in ethanol. According to Jin and Tian’s results, Coumarin 102-ethanol 

complex is excited to the S1 state rather than S2 upon irradiation of 400 nm light.70 The absence of 

low-lying dark state in ethanol makes the proposed mechanism of an internal conversion to a nearby 

dark state less convincing. Furthermore, no fluorescence quenching of Coumarin 102 has been 

observed in ethanol, corrobated by the high fluorescence quantum yield (Φf = 0.95)53, making the 

current case incompatible with Sahu’s model.  

We also examined the possibility of excited-state free Coumarin 102 molecules undergoing 

nonradiative deactivation to the ground state. To get information of the ground state population, 
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Coumarin 102 molecules are pumped using 400 nm femtosecond pulses and probed at the same 

wavelength (400 nm pump/400 nm probe). The dynamics in the first 200 ps shows an ultrafast drop 

before time zero is a signature of ground state bleaching (population decrease) due to excitation, 

followed by three rising components with time constants ~150 fs (59% weight), 1.5 ps (27%) and 

23 ps (14%), respectively. (Figure 3.11) The bleaching signal recovers ~80% in the first 3 ps and >95% 

in the first 200 ps after photoexcitation. The high fluorescence quantum yield of Coumarin 102 

indicates that the majority of excited-state Coumarin 102 deactivates via fluorescence emission on 

a nanosecond timescale, so that these time constants retrieved here are unlikely to report on the 

recovery of ground state population. Rather, they are signatures of excited-state molecular events. 

The 150 fs ultrafast rise may report on the ultrafast hydrogen bond cleavage, and the 1.5 ps rise may 

be associated with vibrational relaxation in the excited electronic state. The 23 ps time constant 

matches reasonably well with the short decay time constant retrieved from FSRS data (37.2 ps) and 

transient absorption data at short probing wavelengths (19.3 ps at 630 nm, 26.4 ps at 660 nm), and 

can be ascribed to excited-state hydrogen bond reformation. TDDFT calculations by Jin and Tian 

show that the first excited state of couamrin 102-ethanol complex is lower in equilibrium energy 

than that of free Coumarin 102 by 32.36 kJ/mol70, making the hydrogen bond reformation an overall 

“favored” dynamic path in terms of energy. 

Interestingly, no reemergence of the 1700 cm-1 band is observed after it drops to noise level 

around 6 ps after excitation, within our time window of 600 ps. This can be rationalized by taking 

into account the fact that our Raman pump has been tuned to 663 nm, a wavelength where free 

excited state Coumarin 102 absorbs, but not necessarily the C102-ethanol complex. Hence, the 

Raman signal of excited state free Coumarin 102 is selectively enhanced. On the other hand, the  
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Figure 3.11. Pump-probe transients (open circles) and best-fit line between 0 and 200 ps 

(solid curve).  

  



88 

 

 

1700 cm-1 band may not be resonantly enhanced except in the Franck-Condon region, and the 

ultrafast drop in signal at early time could be a signature of a rapid loss of resonance enhancement 

as the wavepackets slide down the initial excited state potential energy surface out of the Franck-

Condon region towards the equilibrium point, i.e. the bottom well of S1. After 6 ps, the 663 nm 

Raman pump is “off resonance” and the Raman signal of the 1700 cm-1 mode becomes too weak to 

observe, despite the increase in excited state population of hydrogen-bonded Coumarin 102.  

 It is interesting to compare our timescales to those determined by Morlet-Savary and co-

workers using picosecond transient absorption technique.78 In their work, a complete stimulated 

emission band has been recorded up to 400 ps after excitation, with a time resolution of 10 ± 5 ps. 

The authors were able to extract the peak maximum and intensity by fitting the whole electronic 

band at each delay time with a log-normal function, so that the dynamics of peak maximum and 

intensity can be examined separately. Using the dynamic Stokes shift method, a 61 ps solvation time 

of Coumarin 102 in ethanol has been obtained, much longer than the calculated longitudinal 

relaxation time of ~15 ps. The authors suggested two main solvation mechanisms: (1) a collective 

reorientation of the ethanol molecules around excited state free Coumarin 102, characterized by the 

longitudinal relaxation time predicted by the dielectric continuum model; and (2) the orientation of 

individual ethanol molecules where a strong interaction such as hydrogen-bonding dominates. In 

other words, excited state hydrogen-bonding dynamics has been classified as one type of solvation 

process in their model. The dynamic Stokes shift method measures the overall timescale, but cannot 

distinguish the two mechanisms, due to the insensitivity of Stokes shift correlation function to site-

specific interactions. On the contrary, our FSRS results define a clear timescale for each process, as 

well as the time sequence between them.  
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 The longest decay in the 1740 cm-1 mode dynamics falls within the nanosecond region and can 

be confidently assigned as fluorescence emission. Its existence indicates that fluorescence can 

originate from an excited state of free Coumarin 102. Although the long-time dynamics cannot be 

obtained for the 1700 cm-1 mode due to the lack of resonance enhancement, it is highly possible that 

fluorescence can be emitted from some excited state of hydrogen-bonded Coumarin 102. As 

mentioned earlier in Seciton 3.5.1, static and picosecond fluorescence studies of Coumarin 102 in 

alcoholic solvents have been performed by Liu and Li, and two peaks in static fluorescence, centered 

at 440 and 480 nm, have been observed.74 The 440 nm peak drops in intensity as alcohols with 

stronger hydrogen donating ability are used as solvents, while the 480 nm peak shows the opposite 

trend. The 480 nm peak also shows a delayed rise in intensity compared with the 440 nm, confirming 

that the two peaks originate from different fluorescing states. It is thus concluded that the 440 and 

480 nm peaks originate from free and hydrogen-bonded excited state Coumarin 102, respectively. 

Our results further identify the fluorescent state responsible for the 440 nm peak, i.e. the solvated 

excited state formed on the ps timescale via ultrafast hydrogen bond cleavage induced by the 400 

nm excitation.  

 

3.6 Summary 

 Using the newly developed FSRS technique with wavelength-tunable Raman pump and probe 

pair, the excited state dynamics of Coumarin 102 in ethanol solution upon 400 nm femtosecond 

laser irradiation has been studied. Clear transient Raman spectra within the first 200 fs after 

excitation have been obtained for the first time. When combined with our femtosecond transient 

absorption results and existing literature, we are able to construct a “minimal” model of excited state 

dynamics of the molecular system under study (Figure 3.12). In this model, the 400 nm laser pulse 
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Figure 3.12. Schematic energy diagram of Coumarin 102 in ethanol solution. Blue and red curves 

represent potential energy surfaces of free and hydrogen-bonded Coumarin 102, repectively. 

Dashdotted curves represent solvated electronic states. The generation and evolution of excited state 

wavepackets are indicated by green arrows and parenthesized Roman numerals. Purple arrows 

represents electronic state hopping. The C=O bond lengths at equilibria (except for the two solvated 

excited states) are based on reported quantum chemistry calculation results.70 
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excites the hydrogen-bonded C102-ethanol complexes from their electronic ground state S0,C102-EtOH 

to the first excited state S1,C102-EtOH, as predicted by TDDFT calculations.70 The generated excited 

state wavepackets then move along the potential energy surface S1,C102-EtOH toward a region (process 

I in Figure 3.11) where they can either hop onto the first excited state of free Coumarin 102, labeled 

as S1,C102, within 160 fs after excitation (process II) , or continue to evolve toward the equilibrium 

position of the original potential energy surface (process II’). The hydrogen bond between Coumarin 

102 and ethanol cleaves during the hopping process, leading to a strengthening of the C=O bond 

and an ultrafast upshift in C=O stretching frequency. The newly generated excited state Coumarin 

102 molecules is out of equilibrium with the surrounding solvent bath, and a solvation process takes 

place on a timescale of ~10 ps, during which the ethanol molecules in the solvation shell collectively 

reorient and accommodate the nascent excited state free Coumarin 102 molecules to reach a solvated 

excited state S1,C102,solvated. As favored in terms of equilibrium energy, the hydrogen bond between 

solute and solvent molecules reforms in the next 20−40 ps, and a portion of S1,C102,solvated population 

transfers to the solvated first excited state of C102-ethanol complex, S1,C102-EtOH,solvated (process IV). 

The S1,C102,solvated population could also returns to the electronic ground state of free Coumarin 102, 

S0,C102, via radiative deactivation, i.e. fluorescence emission (process V). The population in the 

original excited state S1,C102-EtOH that does not undergo electronic state hopping keep sliding down 

the potential energy surface (process II’) and also reaches the S1,C102-EtOH,solvated directly via solvation. 

A large portion of the S1,C102-EtOH,solvated populations then return to the corresponding electronic 

ground state via fluorescence emission.  

Our model is a minimal one in the sense that the nature of fluorescent state of photoexcited 

Coumarin 102 is still in debate, and the possibility that other states are involved in the hydrogen 
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bond reformation cannot be excluded. Base on the fluorescence yield and lifetime measured in early 

studies,53 it has been postulated that fluorescence of 7-aminocoumarins is emitted from an 

intramolecular charge-transfer (ICT) state. However, Samanta et al argued that 7-aminocoumarins 

should fluoresce from a locally excited state according to their measurements of excited state dipole 

moment of several 7-aminocoumarins in benzene and 1,4-dioxane, using the method of time-

resolved microwave dielectric absorption.79 Furthermore, other dynamic pathways, for instance, 

intersystem crossing and non-radiative deactivation via internal conversion, are not included in our 

model, and may contribute to some of the time constants deduced from FSRS data. Despite these 

insufficiencies, our model includes a minimal number of excited states that are needed to explain 

both FSRS and transient absorption data, as well as being consistent with ultrafast experimental data 

previously reported by other groups.37,67 Our model clearly reveals two critical reaction coordinates, 

i.e. the hydrogen bond coordinate and the solvation coordinate on the fs to ps timescales, of excited 

state dynamics of Coumarin 102 in ethanol.  

We would like to emphasize that our model does not conflict with the DFT/TDDFT calculation 

results,27,70 which give an estimate of equilibrium configurations and potential energies of ground 

and excited states of both free Coumarin 102 and Coumarin 102-ethanol complex. It is possible that 

the type B hydrogen bond between Coumarin 102 and ethanol is strengthened as predicted by these 

calculations when the excited state Coumarin 102-ethanol complex relaxes to its equilibrium 

configuration, either along the original potential energy surface or via hydrogen bond cleavage and 

reformation. However, it does not mean that the hydrogen bond is strengthened at the early stage 

upon excitation. Due to the complexity of the Coumarin 102 potential energy surfaces, which is 

multi-dimensional in nature as partially revealed by our data, it is questionable to predict early-time 
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excited state dynamics solely based on parameters of equilibrium configurations. We envision that 

FSRS, being an emerging structural dynamics tool, will enable more discoveries into the ultrafast, 

fascinating world of ESHBD, and photoinduced conformational dynamics of functional molecules 

in general. 

 

3.7 References 
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Chapter 4 Study of excited state proton transfer (ESPT) of pyranine in aqeous solutions 

using FSRS 

4.1 Introduction 

 Proton transfer has long been recognized as one of the most fundamental processes in 

chemistry and biology. It forms the basis of the renowned Brønsted–Lowry acid–base theory, in 

which an acid is defined as a species that loses a proton during its reaction with another species, i.e. 

the base, which gains the proton. In other words, during neutralization reactions, protons are 

transferred from acids to bases. Proton transfer between water molecules is the underlying 

mechanism of the autoionization of water molecules into hydronium (H3O+) and hydroxide (OH-), 

and thus responsible for the finite pH of pure water. Proton transfer in aqueous environments is 

especially important, because of the vital role it plays in living systems. For instance, protons can 

be pumped across proton-impermeable biomembranes by proteins such as bacteriorhodopsin that 

serve as key enzymes in energy transduction processes of biological systems, during which an 

electrochemical gradient is built up and eventually used to synthesize ATP, so that energy originally 

obtained from the environment is converted into a usable chemical form.1,2 Proton transfer is also 

involved in bioluminescence of the green fluorescent protein (GFP) which has been widely used as 

a biological marker, as an indispensable step in its photochemistry.3-5  

 To date, the most commonly accepted picture of proton transfer in aqueous solutions, as written 

in many textbooks, is via the Grotthuss mechanism, in which a sequential exchange of covalent 

bonds and hydrogen bonds occurs along the pre-existing hydrogen bond network, resulting in the 

addition of a proton at one end and release of a proton at the other end. In such a picture, it is actually 

the “topological defect” and the charge, rather than any specific proton or protonic complex, e.g. 

H3O+, which is diffused through the hydrogen bond network. In other words, the transfer of mass 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB4QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FBr%25C3%25B8nsted%25E2%2580%2593Lowry_acid%25E2%2580%2593base_theory&ei=u8gjVMvXOInfoAT73IL4Cg&usg=AFQjCNFb7szhZUO38huxHg_NJWJY6NI21Q&sig2=xlBZkZi2r2AwRBqKg5Wueg&bvm=bv.76247554,d.cGU
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only occurs between two adjacent molecules that are directly hydrogen-bonded with each other, 

while a consecutive occurrence of such events leads to a diffusion of the protonic charge, rather than 

the mass, to the “destination proton”, which is not the same proton as the one being transferred at 

the beginning.6 With the above mechanism, the rate of proton transfer in aqueous solution is only 

limited by the diffusion of solvent water, as the surrounding solvent molecules have to reorient to 

minimize the dipolar interaction with the newly generated species.7 

Proton transfer can occur in both electronic ground state and excited states, between different 

molecules (intermolecular) or different sites within the same molecule (intramolecular), spanning a 

wide time range from hundreds of femtoseconds to a few tens of nanoseconds. It has been 

discovered that certain aromatic compounds become much more acidic upon photoexcitation, 

evinced by a dramatic increase in the excited-state acid ionization constant Ka
* by several orders of 

magnitude. These compounds are called photoacids and have been extensively studied during the 

past few decades.8 Huppert el al divide photoacids into four categories based on their acidity, and 

different rate-limiting factors of excited-state proton transfer (ESPT) have been proposed for each 

category.7 The first category includes weak photoacids whose pKa
* are between 0 and 3. In solution, 

they are able to transfer protons to water or directly to a base upon photoexcitation, while the chance 

of transferring protons to protic solvents such as alcohols is very low. Photoacids in the second 

category have pKa
* ranging from -4 to 0, allowing protons being transferred to many protic solvents 

upon excitation. For photoacids in the above two categories, the rate of proton transfer correlates 

well with the excited-state acidity, i.e. the smaller the pKa
*, the larger the ESPT rate kPT. Particularly, 

kPT has been found to decrease exponentially with the increase in pKa
* for photoacids of the first 

category. The third category consists of even stronger photoacids with pKa
* between -6 and -4, 
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whose ESPT rate is solvent-controlled, i.e. limited by the rate of solvent reorientation that minimizes 

the solvent-solute dipolar interaction. The last category is comprised of “superphotoacids” that has 

pKa
* smaller than -7,9 whose ESPT rate exceeds the solvent-controlled limit and could yield a time 

constant as short as 100 fs. According to current understanding, the ultrafast ESPT rate is determined 

by the intermolecular vibrational motions of the donor-acceptor complex, which should inspire new 

experimental advances to map out the key structural motions. 

 Photoacids serve as paradigmatic systems for ESPT studies, since the ESPT process can be 

conveniently initiated at a precisely defined time with an ultrashort actinic pump pulse at proper 

excitation wavelengths, as in many other excited-state dynamic studies, so that the following 

dynamics can be monitored as a function of time. With state-of-the-art spectroscopic techniques, 

dynamic processes with subpicosecond lifetime can be discerned, allowing researchers to look into 

many details of the choreography of proton motions during ESPT. Pyranine (8-hydroxypyrene-

1,3,6-trisulfonic acid, or HPTS) is a photoacid frequently used to scrutinize the ESPT process under 

various conditions.10-12 The pKa
* drops from its ground electronic state value of ~7 to ~0 upon 

photoexcitation to its first excited electronic state S1.13 In early publications, the thermodynamic 

cycle of photoacids such as HPTS was routinely described using a simple, four-level model, in 

which the molecules establish an equilibrium between the acidic and basic forms, with the 

equilibrium constants being distinctively different between ground and excited states. 

Thermodynamic constants such as pKa
* can be determined using various methods,8 while the 

dynamic details of ESPT on a microscopic level remain poorly defined. Later, more accurate rate 

constant determination for each kinetic step was achieved by analyzing the dynamic change of 

electronic spectra over time, through time-resolved fluorescence and transient absorption 



99 

 

 

spectroscopy, with the aid of proper theoretical models.12,14-16 Using these techniques, a couple of 

time constants, ranging from a few hundred femtoseconds to a few tens of picoseconds, which are 

related to proton transfer or pre-proton transfer dynamics, have been successfully determined. 

However, the interpretations of these time constants are usually controversial, because electronic 

spectroscopy does not directly reports on microscopic events such as departure/arrival of a proton 

at specific sites of a molecule. Other dynamic processes, such as intramolecular vibrational 

redistribution, vibrational cooling and solvation could accompany or compete with ESPT and 

sometimes overlap in timescale, making it difficult to unequivocally assign acquired time constants 

to specific processes.  

Time-resolved vibrational spectroscopy provides an avenue to circumvent this difficulty. ESPT 

of HPTS was recently studied in aqueous solutions using the femtosecond UV-pump/mid-IR probe 

technique, providing definitive answers to quite a few important questions of ESPT.17-20 In this 

approach, time evolution of vibrational marker modes of both reactants and products within several 

hundreds of picoseconds after photoexcitation is monitored with sub-picosecond time resolution to 

give a complete and vivid picture of ESPT. In D2O solution with acetate as a base, for example, the 

arrival of deuteron at acetate is marked by the rising of the C=O stretching mode of acetic acid at 

1720 cm-1, the bands centered at 1486 cm-1 and 1503 cm-1 are markers of excited state HPTS and 

its conjugate base, respectively. Nibbering et al also observed a spectator mode of D3O+ in D2O at 

1850 cm-1 and a corresponding mode of H3O+ at 2570 cm-1. Based on the dynamics of these marker 

modes, it has been concluded that three pathways are involved during the ESPT of HPTS to a base 

such as acetate, where the solvent plays different roles. In the first case, the proton donating group 

of HPTS and the proton-accepting group of acetate are already directly linked with each other at the 
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ground state by hydrogen-bonding, forming a so-called “tight” reactive complex. The proton can 

thus be transferred with minimal intervention of surrounding solvent molecule upon photoexcitation, 

with a time constant of <150 femtoseconds. This pathway is especially important when the acetate 

concentration is high. In the second case, HPTS and acetate are not directly hydrogen-bonded with 

each other, but still linked via a “water bridge” composed of one to four water molecules, forming 

a “loose” reactive complex. The proton is transferred in a sequential manner through the bridge 

following the Grotthuss mechanism, and the overall timescale ranges from a few picoseconds to a 

few tens of picoseconds. In the third case, the HPTS and acetate molecules are separated by more 

than four water molecules and have to diffuse over a substantial distance to encounter each other to 

form a complex before proton transfer can occur. The corresponding dynamic component has a 

lifetime of several tens of picoseconds to nanoseconds, depending on factors such as acetate 

concentration. In all three pathways, the actual, or “on-contact” interchange of covalent and 

hydrogen bonds between excited-state HPTS and an adjacent base (H2O, D2O, or acetate) is ultrafast 

(<150 fs lifetime), as evidenced by the simultaneous ultrafast rise of the marker bands of acetic acid 

and the conjugate base of HPTS (HPTS-anion) at high acetate concentrations (>1 M), as well as a 

delayed onset of acetic acid dynamics but a concomitant rise of H3O+ or D3O+ signal accompanying 

that of HPTS-anion at low acetate concentrations. The overall, or “apparent” proton-transfer rate in 

the second and third pathways are limited by solvent motions such as reorganization of hydrogen 

bond network and diffusion.  

 It is interesting to compare the above picture of ESPT between HPTS and acetate, delineated 

by femtosecond vibrational spectroscopy, with the classic model of bimolecular acid-base 

neutralization established by Eigen and Weller.21 In this model, the acid and base encounter each 
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other with the assistance of diffusion, to form a reactive complex at a particular separation (the 

reaction contact radius), the proton transfer from acid to base then occurs at an intrinsic rate. As a 

continuum approach, the Eigen-Weller model ignores the aspect of solvent as individual molecules 

and the existence of structured hydrogen-bond network, and fails to distinguish between possible 

pathways. The concept that proton transfer reaction can only occur at a fixed contact radius turns 

out to be inaccurate. While the model gives a clear and accurate description of the important role 

played by diffusion preceding proton transfer, it remains elusive how the on-contact proton transfer 

actually occurs after formation of the reactive complex and what determines the intrinsic rate. These 

critical questions can be confidently answered only in the femtosecond era, where ultrafast 

techniques provide real-time information and thus deeper insights into these fundamental 

processes.22,23 

What remains incomplete in the current understanding of the ESPT process of HPTS is the role 

played by low-frequency skeletal motions and configuration rearrangement in HPTS following 

photoexcitation. These events, usually corresponding to vibrational modes lying between 100 and 

500 cm-1, are beyond the scope of the mid-IR technique. Low-frequency modes during excited-state 

intramolecular proton transfer (ESIPT), however, have been studied extensively, using methods 

such as pump-probe spectroscopy,24-27 Raman spectroscopy25,28,29 and theoretical calculations.30,31 

It turns out that skeletal motions facilitate ESIPT by reducing the distance between proton donor 

and acceptor and lowering the proton-hopping potential barrier. A similar effect during ESPT in the 

wild-type green fluorescent protein (wtGFP) has recently been observed by Fang et al using the 

FSRS technique.5 A frequency oscillation with ~280 fs period was observed in high-frequency 

vibrational modes (spectator modes), indicating the involvement of a low-frequency mode (tuning 
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mode) around 120 cm-1 in ESPT that modulates the configuration of the chromophore into a highly 

fluorescent one on the picosecond timescale, representing an excellent example where the critical 

role of low-frequency motions and the multidimensional nature of the reaction coordinate are 

unraveled. Following the same idea, we aim in our current work to clarify how excited-state low-

frequency skeletal modes of HPTS are involved in the early stage preceding or accompanying the 

proton transfer process. The time evolution of vibrational bands, both at “high” frequencies above 

1000 cm-1 and “low” frequencies between 100 and 500 cm-1, are captured with the FSRS technique 

so as to decipher the multi-dimensional reaction coordinate. 

 

4.2 Experimental details 

The HPTS used in our experiments was purchased from Aldrich (purity >97%) and TCI America 

(purity >85%). Its methoxy derivative (8-methoxypyrene-1,3,6-trisulfonic acid trisodium salt, or 

MPTS) was purchased from Anaspec. Both compounds were used without further purification. 

Acetic acid (CH3COOH) and sodium acetate (CH3COONa) were both purchased from Mallinck-

rodt. The Raman spectra of intermolecular proton transfer reaction between the photoacid HPTS 

(11 mM) and sodium acetate with different concentration of 0, 0.1, 0.5, 1, 2, and 3 M were studied 

in millipore water solution after 0.22-m filtration. The photobase form of HPTS is prepared by 

dissolving 11mM HPTS in sodium hydroxide (NaOH) water solution (pH=12), and for comparison, 

the photoacid form of HPTS of the same concentration is made in water (pH=6). A buffer solution 

consisting of 2 M sodium acetate (NaAc) and 1.26 M acetic acid (HAc) was also prepared to 

maintain pH=5.5. In this condition HPTS is predominantly protonated (discussed later). HPTS and 

MPTS (20 mM) were both dissolved in this buffer solution for spectral measurement and 

comparison. No significant spectral differences are seen using samples prepared from 97% or 85% 
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HPTS. The pulse energy of the compressed actinic pump beam is ~10 µJ/pulse (centered at 400 nm 

and compressed to ~40 fs). The wavelength range from 810—910 nm of the white light that 

corresponds to ~150—1500 cm-1 Stokes Raman shift to the 800 nm fundamental is selected using a 

long-pass filter (Color glass filter with cut-on 830 nm, RG830, Newport) and compressed with a 

fused silica prism pair to produce ~35 fs broadband Raman probe pulse. The Raman pump is ~4 

mW average power at the sample spot. The ~11 mM HPTS molecule used in our excited state FSRS 

experiment corresponds to OD≈26/mm at the protonated chromophore PA absorption peak 

(PA≈24,000 M-1·cm-1), which is a highly concentrated solution for typical FSRS measurement. It is 

desirable to have a relatively transparent sample solution, but the ground state FSRS spectrum using 

~800 nm Raman pump excitation yielded almost no clear peaks for dilute HPTS solution, indicating 

a small Raman scattering cross section. The highly concentrated HPTS solution gives a nice ground 

state spectrum but makes the excited state FSRS measurement challenging; since the ~400 nm 

photoexcitation pulse is essentially all absorbed within a fraction of the 1 mm cell path length, the 

OKE signal is carefully tweaked towards the front surface of the cell to aim for maximal 

photoexcitation. The incident angle between the actinic pump and Raman probe pulse is also 

reduced to ~5° to increase the interaction length between them. Measured from the depth of the dip 

of the ground-state-subtracted excited state spectra, the maximal population conversion (S0S1) 

that is achieved by ~1.5 mW of ~400 nm photoexcitation is ~12%. 

 

4.3 UV/Vis spectra of HPTS 

The protonated form (PA) of HPTS has a strong absorption band between 320 and 430 nm (see 

Figure 4.1) and transfers its proton to base acceptors upon 400 nm irradiation. Water molecules 

serve as proton acceptors when no stronger base is present in the solution. The emitted green 
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fluorescence originates from the deprotonated form of HPTS (PB) whose first S1 state (PB*) is 

lower in energy compared with the S1 state of the protonated form (PA*). To help distinguish 

spectral features of the PA form of HPTS from those of PB form, base of different concentrations 

was added to the solution so that the hydroxyl proton is gradually deprived. The change in the 

UV/VIS spectrum as the concentration of the acetate base is varied delivers valuable information. 

Among all solutions we prepared, the 2 M NaAc with 1.26 M HAc is the most acidic one, 

maintaining a pH of 5.5. Its UV/VIS spectrum shows a board PA peak with no clear electronic 

feature of PB present (Figure 4.1a). In solutions with no HAc, a PB absorption band appears and 

gets stronger as the NaAc concentration is gradually increased from 0.1 to 2 M, representing an 

increase in the relative PB population as the hydroxyl proton in more HPTS molecules (PA form) 

is deprived, even in the electronic ground state. There is a slight increase in the PB population in 

the 0.1 M acetate sample after being exposed to the 400 nm actinic pump pulse for a few hours 

during our FSRS experiment (Figure 4.1bc), indicative of some irreversible photoconversion 

process. This effect is not as pronounced in the pH=5.5 solution, probabaly due to the existence of 

HAC as a source of excessive protons. In the most basic solution we made where the pH is tuned to 

12 by adding NaOH, the PB peak becomes predominant in the UV/Vis spectrum as most PA has 

been converted to PB (Figure 4.1f). 

It is interesting to note that in MPTS, the methoxy derivative of HPTS where ESPT is prohibited 

due to the replacement of the phenolic hydroxyl group by a methyl group, the fluorescence shifts to 

the blue upon 400 nm excitation compared with HPTS, indicating a direct PA* PA downward 

transition whose energy gap is greater than the PB* PB transition for HPTS.32 This suggests the 

inhibition of ESPT because there is no dissociable hydroxyl proton. 



105 

 

 

 

Figure 4.1. The UV/VIS spectra of 20 mM HPTS dissolved in water with various acetate 

concentrations. (a) 2 M sodium acetate (NaAc) + 1.26 M acetic acid (HAc), pH=5.5 buffer solution; 

(b) 0.1 M NaAc, new; (c) 0.1 M NaAc, used; (d) 0.5 M NaAc, new; (e) 2 M NaAc, new; and (f) 2 

M NaAc + 1.26 M HAc + NaOH at pH=12. All traces except (f) are normalized to the PA absorbance 

maximum (404 nm) of (a). The isosbestic point is at ~420 nm. The ~50 nm redshift of the absorbance 

maximum upon PAPB conversion is consistent with the smaller energy gap between PB/PB* than 

that between PA/PA*.  
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4.4 Ground state spectra of HPTS: Experimental and computational results 

The ground state (S0) FSRS spectra of 11 mM HPTS photoacid (PA) in water (pH=6) and its 

conjugate base (PB) in NaOH water solution (pH=12) are shown in Figure 4.2. We observed several 

strong peaks above 1000 cm-1 whose relative intensities change dramatically in PA and PB, as well  

as a number of peaks at lower frequencies (817, 667, 465, 435, 290 cm-1) that are very weak in PA 

but stronger in PB, probably due to the more distorted structure of PB and thus higher Raman 

polarizability. Figure 4.2 insert shows the molecular structures of PA and PB with a hydrogen-

bonded water molecule.  

We resort to computational chemistry to help identify the specific molecular motions responsible 

for these observed vibrational modes. RB3LYP-DFT calculations33 of ground state HPTS (–3 

charge, singlet state) in vacuo and in solution have been carried out using Gaussian 09 with the 6-

31G+(d,p) basis set. For calculations in solution, the Polarizable Continuum Model (PCM) using 

the integral equation formalism (IEF-PCM) has been applied to account for the solvent effects. The 

calculated dipole of HPTS-PA is 11.5 and 19.1 Debye (D), respectively. RB3LYP-DFT calculations 

with 6-311G++(d,p) basis set and IEF-PCM have also been done on the HPTS(PA)···OH2 complex. 

It turns out that the water oxygen is in the same plane with the HPTS ring system, and the two 

hydrogen atoms in the water molecule are above and below the ring plane, respectively, in the 

optimized geometry. The complex in the optimized geometry has a calculated dipole of 25.3 D, 

much larger than that of a free HPTS molecule, indicating that hydrogen-bonding plays an important 

role even in the electronic ground state of HPTS. The phenolic hydrogen is ∼1.86 Å away from the 

water oxygen, and the O−H−O angle is ∼159°. In this configuration, the water hydrogens can be 

hydrogen-bonded to the oxygen atom of a nearby acetate or water molecule. Calculations have also 

been performed on the PB form of HPTS, in which the proton is completely deprived and a C=O  
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Figure 4.2. State FSRS spectra of 11 mM HPTS photoacid (PA, red) and its conjugate base (PB, 

blue) in aqueous solution using the 800 nm Raman pump. The PA form is dominant in water (pH=6) 

whereas the PB form is dominant in the strong base NaOH water solution (pH=12). The chemical 

structures of the two HPTS forms with a nearby water molecule in different H-bonding geometry 

are depicted in equilibrium, mainly shifting more negative charge onto the hydroxyl oxygen as the 

proton transfers to the nearby acceptor. 
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bond is formed at the ring hydroxyl end. In this configuration, a total charge of -4 resides on the 

molecule, and a calculated dipole of 1.27 D has been obtained. 6-31G+(d,p) calculations with IEF-

PCM show a slightly larger dipole of 3.31 D. The greatly reduced dipole compared with PA might 

arise from the significant electron delocalization in PB. Besides, the charge separation across the 

ring system seems to be enhanced by solvation. An interesting fact revealed by PB calculations is 

that the water oxygen that acts as proton acceptor is above the HPTS ring plane rather than in the 

plane in the optimized configuration, yielding a distance of ∼1.68 Å between the phenolic oxygen 

and the nearby water hydrogen, and an O−H−O angle of ∼175°, representing a more delocalized 

electron distribution.  

More importantly, locations of vibrational bands can be predicted by calculations to assist peak 

assignment of the ground state FSRS spectra. Calculation results show ring-H out-of-plane wagging 

motions (HOOP) to the side of COH at 1001 cm-1 (PA···H2O with solvation) and 995 cm-1 (HPTS-

PA or PB with solvation) without frequency correction. This HOOP motion at 1010 cm-1 gets 

enhanced from PA to PB but remains unshifted as shown in Fig. 2. The stronger 1048 cm-1 mode 

shows similar effect in PA (1041)/PB (1043, calculated with solvation) and it is primarily an in-

plane asymmetric ring-deformation mode with some CO stretching motion. The much stronger 

mode between 1100–1180 cm-1 can be fitted with a main peak at ~1150 cm-1 and a redshifted 

shoulder at ~1129 cm-1, and PB has a much enhanced peak profile in this region with a peak redshift 

by ~3 cm-1. Calculations show an in-plane ring asymmetric deformation coupled with COH rocking 

(in-plane bending) and some ring-H rocking motions at 1152/1186 (PA, solvation), 1147/1175 cm-

1 (PB, solvation), and 1153/1194 cm-1 for PA···H2O with solvation. The higher-frequency mode 

involves more COH rock and less ring-H rocks, and it directly modulates the H-bond geometry of 
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HPTS with the nearby acceptor molecule in the ring plane. It is notable that the calculation captures 

the essence of the experiment that upon PA to PB conversion, this mode redshifts; and the frequency 

scaling factor is ~0.97 to match the calculation result of PA with experiment. 

The assignment of the doublet close to 1200 cm-1 can be facilitated by considering the dependence 

of its peak separation and intensity ratio on acetate concentration (Figure 4.3, dashed lines). As the 

population of PB increases, the peak separation remains largely constant (28.6±0.5 cm-1), with a 

larger intensity ratio of the 1227 cm-1 mode (FWHM ~17 cm-1) over the 1198 cm-1 mode (FWHM 

~ 21 cm-1). This observation is in accordance with the fact that both PA and PB forms exist in 

HPTS−acetate water solution, and more acetate as efficient proton acceptors corresponds to greater 

PB population. The larger peak width of the lower-frequency mode can then be attributed to larger 

inhomogeneity of the PA vibrational transition, as it probably samples more H-bonding 

configurations than the partially deprotonated PB form of HPTS. These modes are mainly COH 

rocking and other ring-H rocking motions coupled with in-plane ring deformation, with the lower-

frequency mode involving more COH rocking motions. 

The next doublet between 1250−1320 cm-1 exhibits higher sensitivity to the relative population 

of PA and PB in solution, and can be confidently assigned to the C–O stretching mode at the ring 

hydroxyl end. With a scaling factor of 0.97, calculated peak locations are 1250/1312 cm-1 for PA, 

1273/1311 for the PA···H2O complex, and 1287/1323 cm-1 for PB. The experimental results are 

~1275/1292 (0 M acetate) and 1272/1301 cm-1 (pH=12), and the peak separations (17 vs. 29 cm-1) 

are shown in Figure 4.3. It is of no surprise that calculation of PA···H2O with IEF-PCM provides 

the best agreement with experiment, since the hydrogen-bonding network is mimicked to some 

extent. The less satisfactory agreement for the higher-frequency mode is likely due to the complexity 
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Figure 4.3. Ground state FSRS data of 11 mM HPTS in water solution with various acetate 

concentration. The peak separations between the ~1275/1292 and ~1198/1227 cm-1 peaks are plotted 

against the left axis (blue) in solid (circles) and dashed (squares) lines, respectively. The peak 

integrated intensity ratios of the ~1292 over 1275 and ~1227 over 1198 cm-1 peaks are plotted 

against the right axis (red) in solid (circles) and dashed (squares) lines, respectively. The data in 

pH=12 basic NaOH solution where PB is the predominant species are plotted on the right side for 

comparison, along with the data in the 2 M NaAc+1.26 M HAc buffer solution (pH=5.5) indicated 

by a black arrow. The error bar represents one standard deviation from the average value of the 

parameter from multiple measurements. 
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of the electronic redistribution as the proton transfers away from PA, and the two calculated normal 

modes for PB can in principle overlap to account for the experimental values for the partially 

deprotonated form, which is different from the calculated PB modes having the C=O bond character. 

The calculation, however, does show a consistent trend of blueshift of these C–O stretching modes 

as the electron cloud becomes more delocalized over the ring system. The intensity ratio of the 

higher-frequency over lower-frequency mode increases from <1 to ~3 accompanying an increase in 

pH either by varying the acetate concentration or adding NaOH. The data from HPTS in 2 M 

NaAc+1.26 M HAc buffer solution are also plotted in Figure 4.3, approximately corresponding to 

a pure acetate concentration of 0.11 M. All those excessive protons in the buffer solution supplied 

by HAc essentially keep HPTS in pure PA form. 

The doublet between 1320 and 1400 cm-1 consists of a strong peak at 1373 cm-1 and a much 

weaker shoulder at 1350 cm-1 in the PA-dominant solution. The doublet redshifts in the PB-

dominant solution, showing a strong 1365 cm-1 mode and a more obvious shoulder at 1347 cm-1. 

Calculated frequencies with the 0.97 scaling for the ring C=C stretching motions with some ring-H 

rocking are 1352/1377 for PA, 1349/1378 for the PA···H2O complex, and 1332/1345 cm-1for PB. 

The redshift of the ring C=C stretching mode is correlated with the further delocalization of the 

electron cloud over the conjugated ring system accompanying the PAPB conversion. 

Similar concentration of HPTS dissolved in several solvents including water, methanol and 

DMSO exhibit the importance of H-bonding on their ground-state FSRS spectra (Figure 4.4). The 

aprotic DMSO solvent lacks the dissociable proton hence making HPTS predominantly neutral at 

~1272 cm-1 for the C–O stretching mode. This mode blueshifts to ~1276 cm-1 in methanol, and 

further splits into two modes in water at ~1275/1292 cm-1. The ring-H rocking modes around 1200 
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Figure 4.4. The ground-state FSRS spectra of ~50 mM HPTS in HPLC-grade DMSO, methanol and 

millipore water solution with 800 nm Raman pump. Spectral shifts are discussed in the text, with 

the consistent peak blueshift observed for HPTS in H2O, attributed to the stronger hydrogen-

bonding effect therein. 

  



113 

 

 

cm-1 also occur at lower frequency in DMSO (1185/1217 cm-1), representing a redshift of ~5 cm-1 

from methanol (1190/1222 cm-1) and ~12 cm-1 from water (1199/1228 cm-1). Peak positions of 

HPTS in methanol have been compared with the spontaneous Raman measurement using the 647.1  

nm line from a Kr+ laser (~100 mW cw excitation) on ~50 mM HPTS (data not shown). Due to the 

off-resonance condition and the strong fluorescence background, long data acquisition time 

spanning over several hours are needed to collect a Raman spectrum with acceptable SNR. The 

Raman peak positions are well reproduced in FSRS with much better SNR and shorter acquisition 

time (<1 min), but slightly broadened peak width. This implies that the currently used 3.2 ps Raman 

pump may still truncate a small portion of the vibrational free induction decay, and the currently 

used spectrograph might not be optimized to achieve the best spectral resolution. This setup will be 

improved in the near future, particularly when a new spectrograph becomes available. 
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4.5 Excited state FSRS spectra of HPTS in aqueous solutions and pure water  

In our experiment, the weak base sodium acetate has been used as the proton acceptor. It has been 

widely used by other groups to act as the accepting base for HPTS, mainly due to its suitable pKa 

value of 4.8 that falls in between the pKa of ground state (6.6) and photoexcited (0.0) HPTS. The 

appearance of HAc signal in the time-resolved measurement of the complex system can therefore 

serve as the marker band to correlate the proton motion from the S1 state of the protonated 

chromophore (PA*) to the acetate base, along with the generation of the deprotonated chromophore 

(PB*) still on the S1 state before its fluorescence with a lifetime of 5.3 ns. As a comparison, we also 

recorded excited state FSRS spectra in pure water. The absence of strong bases such as acetate 

excludes the complexity of various degrees of driving forces to attract the hydroxyl proton of HPTS, 

thus provides a clean background to investigate the bilateral interaction between HPTS and the H-

bonded water matrix. Upon photoexcitation of HPTS, water will act as the proton acceptor because 

its pKa is higher than zero, the pKa for the S1 state of HPTS. Since the proton-accepting strength of 

water is weaker than that of acetate, slower ESPT dynamics is expected. Also, the accompanying 

skeletal motions of HPTS that become Raman active and show pronounced activities should be 

exposed by the time-resolved FSRS spectra of the S1 state of HPTS surrounded by water molecules 

only. The comparison with results on HPTS in acetate water solution will provide deep insights into 

the dynamic variation of the H-bonding network and the driving force for intermolecular ESPT, as 

well as the conserved skeletal motions gating ESPT between photoexcited HPTS and proton 

acceptor molecules in aqueous solution. 

The excited state FSRS data of acetate water solution shows nothing but rather flat baselines at 

all time points, indicating that the 400 nm actinic pump pulses does not perturb the solvent. The 

transient spectral features observed in HPTS acetate solutions are therefore solely due to the 
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absorption of photoexcitation photon energy by the chromophore, and the subsequent intra- and 

inter-molecular ultrafast energy dissipation, where the surrounding water and acetate molecules are 

involved. The time-resolved excited state FSRS spectra of 11 mM HPTS with 2 M acetate/pure 

water following ~1.5/1.0 mW photoexcitation at 400 nm with the 800 nm Raman pump are shown 

in Figure 4.5 and Figure 4.6, respectively. Ground state spectra are collected periodically to account 

for the long-term drift of the femtosecond laser system. It is then fitted and added back to the ground-

state-subtracted excited state transient spectra using a scaling factor representing the ground state 

depletion ratio. After the removal of the spline fit to the broad baseline which is much broader than 

the typical width of the vibrational features, the data exhibits an array of positive vibrational features 

across the spectral range of 100–1400 cm-1. These features are then fitted to a sum of Gaussian 

peaks. The negative peak at ~930 cm-1 corresponds to the C–C stretch of the acetate ion, and it is 

consistent with the picture that more acetate is converted into acetic acid (marked by the positive 

peak at 864 cm-1).  

Low-frequency modes are generally challenging to obtain using Raman spectroscopy because the 

probe wavelength needs to be very close to that of the much stronger Raman pump beam which also 

produces strong Rayleigh scattering background. In order to detect low-frequency modes, a stable 

white light needs to be generated in the vicinity of the Raman pump fundamental. With our ~800 

nm Raman pump wavelength, a 300 cm-1 mode corresponds to a probe wavelength of ~820 nm, 

which is largely cut off by the RG830 long-pass filter. However, the Raman probe pulse can be 

adjusted to achieve a smooth spectral shape imaged onto the CCD detector, to enable the 

simultaneous observation of low- and high-frequency modes as the probe spans from 810 to 910 
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nm, enabling an opportunity to elucidate the correlation between various vibrational modes evolving 

on the excited state potential energy surface. 
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Figure 4.5. Time-resolved excited state FSRS spectra of 11 mM HPTS with 2 M acetate in water 

solution following ~1.5 mW 400 nm photoexcitation.34 The Raman pump is at 802 nm. The solvent-

removed ground state FSRS spectrum of the sample is scaled and plotted at the bottom. Dashed 

lines indicate the prominent excited state peaks from both HPTS and the accepting base during 

ESPT on the fs-ps timescale with each time delay labeled on the right side 

  



118 

 

 

 
Figure 4.6. Time-resolved excited-state FSRS spectra of 11 mM HPTS in water following ~1 mW 

400 nm photoexcitation.35 The Raman pump is at 802 nm. The solvent-removed ground state FSRS 

spectrum of the sample is scaled and plotted at the bottom. The time delay up to 150 ps between the 

actinic and Raman probe pulses is noted on the right side, with the vertical dashed lines marking the 

vibrational modes of interest from HPTS. Peak frequencies in cm-1 are noted in the top portion of 

the figure: red for transient PA* modes, black for other PA* modes, and blue for PB* modes. The 

red boxes enclose the transient PA* modes that are predominantly active up to 1 ps. The blue box 

emphasizes the low-frequency modes that rise after 1 ps. The magnitude of the stimulated Raman 

peak strength is indicated by the double-arrowed vertical line in the middle of the figure. 
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4.6 Vibrational modes of excited state HPTS: Peak assignment and time evolution 

A number of prominent vibrational modes from 50-1450 cm-1 appear in the excited-state FSRS 

spectrum of HPTS in water solution upon adding back a certain percentage of the multiple-

Gaussian-fitted ground-state spectrum. There are several transient low-frequency modes below 

1000 cm-1 that are either associated with PA* or PB*, and the most effective way to assign them is 

by the individual kinetic analysis and Gaussian calculations. Considering the typical ps timescale 

of ESPT in solvated systems, excited-state vibrational features that appear promptly following 

photoexcitation but decay on the ps timescale can normally be assigned to PA*, while the modes 

that appear later but keep rising are possibly associated with PB*. This is due to the temporal 

resolution provided by the fs photoexcitation and Raman probe pulse, and the temporal precision of 

the vibrational coherence being generated and detected in excited-state FSRS spectrum. The main 

reasons for the PA* vibrational modes to diminish can include the loss of resonance enhancement 

as the vibronic wavepacket moves out of the FC region, or the wavepacket movement toward 

another electronic state (e.g., barrier crossing from PA* to PB*), and further structural evolution to 

convert more PA* to PB* population. As a result, unless there is a mode with similar vibrational 

frequency to PA* and similar resonance condition with the Raman pump pulse, the peak intensity 

dynamics of PA* will report on the decay of PA* via ESPT and other energy relaxation pathways. 

On the other hand, the PB* mode emerges with shifted frequency from the ground state PA modes, 

and will probe the rise of PB* state via ESPT only with high specificity, because other relaxation 

processes from PB* generally occur on much longer timescales. 

In the presence of 2 M acetate in water solution, several peaks are evident in the excited state 

FSRS spectrum of photoexcited HPTS. The peak intensity of the 1048 cm-1 mode rises exponentially 

with a 22030 fs time constant and decays with 1.50.4 ps (50%) and ~40 ps (50%) time constant 
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(Figure 4.7). This mode is assigned to an in-plane asymmetric ring-deformation with some CO 

stretching motion of PA*, and its frequency remains constant during ESPT. The 1139 cm-1 can be 

attributed to an in-plane ring deformation mode coupled with some COH rocking of the partially 

deprotonated HPTS (PB*) which has a different electronic distribution over its ring system from 

PA (1150 cm-1 mode). The calculated PB mode for this motion at ~1140 cm-1 with solvation and a 

scaling factor of 0.97 supports the assignment. The peak area of this mode has a double-exponential 

rise with 22030 fs (70%) and ~30 ps (30%) time constant. The fastest component of ~220 fs is 

similar in the appearance of the 1048, 1139 cm-1 modes, indicating that a portion of the ground-state 

HPTS molecules is in the “tight” H-bonding configuration that can quickly shift the proton charge 

toward the acceptor molecule through the strongly polarizable H-bonding chain36, inducing 

significant electronic redistribution over the ring system.  

We also observed excited state peaks at ~1250/1269 cm-1 and ~1334 cm-1 which promptly appear 

following excitation, representing a blueshift from the ground state peaks at ~1198/1227 cm-1 and 

1275/1302 cm-1, which can be attributed to the electronic redistribution with a slower charge transfer 

from the hydroxyl oxygen to the aromatic rings induced by the proton departure from HPTS. DFT 

calculations lend support to this mechanism and we can assign them as PB* modes. The peak area 

of the 1334 cm-1 mode has a biphasic exponential rise with time constants of ~430 fs (55%) and ~11 

ps (45%), reporting on the timescale for the blueshift of the C–O stretching band. The magnitude of 

this ~32 cm-1 blueshift is smaller than the ~45 cm-1 observed during ESPT in wtGFP5, suggesting 

that the degree of ground-state deprotonation is larger in the HPTS-acetate-water system which has 

abundant H-bonding partners to HPTS (compared with limited options in the hydrophobic protein 
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Figure 4.7. Time evolution of the 1048 cm-1 excited state mode of 11 mM HPTS with 2 M acetate 

in water solution following 400 nm photoexcitation up to 150 ps. The peak integrated intensity data 

are fitted with one rising exponential (~220 fs) and two decaying exponentials (~1.5 and 40 ps) 

convoluted with the ~140 fs instrument cross-correlation function. The error bar represents one 

standard deviation from the average value from multiple fitting procedures of the experimental data. 
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pocket). This vibrational band involves larger-scale motions of heavier atoms than the 1139 cm-1 

mode, therefore showing a delayed onset (430 vs. 220 fs). The appearance of the blueshifted C–O 

stretch is a staple for the charge transfer from the hydroxyl group to the aromatic ring system, and 

is likely accompanied by some ring skeletal motions to stabilize this charge. 

The evolution of five prominent low-frequency modes from the excited state FSRS data are 

presented in Figure 4.8. The peak intensity of the 104 cm-1 mode rises with a 64060 fs time constant 

and decays with ~1 ps (80%) and 90 ps (20%) time constant. The 319 cm-1 mode has a 61040 fs 

rising component, a ~1 ps (90%) and a 90 ps (10%) decaying components. The remarkable similarity 

in dynamics suggest that these two low-frequency modes share similar structural origins. The 

delayed onset is an indication of an “intermediate” structures of the PA* transferring the proton 

away. DFT calculations on HPTS show a 4-ring out-of-plane wagging motion at 121 cm-1 (in vacuo) 

and 115 cm-1 (IEF-PCM-water, with or without the complexed water molecule) that brings the 

hydroxyl group above and below the coplanar 4-ring plane in the ground state. The calculation also 

shows a predominantly out-of-plane (OOP) wagging motion of the hydroxyl proton (HOOP) at 295 

cm-1 (in vacuo) that blueshifts to 351 cm-1 under IEF-PCM-water treatment. This mode stays at 294 

cm-1 for the PA···H2O complex under IEF-PCM-water treatment, except that some significant water 

H-rocking motions are involved therein. Calculations tend to give relatively accurate frequencies 

for low-frequency modes due to the nature of those collective skeletal motions, which also do not 

change their vibrational frequencies significantly upon excitation.5,37,38 The common feature of the 

two low-frequency modes is that they both adjust the relative geometry between the donor (HPTS) 

and nearby acceptor (water or acetate), and they involve relatively large-scale atomic motions. This 

finding explains their longer rise time (~630 fs in PA*) than that of the PB* peak at 1139 cm-1 (~220 
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Figure 4.8. Time evolution of the excited state low-frequency modes of 11 mM HPTS with 2 M 

acetate in water solution following 400 nm photoexcitation. The stimulated Raman peak intensity 

is obtained from the integrated Raman gain as shown in Fig. 4, and the solid lines are multi-

exponential fits to the plotted data for each mode convoluted with the 120 fs cross-correlation 

function. Due to the strong oscillatory pattern of the 146 cm-1 mode, a convoluted multi-exponential 

fit was not performed, and the orange dashed line simply connects the points to show the fast rise 

(comparable with the 195 cm-1 mode) and strong oscillations of this mode following electronic 

excitation. 
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fs), which corresponds to an in-plane ring deformation mode and results from an ultrafast proton 

transfer along the preformed HPTS-acetate H-bond in the ring plane. The 195 cm-1 mode shows 

distinctive dynamics from the aforementioned two low-frequency modes. Following 

photoexcitation, it rises with 34050 fs time constant and decays with two time constants of 68070 

fs (~80%) and 71 ps (~20%). The faster rise indicates that the associated atomic motion is easier 

to initiate by excitation, with the excited wavepacket probably still in the A* FC region, and more 

likely to arise from an in-plane skeletal mode rather than an OOP mode. DFT calculation of HPTS 

in vacuo indeed shows an in-plane ring skeletal breathing motion at 208 cm-1 (215 cm-1 under IEF-

PCM-water treatment, 214 cm-1 when a water molecule is H-bonded to the hydroxyl group of 

HPTS). The dynamics and mode assignment of representative excited state HPTS vibrational peaks 

in the presence of 2M acetate are summarized in Table 4.1.  

Peak assignment has been done in a similar manner when acetate is absent in the HPTS solution, 

where water acts as the proton acceptor. The results are summarized in Table 4.2. Low-frequency 

modes that have been observed include 108, 125, 143, 191, 321, 362, 630, and 952 cm-1, and the 

correlated high-frequency modes appear at 1048, 1180, and 1285 cm-1. An illustration of a few 

representative vibrational modes with displacement vectors can be found in Figure 4.9. In particular, 

the vibrational modes at 143, 191, 952, and 1180 cm-1 are predominantly active before ~1 ps, and 

are labeled in red in Figure 4.6 and also highlighted by red boxes. Evidence of quantum beats shows 

up in the kinetic plot of the 143 cm-1 mode intensity. The 870 cm-1 mode shows complex dynamics 

within the experimental time window of 150 ps, and involves ring-hydrogen out-of-plane (HOOP) 

motions from both the PA* and PB* modes as shown by calculations. The mode at 1138 cm-1 is an 

interesting case in that the ephemeral feature before 1 ps might be closely associated with PA* 
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Figure 4.9. An illustration of a few representative vibrational modes of HPTS in pure water (a, 

b, d) and with acetate in water solution (c). Vibrational motions are shown by the displacement of 

atoms (arrows). 
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Table 4.1. Representative vibrational peaks of HPTS in acetate water solution observed by FSRS 

FSRS preak 

freq.a (cm-1) 

cal. peak 

freq.b (cm-1) 

peak area 

kinetics 

major 

species 

Mode assignment 

104 111 (+) 640 fs 

(-) 1 ps (80%) 

(-) 90 ps (20%) 

PA* HPTS 4-ring OOP wags 

150 150 Quantum beats 

with ~260 fsc 

periodc 

PA* intermolecular O···O stretch 

between HPTS hydroxyl and the 

acceptor  

146 208 (+) 340 fs 

(-) 680 fs (80%) 

(-) 7 ps (20%) 

PA* in-plane ring skeletal breathing 

with intermolecular O···O bendingd 

319 312 (+) 610 fs 

(-) 1 ps (85%) 

(-) 90 ps (15%) 

PA* in-plane ring deformation with 

some ring HOOPs 

445 453e (+) 700 fs (48%) 

(+) 27 ps (52%) 

PB* HPTS ring asymmetric wagging 

motion 

1048 1004f (+) 220 fs 

(-) 1.6 ps (60%) 

(-) 45 ps (40%) 

PA, PB, 

PA* 

in-plane asymmetric ring-

deformation with some CO stretch 

1129 1128 N/A PB phenolic CO(H) rocking and nearby 

ring-H rocking 

1139 1137e (+) 220 fs (70%) 

(+) 30 ps (30%) 

PB* phenolic CO···(H) rocking and 

nearby ring-H rocking 

1150 1149 N/A PA phenolic COH rocking and nearby 

ring-H rocking 

1334 1330e (+) 430 fs (55%) 

(+) 11 ps (45%) 

PB* phenolic CO stretch and ring C=C 

stretch (parallel to the CO bond) 

aObserved frequencies of the excited state and ground state FSRS peaks of 11 mM HPTS in 2 M 

acetate water solution. bRB3LYP-DFT/6-311G++(2d,2p) calculations are performed for PA-HPTS 

in solution in complex with a water molecule at the phenolic hydroxyl end. Solvent effects are 

included by the IEF-PCM model, with a scaling factor of 0.96. cThe kinetics plot is not attempted 

due to the strong oscillatory pattern up to 3 ps. dThis ring skeletal motion specifically modulates the 

intermolecular (HPTS−)O−H···O(−H2) angle and distance in the same ring plane. eThese PB* modes 

are approximated using the RB3LYP/6-31G+(d,p) calculation for PB-HPTS in solution in complex 

with a H-bonding water molecule at the phenolic hydroxyl end (now with a C=O bond). In reality, 

the excited-state mode of PB* is in a partially deprotonated configuration. fCalculation correctly 

captures the trend of this mode being unshifted from PA/PB to PA···H2O/PB···H2O. It seems that 

this mode is relatively insensitive to the electronic distribution over the ring system but deviates from 

the observed solution configuration. Given that it consists of large-scale in-plane ring deformation 

and CO stretch at the phenolic end, it probably has a cancellation effect when electrons redistribute.  
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Table 4.2.  Representative vibrational peaks of HPTS in H2O observed in FSRS 

FSRS preak 

freq.a (cm-1) 

cal. peak 

freq.b (cm-1) 

peak area 

kinetics 

major 

species 

Mode assignment 

108 109 (+) 630 fs 

(-) 1.1 ps (75%) 

(-) 1.7 ns (25%) 

PA* HPTS 4-ring OOP wags 

125 132 (+) 650 fs (55%) 

(+) 5.3 ps (45%) 

(-) 270 ps 

PA* in-plane ring translation with huge 

nearby water translational motionc 

143 150 Quantum beats 

with ~350 fs 

periodd 

PA* intermolecular O···O stretch 

between HPTS hydroxyl and the 

acceptor  

191 208 (+) 320 fs 

(-) 540 fs 

PA* in-plane ring skeletal breathing 

with intermolecular O···O bendingd 

276 271f (+) 550 fs (85%) 

(+) 110 ps (15%) 

PB* HPTS ring wags with the phenolic 

COH HOOP motions, and H-

bonded water HOOP motions 

321 311 (+) 650 fs 

(-) 1.1 ps (80%) 

(-) 75 ps (20%) 

PA* in-plane ring deformation with 

some ring HOOPs 

362 355 (+) 650 fs  

(-) 1.2 ps (80%) 

(-) 80 ps (20%) 

PA* in-plane ring deformation with 

significant COH rocking motion 

with some phenolic COH HOOPs 

460 453 (+) 680 fs (26%) 

(+) 130 ps (74%) 

PB* HPTS ring asymmetric wagging 

motion 

952 950 (+) 140 fs 

(-) 600 fs (78%) 

(-) 90 ps (22%) 

PA* HPTS ring-H HOOPs and in-plane 

ring deformation 

1050/1048 1004g (+) 210 fs  

(-) 4.5 ps (32%) 

(-) 150 ps (68%) 

PA, 

PB/PA* 

in-plane asymmetric ring-

deformation with some phenolic 

CO stretch 

1138 1137f (+) 5 ps (12%) 

(+) 78 ps (88%)h 

PB* phenolic CO···(H) rocking and 

nearby ring-H rocking 

1154 1149i N/A PA phenolic COH rocking and nearby 

ring-H rocking 

1285 1287 (+) 190 fs 

(-) 4.3 ps (40%) 

(-) 215 ps (60%) 

PA* phenolic CO stretch and strong 

ring-H and COH rocking motions 

a Observed Raman frequencies of the excited state as well as ground state FSRS peaks of 11 mM 

HPTS in pure water solution (pH≈6). 

b RB3LYP-DFT calculations are performed using 6-311G++(2d,2p) basis set for PA-HPTS in 

aqueous solution in complex with a H-bonding water molecule at the phenolic hydroxyl end. 

Calculation results with three H-bonding water molecules nearby show slightly non-coplanar ring 
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structure of HPTS in the ground state, and some OOP motions mixed with the above-mentioned in-

plane motions. Solvent effects are included by the IEF-PCM-H2O model. The calculated vibrational 

frequencies are all scaled by a factor of 0.96. 

c This mode mainly involves the translational motion of the nearby H-bonded water molecule at the 

phenolic hydroxyl end of HPTS. If the ring coplanarity is disrupted due to the presence of more 

water molecules within the H-bonding distance, some slight OOP motions are then mixed in. The 

main effect of this vibration is to significantly modulate the intermolecular O···O distance between 

HPTS and the water molecule nearby. 

d The detailed kinetic plot is not attempted due to the strong oscillatory pattern and ephemeral nature 

of the time-resolved peak integrated intensity (i.e., area) data. The mode disappears within 1 ps. 

This mode involves some in-plane ring translational motions and significant modulations between 

the ring hydroxyl and the neighboring water molecule. 

e This ring skeletal breathing motion modulates the intermolecular (HPTS–)O–H···O(–H2) angle 

and distance between the donor and H-bonded acceptor molecule in the same ring plane. Slight OOP 

ring motions might be present if more water molecules are within the H-bonding distance with the 

phenolic hydroxyl group, and modify the ground-state geometry of HPTS in aqueous solution to 

some extent. 

f These PB* modes are approximated using the RB3LYP 6-31G+(d,p) calculation for PB-HPTS in 

aqueous solution with a H-bonding water molecule at the phenolic hydroxyl end (now with a C=O 

bond). In reality, the excited-state mode of PB* is in a partially deprotonated configuration, which 

could significantly deviate from the simple calculation of the corresponding ground-state mode in 

completely deprotonated PB. 

g This rather large discrepancy between the calculated and observed PA, PB mode is interesting, as 

the DFT calculation correctly captures the trend of this mode being unshifted from PA to PA···H2O, 

and from PB to PB···H2O. This mode seems to be relatively insensitive to the electronic distribution 

over the ring system but deviates from the realistic solution configuration. Given that it consists of 

large-scale in-plane ring deformation and CO stretch at the phenolic hydroxyl end, it probably has 

cancellation effect when electrons redistribute. This mode broadens in S1 compared with S0, and 

shows characteristic rise-decay kinetics attributed to PA*, which has a ~2 cm-1 redshift to the 

ground-state vibrational frequency of PA. 

h The double-exponential fit of the peak intensity kinetics plot shows a time-zero offset of ca. 1 ps. 

This is consistent with the delayed onset of this PB* vibrational mode after the overlapping PA* 

mode disappears in the spectral region within ~1 ps (Figure 4.6, within the rightmost red box), the 

preparation stage for ESPT. 

i Upon adding three water molecules within H-bonding distances to the phenolic hydroxyl end of 

HPTS in the geometrically optimized Raman frequency calculation, the DFT results show a 

slightly blueshifted mode at 1161 cm-1. Since the observed ground-state frequency is at ~1154 cm-

1, it probably suggests that the first solvation shell of HPTS at the phenolic end contains 1–2 H-

bonded water molecules. 
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adopting different electronic character from the ground state in association with photoacid skeletal 

motions, while the gradual increase of the peak intensity after 1 ps can be attributed to the 

accumulation of PB* as ESPT occurs. The modes at 276 and 460 cm-1 have a delayed onset in 

comparison to the promptly emerged PA* modes, and display the gradual increase within the 

temporal window of the experiment, so we assign them to PB* modes (labeled in blue in Fig. 4.6) 

that will eventually decay away on the ns timescale due to fluorescence. 

Figure 4.10 displays the temporal evolution of the 1048 cm-1 mode that is characteristic of the 

PA* dynamics up to 150 ps in pure water. The integrated peak area of the 1048 cm-1 mode rises with 

a characteristic lifetime of ~210 fs, and decays bi-exponentially with time constants of 4.5 ps (32%) 

and 150 ps (68%). The insert in Figure 4.10 shows the detailed time-dependent peak intensity plot 

up to 10 ps, with the signal strength indicated by the double-arrowed vertical line. 

The time correlation between the nascent PA* and PB* modes can be found in Figure 4.11. 

The 1285 cm-1 PA* mode rises exponentially with a time constant of ~190 fs, and decays with two 

time constants of 4.3 ps (40%) and 215 ps (60%). Note that the long decay time constant is larger 

than that of the 1048 cm-1 mode, which may hint an overlapping PB* mode contribution around 

1285 cm-1. The 460 cm-1 PB* mode rises biexponentially with time constants of 680 fs (26%) and 

130 ps (74%); while the 1138 cm-1 PB* mode after 1 ps can be fitted by two rising exponentials 

with time constants of 5 ps (12%) and 78 ps (88%). The difference between the two PB* modes can 

be explained by the atomistic motions responsible for them: the 460 cm-1 mode is primarily an HPTS 

ring asymmetric wagging motion and may start gaining Raman intensity in an earlier stage of ESPT, 

whereas the 1138 cm-1 mode is the HPTS phenolic CO···(H) in-plane rocking motion that takes 

longer to appear but rises faster on the tens of ps timescale overall (78 ps vs. 130 ps). The sub-ps  
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Figure 4.10. Time evolution of the 1048 cm-1 excited-state mode of 11 mM HPTS in water following 

400 nm electronic excitation up to 150 ps. The time-dependent stimulated Raman peak intensity is 

fitted with a rising exponential (210 fs) and two decaying exponential functions (~4.5 and 150 ps), 

convoluted with the ~140 fs instrument response function determined from the cross correlation 

between the photoexcitation and Raman probe pulses. The insert shows the very early time 

dynamics of the PA* mode up to 10 ps. The fits are shown in solid lines. The error bar represents 

one standard deviation from the average value of multiple fitting procedures of the experimental 

data sets. 
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Figure 4.11. Time evolution plots of three excited-state vibrational modes of HPTS in water 

following 400 nm photoexcitation. The 1285 cm-1 (green), 1138 cm-1 (red), and 460 cm-1 (blue) 

modes can be attributed to PA*, PB*, and PB* modes, respectively (see text). The fitting results are 

listed in Table 4.2. It is notable that due to the overlap of Franck-Condon PA* modes and the nascent 

PB* mode around the ~1138 cm-1 spectral region, the double-exponential fit of that vibrational mode 

is performed after ~1 ps (indicated by the vertical dashed line). 
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onset of the 460 cm-1 mode is indicative of the activation of some coherent low-frequency modes 

preceding ESPT, in which the ring wagging motion plays an important role in modulating the 

intermolecular distance between the hydroxyl group of HPTS and the neighboring proton acceptors, 

e.g., water molecules in this work. The transient coherent PA* ring wags can potentially generate a 

small proportion of (~26% if estimated from the fast rise component of the 460 cm-1 mode) PB* 

state, with its ring wagging mode on the rise with a 680 fs time constant that is delayed to some of 

the fastest PA* in-plane modes (e.g., the 191 cm-1 mode). 

A collage of low-frequency modes of photoexcited HPTS in water is plotted in Figure 4.12, 

and their time-resolved peak intensity analysis is very informative. The most transient PA* peak at 

191 cm-1 shows a rising exponential time constant of 320 fs and a decay constant of 540 fs. The 321 

cm-1 PA* mode rises with a time constant of 650 fs, and has a biphasic decay with time constants of 

1.1 ps (80%) and 75 ps (20%). The 276 cm-1 PB* mode intensity kinetic trace shows a biphasic rise 

with time constants of 550 fs (85%) and 110 ps (15%), which has some interesting differences from 

the 460 cm-1 PB* mode dynamics and will be discussed later. The peak kinetics and the frequency 

shift from ground-state peaks, as well as the intricate relationship between various time-resolved 

vibrational modes in FSRS, exclude the possibility of a simple scheme of Raman pump attenuation-

induced ground state depletion. The matching rise and decay time constants such as ca. 550 and 650 

fs from multiple vibrational peak kinetic analysis infer the ESPT reaction mechanism of HPTS in 

water, showing vivid atomistic details as the chemical reaction proceeds on the anharmonic 

multidimensional PES in real time. 

The two lowest-frequency modes observed in the time-resolved excited-state FSRS spectra 

(108 and 125 cm-1) are fitted with two overlapping gaussian profiles and plotted against the time  
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Figure 4.12. Time evolution of three low-frequency vibrational modes of photoexcited HPTS in 

water following 400 nm electronic excitation. The stimulated Raman peak intensity is taken as the 

integrated gain of the Raman peak with the solid lines showing the multiexponential fits convoluted 

with instrument response time of 140 fs. The detailed fitting results are listed in Table 1 for the 191, 

276 and 321 cm-1 modes. It is evident (see text) that the 191 and 321 cm-1 modes are two sequentially 

emerged PA* modes, while the 276 cm-1 mode can be attributed to the nascent PB* state. 
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delay in Figure 4.13. The 108 cm-1 mode rises with the 630 fs time constant, and has a biphasic 

exponential decay of 1.1 ps (75%) and 1.7 ns (25%). The 125 cm-1 mode has a delayed onset of ~1 

ps, which can then be fitted with the biphasic rise time constants of 650 fs (55%) and 5.3 ps (45%), 

along with an exponential decay time constant of ~270 ps. Since we have observed a similar 106 

cm-1 mode previously in 11 mM HPTS in 2 M acetate water solution39, and the conservative nature 

of such skeletal collective motions leads to similar vibrational frequencies in various aqueous 

solutions, we attribute the 108 cm-1 mode to the HPTS 4-ring out-of-plane (OOP) wagging motion 

of the photoexcited protonated chromophore (PA*). The more pronounced 125 cm-1 mode that gains 

intensity after a dwell of 1 ps but decays away after reaching the maximum at ~20 ps may be 

associated with a related ring translational motion of PA*, which might better facilitate the later 

stage of ESPT (e.g., nascent ion-pair separation) after the initial stage (e.g., heavy atom optimization 

of the H-bonding chain) is largely over on the ca. 5 ps timescale. 

Evidence of the coherent quantum beats has been observed in the kinetic trace of the 952 cm-1 

mode (Figure 4.14). The convoluted multi-exponential fitting with the 140 fs cross-correlation time 

yields the rise time constant of ~140 fs, and the biphasic decay time constants of ~600 fs (78%) and 

90 ps (22%). The insert of Figure 4.14 manifests the mode intensity quantum beats with a period of 

~360 fs, which is prominent up to 1 ps. Considering that this mode can be attributed to HPTS ring-

HOOP motions mixed with some in-plane ring deformation from DFT calculations, it is justifiable 

to correlate this particular PA* motion with one of the early-time reaction coordinates to set up the 

stage for subsequent ESPT from HPTS to water. 
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Figure 4.13. Temporal evolution of the peak intensities of the 108 and 125 cm-1 modes of HPTS in 

water following 400 nm photoexcitation up to 150 ps. The 108 cm-1 mode rises slower than the 1048 

cm-1 mode in Fig. 4, and decays with time constants of ca. 1.1 ps and 1.7 ns. The delayed onset of 

the 125 cm-1 mode is conspicuous from the figure, which is also highlighted by the leftmost blue 

box in Fig. 4.6. The decaying behavior on the ps timescale suggests that both modes are associated 

with PA*, but with different mechanism to facilitate multi-staged ESPT from HPTS to water. 
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Figure 4.14. Time-resolved peak intensity plot of the 952 cm-1 mode of 400 nm-photoexcited HPTS 

in water. Pronounced intensity oscillations show up before 1 ps with a period of ~360 fs (similar to 

the kinetic plot of the 143 cm-1 mode intensity), which corresponds to a modulating low-frequency 

mode at ~93 cm-1. The observed 108 cm-1 mode primarily involves 4-ring OOP wags (Table 4.2) 

and has a closely matching frequency, hence could be the modulating source via mechanical 

coupling. The structural origin for the proposed anharmonic coupling between these vibrational 

modes in S1 along the ESPT reaction coordinate is described in the text. 
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4.7 Discussion of the structural dynamics of HPTS during ESPT 

4.7.1 Dynamics inferred from excited state FSRS spectra of HPTS in water with acetate 

In the presence of acetate in the water solution of HPTS, the ESPT occurs preferably between 

excited state HPTS and acetate, since acetate is a stronger base than water under our experimental 

conditions. The nascent acetic acid monomer peak can thus serve as a convenient marker band for 

ESPT. The comparison between the pH=5.5 buffer solution and the pH=14 solution shows clearly 

the existence of an 864 cm-1 mode in the acidic environment (Figure 4.15). RB3LYP-DFT 

calculations on a HAc···H2O complex with 6-311G++(2d,2p) basis set and IEF-PCM-water 

treatment predict a dipole moment of 2.67 D. The predicted position of the symmetric CH3 

deformation mode is 1393 cm-1, corresponding to our experimental value at 1368 cm-1. So the 

scaling factor to use is ~0.98, and the C–C stretch calculated at 882 cm-1 then corresponds to ~864 

cm-1 which matches our experimental value excellently. DFT calculations at the same level for HAc 

dimer (0.005 D dipole) show the C–C stretch at 902/906 cm-1 that represents a redshift from the 

corresponding monomer peak. 

The ground-state FSRS spectra of the acetic acid solution with varying HAc concentrations lend 

further support to the assignment of the ~870 cm-1 mode (Figure 4.16). The multi-peak gaussian-

profile least-squares fitting of the main peak in water solution yields three spectral components at 

872, 890 and 912 cm-1, with the 890 cm-1 peak having the largest intensity. The intensity (area) 

partition of the three peaks is 4.7%, 89.4%, 5.9% in 0.5 M HAc water solution, 5.2%, 88.7%, 6.1% 

in 1 M HAc, 4.8%, 90.7%, 4.5% in 2 M HAc, and 4.2%, 90.5%, 5.3% in 4 M HAc, respectively. 

According to literature40-42 and our DFT calculations in vacuo, this mode is primarily the C–C 

stretching band with the medium-intensity ~851 cm-1 mode attributed to the monomer, and the very 

strong ~892 cm-1 attributed to the dimer.41 The acetic acid gaseous and solution phase Raman spectra 
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Figure 4.15. The ground-state FSRS spectra of two acetate-water solutions with different pH values, 

using the 800 nm Raman pump. The solid red trace is the 2 M NaAc + 1.26 M HAc buffer solution 

to maintain pH=5.5, with three multi-gaussian fitted peaks shown in dashed black lines (centered at 

~864, 894 and 928 cm-1 for the C−C stretching motion of monomer acetic acid, dimer acetic acid, 

and acetate ion, respectively). The 483 cm-1 mode is the COO in-plane rocking, and the 650 cm-1 

mode is the COO deformation mode of the acetate ion.43 The 1350 and 1418 cm-1 modes correspond 

to the CH3 deformation and the C−O stretching motion of the acetate ion, respectively. The solid 

blue trace is attributed only to acetate ions due to the strong base condition. The difference between 

the two traces confirms the existence of monomer acetic acid C−C stretching peak at ~864 cm-1 in 

the relatively more acidic buffer solution. 
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Figure 4.16. The ground-state FSRS spectra of acetic acid with various concentrations (0.5, 1 and 2 

M) in water using the 800 nm Raman pump. Three underlying components for the multi-gaussian 

peak fit of the C−C stretching mode between 840−960 cm-1 (centered at ~872, 890 and 912 cm-1) 

are shown in dashed black lines. A number of low-frequency modes below 400 cm-1 are clearly 

present. DFT calculations33 of the HAc···H2O complex in solution show peaks at 1441, 1393, 1260, 

1069, 1020, 911, 882, 616, 602, 454, 358, 304, 195 cm-1 (unscaled) that suggest a scaling factor of 

0.98 to match experimental values. In particular the 882 cm-1 mode matches very well with the 

nascent acetic acid monomer peak at 864 cm-1 observed in excited state FSRS spectrum. The 911 

cm-1 mode is the HOOP motion of the bridging H with respect to the plane defined by the O···O 

plane. The modes at 358/304 cm-1 are mainly H-rockings of the associated water molecule (absent 

in the HAc dimer calculations) with an experimental value at 340/293 cm-1. The intermolecular 

O···O stretch appears at 195 cm-1 for the HAc···H2O complex and 163/176 cm-1 for the HAc dimer, 

with the latter case likely corresponding to the observed Raman peak at ~170 cm-1. Vibrational peak 

assignments40-42 are labeled in the figure. 

 

  



140 

 

 

provide useful comparison. As the HAc molecule interacts with surrounding water molecules, the 

electronic delocalization shifts some electron density to the C–C bond hence increasing its stretching 

frequency, responsible for the observed blueshift of the monomer peak upon solvation (851872 

cm-1). In the buffer solution with ~1.6:1 NaAc:HAc (pH≈5.5), more HAc monomer is present, and 

the peak fitting yields an intensity partition of 12% and 88% for the 864 and 894 cm-1 modes, 

respectively. It is notable that only monomer HAc is generated on the ps timescale as the acetate 

ion receives the proton, so the nascent HAc peak at ~870 cm-1 can serve as a clear marker band for 

the ESPT progress. 

The excited state FSRS spectra show that the 864 cm-1 mode appears with a fitted single 

exponential growth time constant of 53050 fs. Compared with the ~220 fs rise time of the 1139 

cm-1 PB* mode, the monomer HAc peak has a delayed onset of ~300 fs (Figure 4.17). This is 

interesting because it does not agree with the simple interpretation that a single-stage ESPT leads to 

the proton moving from HPTS to the tightly-bound acetate ion, otherwise the HAc peak should 

display similar dynamics with the PB* mode. It is notable that the acetate dip intensity at 930 cm-1 

also shows interesting dynamics that can fit to a quick drop (500±50 fs) and a biphasic slow recovery 

(630±60 fs, 85% and ~60 ps, 15%). The dominant peak intensity drop time constant of 500 fs 

associated with the acetate ion correlates nicely with the weighted acetic acid signal increase (530 

fs). And the dominant acetate peak recovery time constant of 630 fs matches well with the activation 

of the 104 and 319 cm-1 modes (610–630 fs, Figure 4.8). A multi-staged ESPT along 

multidimensional reaction coordinate through various-length H-bonded chains is capable of 

explaining this phenomenon, and the structural dynamics information is directly embedded in the 

low-frequency region of the FSRS data.    
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Figure 4.17. Time evolution of two marker bands for ESPT in 11 mM HPTS with 2 M acetate in 

water solution up to 10 ps. The 1139 cm-1 mode (blue) is assigned to PB* COH bending motions 

that rises earlier and faster than the 864 cm-1 mode (red) which is attributed to the C–C stretch of 

nascent monomer acetic acid. Multi-exponential fits are convoluted with the instrument response 

function (~120 fs cross correlation). Error bar represents one standard deviation of the data points. 
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Among all the low-frequency modes that have been observed, the 195 cm-1 PA* mode, which 

displaces the hydroxyl group in the ring plane but without COH bending, exhibits the shortest rise 

time (~340 fs). It is reasonable to associate this mode with the first stage of proton transfer where 

the proton simply moves along the highly polarizable H-bond chain initially formed in the ground 

state, in the 4-ring plane. The reaction coordinate hence involves HPTS configurations that do not 

differ significantly from the S0 equilibrium geometry, and the activated 195 cm-1 mode of PA* 

facilitates the translational motion of the proton through the preformed HPTS–O–···H+···–OOCCH3 

chain to generate the 1139 cm-1 mode of PB* and some HAc on the 220 fs timescale. 

As HPTS continues to adjust its relative geometry with the nearby “rearranging” water molecules 

to transfer protons that are not optimally bound between HPTS and acetate ions, it gradually breaks 

the initial ring planarity and shifts the negative charge on the hydroxyl oxygen toward the rings, 

therefore leading to the diminishing intensity of the 195 cm-1 in-plane mode. Interestingly its 

dominant decay time constant of 680 fs matches very well with the rise time of the PA* modes at 

104 and 319 cm-1 (650 fs), indicating that these ring wags and hydroxyl HOOP motions are activated 

after the in-plane ring breathing motions. The remaining 20% of the 195 cm-1 mode intensity decay 

has a ~7 ps time constant that is probably associated with the photoexcited HPTS bringing more 

water/acetate molecules into optimal geometry with the further twisted HPTS to continue transfer 

more protons, through the increasingly extended H-bond chain with further optimized heavy atom 

configuration for ESPT and PB* production. The ~7 ps decay constant of the 195 cm-1 mode is 

significantly shorter than its counterpart in the 104 and 319 cm-1 modes (~90 ps), indicating that 

HPTS twists away from the ring coplanarity facilitated by ring wags and hydroxyl HOOPs in several 

ps and does not return to the coplanar structure within our experimental time window (up to 150 
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ps). At this time, most of the excited state HPTS population is in PB*, consistent with the second 

rise time constant of the blueshifted C–O stretching mode at ~11 ps. On the contrary, there are still 

activities of the 104 and 319 cm-1 modes at the longest time delay measured (150 ps), implying that 

these two OOP modes accompany ESPT all the way but with strongest activity on the ~1 ps 

timescale to facilitate proton conduction through one water molecule. In addition, the peak 

frequency of the 195 cm-1 mode shows a biphasic exponential increase with ~520 fs (90%) and ~5.5 

ps (10%) toward ~201 cm-1, which implies that this particular in-plane ring breathing mode is 

strongly affected by the activation of the other two ring wagging modes in PA*, and the blueshift is 

consistent with the aforementioned calculations on PA and PB. 

The dominant decay time constant of the 104 and 319 cm-1 modes being ~1 ps merits some 

discussion. This is very close to the proton hopping time of 1.3–1.5 ps over a single water molecule 

in pure water,36,44 as well as the water molecule reorientation time (~1.5 ps) at room temperature.45,46 

The fact that these two low-frequency modes are mostly active on the ~1 ps timescale implies a 

significant subpopulation of HPTS in S0 that H-bonds to an acetate ion via an intervening water 

molecule, and once these protons are transferred through, there will be less hydroxyl HOOP 

contributions to these wagging motions and it takes longer for them to sample phase space and 

establish more H-bonding chains. Further solvent rearrangement and/or acetate diffusion are then 

needed to continue ESPT on the tens to hundreds of ps timescale. Approximately, if we take the rise 

time constant of 220 fs (70% weight of the total signal rise of the PB* mode at 1139 cm-1) that is 

attributed to the initial phase of direct ESPT through the preexisted HPTS–O–···H+···–OOCCH3 

chain, and the rest 30% being the dominant ~1 ps decay time for both 106 and 321 cm-1 modes that 

facilitates ESPT through one intervening H2O molecule, we get a weighted average of ~450 fs for 
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the HAc signal rise. This agrees reasonably well with the observed ~530 fs rising exponential of the 

HAc peak plotted in Figure 4.16. If we replace the 220 fs time constant with the 340 fs rise time of 

the 195 cm-1 mode, the weighted HAc generation time is 540 fs that is even closer to the observed 

value. This signifies the importance of these low-frequency modes in facilitating ESPT by 

optimizing the donor-acceptor geometry through skeletal vibrations and H-bonding chain. It is 

notable that the frequency of the HAc peak also shows multi-exponential dynamics (Figure 4.18) 

with a 320±40 fs rise, and two decay time constants of 550±60 fs (60%) and ~90 ps (40%). Since 

this mode frequency is sensitive to the immediate environment of HAc, we can attribute the rise 

time to be the solvation of nascent HAc from the initial phase of ESPT involving the tight HPTS-

acetate complex, and the first decay time constant to the water molecular rearrangement within the 

loose HPTS···H2O···acetate complex to achieve optimized geometry for the second phase of ESPT. 

The current data of 11 mM HPTS and 2 M acetate in water solution represent a water-deficient 

environment around HPTS in which the direct proton transfer from the photoacid to the base in the 

tight and loose complexes dominates the initial reaction dynamics of ESPT. There have been a large 

number of reports concerning the preformed H-bonds in the ground state of photosensitive 

chromophores and the almost barrierless ultrafast ESPT upon photoexcitation.47,48 It is generally 

accepted that ESPT through those short-distance (e.g. O–O distance <2.4Å) donor-acceptor H-bond 

already formed in the ground state occurs on the order of 100–200 fs, which typically represents a 

tight complex such as HPTS–O···H+···–OOCCH3 with no intervening water molecules. 

Immediately following 400 nm photoexcitation, HPTS-PA loosens its hold of the hydroxyl proton 

that is already in H-bonding geometry with a nearby acetate molecule, and the proton conduction to 

the base is accompanied by the electronic redistribution over the HPTS ring system. As the excited 
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Figure 4.18. Time evolution of the nascent monomer acetic acid peak frequency in 11 mM HPTS 

with 2 M acetate in water solution following 400 nm photoexcitation. The multi-exponential fit 

convoluted with the 120 fs cross-correlation time yields a rise time constant of 320±40 fs, and two 

decay time constants of 550±60 fs (60%) and ~90 ps (40%). This mode is assigned to the C–C 

stretching motion of the nascent acetic acid monomer. RB3LYP-DFT calculations on a HAc···H2O 

complex with 6-311G++(2d,2p) basis set and IEF-PCM-water treatment predict a dipole moment 

of 2.67 D and the C–C stretching mode at 882 cm-1. The same-level calculation on HAc with IEF-

PCM-water treatment (in vacuo) yields a dipole of 2.32 (1.77) D and the mode redshifts to 863 (857) 

cm-1. The mode frequency is sensitive to solvation, and correlates the initial blueshift to solvation 

of the initially generated HAc. 

 The frequency shift here agrees with the proposed two-stage ESPT that is first facilitated by the 

195 cm-1 mode (~340 fs) and subsequently accompanied by the 106 and 321 cm-1 modes. The initial 

frequency rise time of 320 fs can be attributed to the solvation of the monomer acetic acid generated 

from the tight HPTS···acetate complex in water. The redshift time constant of 550 fs can be 

correlated with the water molecular rearrangement within the loose HPTS···H2O···acetate complex 

to achieve optimized geometry for the second-phase ESPT through the longer H-bonding chain. 
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state wavepacket moves out of the FC region of A*, the 220 fs rise time of the 1139 cm-1 mode 

represents the fastest PB* generation. The 195 cm-1 in-plane ring skeletal breathing motion of PA* 

then catches up and displaces the hydroxyl proton in the ring plane (but without COH bending) on 

the 340 fs timescale. This nuclear motion accompanies the initial phase of ESPT through the tight 

HPTS-acetate complexes. 

The delayed onset of the 104 and 319 cm-1 modes (~630 fs rise time) marks the beginning of the 

second phase of ESPT that transfers proton through the HPTS–OH···H2O···–OOCCH3 complex. At 

this time the negative charge on the hydroxyl oxygen is much less stabilized after the initial phase 

of ESPT, and more energy dissipation among the ring system starts to break the 4-ring coplanarity 

and activate the OOP wagging motions of both ring-carbons and ring-hydrogens. Meanwhile the 

195 cm-1 in-plane mode diminishes. This movement correlates nicely with the solvent 

rearrangement in the immediate vicinity of HPTS, namely the water molecule that is initially loosely 

bound in between HPTS and acetate but not in a favorable H-bonding configuration. The ring 

wagging motions facilitate the optimization of this H-bonding chain and efficiently conduct the 

proton on the 1 ps timescale,5 consistent with the Grotthuss hopping time for intermolecular proton 

transfer via a single water molecule in pure water19,36,44-46. These two early stages of ESPT with 

distinctive timescale give a weighted acetic acid production time of ~540 fs that is in excellent 

agreement with the observed value of ~530 fs for acetic acid appearance and ~500 fs for acetate 

disappearance. The first decay time constant of the 1048 cm-1 PA* mode at 1.5 ps also probes this 

specific process. Near the completion of the second phase of ESPT, the two ring wagging and ring-

H HOOP motions at 104 and 319 cm-1 diminish but remain active to facilitate further ESPT. A 

slower component on the timescale of 6 to several tens of ps is assigned to ESPT in solvent-
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separated HPTS-acetate “loose” complexes like HPTS–OH···(H2O)n···–OOCCH3 (n≥2) that 

probably involves the rearrangement of multiple solvent molecules and/or acetate molecules to 

optimize the ESPT efficiency (Figure 4.19). Recent reports on the role of water in intermolecular 

proton transfer reactions argued that translational diffusion of the reactants is not essential for 

reactant separations larger than one water molecule, instead the solvent configuration search to 

establish a more efficient H-bonding chain is more relevant for the process.36,49 Since the ring wags 

and ring-H HOOP motions remain active on this timescale (up to 150 ps measured in this work), 

and the PB* peak at 445 cm-1 gets stronger, HPTS is in a twisted geometry away from the coplanar 

ring configuration and has a better chance to sample more phase space to establish optimal H-

bonding geometry, while waiting for acceptor heavy atoms to align through the extended H-bonding 

chain.5 The PB* peaks at 445 (1139) cm-1 with the ~27 (30) ps rise time along with the PA* peak at 

1048 cm-1 with the ~40 ps decay time constant can be viewed as representative modes on this ESPT 

stage across longer H-bonding chains between HPTS and base. 

Spectral oscillations appear as “quantum beats” in the coherent wavepacket dynamics when 

various modes are inter-correlated through mechanical coupling or electrostatic interaction, to 

dissipate excitation energy and guide reaction pathways.50-53 Quantum effects are expected to play 

an essential role in sampling solvent configurational space to efficiently transfer the proton from the 

photoacid molecule to the base, and several characteristic skeletal motions of the HPTS ring system 

unraveled in this work are certainly prominent coordinates for the initial phase of ESPT reaction. 

We have also observed a 146 cm-1 mode whose detailed peak frequency and intensity plot up to 1 

ps (Figure 4.20) clearly shows the presence of quantum beats with a period of ~260 fs, 

corresponding to a ~130 cm-1 mode that is likely an in-plane ring rocking mode which modulates 
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Figure 4.19. A schematic of different ESPT reaction pathways from HPTS to acetate upon 400 

nm photoexcitation 
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Figure 4.20. Time evolution of the 146 cm-1 mode intensity and frequency in excited state FSRS 

spectra of 11 mM HPTS with 2 M acetate in water solution, with 800 nm Raman pump and following 

400 nm photoexcitation. The peak rises with a sub-ps time constant but shows very strong intensity 

oscillations (blue solid line, axis on the left) with a period of ~260 fs (black arrow), which 

corresponds to a ~130 cm-1 mode. The peak frequency plot (red, axis on the right) also shows some 

oscillatory pattern on the 1-ps timescale. DFT calculations predict an in-plane ring rocking mode 

that significantly displaces the hydroxyl group at 150 cm-1 for the HAc···H2O complex with IEF-

PCM-water treatment (Table 4.2), which seems to be the mode observed here that strongly 

modulates the intermolecular distance between the hydroxyl proton and the bound acceptor (acetate 

ion in the experiment). A detailed look at the peak frequencies of the 1139 (PB*), 930 (acetate) and 

864 cm-1 (monomer acetic acid) modes reveals similar oscillatory pattern on the sub-ps timescale 

with the ~260 fs period. This preliminary observation suggests the existence of “quantum beats” in 

this intermolecular ESPT system, with the impulsively-excited skeletal modes of HPTS modulating 

other vibrational modes through the anharmonic potential energy surface of S1 starting from the 

Franck-Condon region of PA*. The solid lines simply connect the data points to guide the eyes. 
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the intermolecular distance between the hydroxyl proton and the bound acceptor. Further SNR 

improvement in this region will render finer details on the highly anharmonic potential energy 

surface where the impulsively-excited skeletal motions guide the coherent wavepacket through 

reduced ESPT barrier to efficiently transfer the proton, through a highly inhomogeneous H-bonding 

network that is constantly rearranging on the ps timescale. 

 

4.7.2 Dynamic information retrieved from excited state FSRS spectra of HPTS in pure 

water/D2O 

It is interesting to compare the ESPT dynamics with and without the presence of acetate in 

water solution. Intuitively, one would expect a reduced efficiency of ESPT in pure water, because 

the acetate ion represents a stronger proton acceptor than water, thereby providing a significant 

amount of driving force to facilitate ESPT following photoexcitation and the increased acidity of 

HPTS. In other words, ESPT between HPTS and acetate can be attributed to an adiabatic PT process 

as the proton moves along a preformed highly polarizable H-bond, without significant barrier 

tunneling or H-bonding reorganization, and mainly on the sub-ps to ps timescale 54. On the contrary, 

ESPT that solely relies on the HPTS-H2O H-bonding network is more subject to the labile water 

molecular dynamics, and likely takes longer time as well as distance to establish the effective proton 

transfer chain to accommodate the significantly increased acidity of HPTS. For instance, the ~4.5 

ps short decay time constant of the 1048 cm-1 mode for photoexcited HPTS in water is longer than 

the ~1.6 ps decay observed in water with 2 M acetate 39, and also with a reduced amplitude (32% in 

water vs. 60% in acetate water). In the kinetic trace of the 1138 cm-1 mode, attributed to PB* that 

represents the deprotonated state of HPTS, the sub-picosecond rising component becomes 

unobservable when acetate is absent, and the trace rises biphasically with 5 ps (12%) and 78 ps 
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(88%) time constants. Previous experiments using time-resolved fluorescence/absorption and 

visible pump-probe or mid-IR probe spectroscopies 55-58 have also revealed comparable short decay 

time constant at ~3 ps and the long decay time constant of ~90 ps for the deprotonation of HPTS in 

water. These results indicate that the absence of an effective proton acceptor such as the acetate ion 

largely turns off direct ESPT over short distances through highly polarizable H-bonds and much 

reduced proton transfer barrier on the <300 fs timescale, wherein the solvent dynamics within the 

first solvation shell of the photoacid dominate the ESPT pathway on the 1–2 ps timescale. We 

suspect that a small portion of the HPTS hydroxyl proton still manages to hop over to the 

immediately adjacent H2O molecule that is originally H-bonded to the hydroxyl group of HPTS, but 

only after some small-scale molecular reorientation of H2O occurs to strengthen that existing H-

bond following photoexcitation.  

To further investigate the structural origin of the observed kinetic processes of photoexcited 

HPTS, we have also conducted FSRS measurements on HPTS in D2O. The S1 vibrational modes at 

1048 and 1138 cm-1 in H2O redshift to 1042 and 1136 cm-1 in D2O, respectively, which agrees with 

the retardation of mode vibrations upon deuteration. It is evident from the blue (H2O) and red (D2O) 

traces in Figure 4.21 that the PA* decay and PB* rise all slacken in D2O, wherein the 1042 cm-1 

mode rises with the time constant of 610 fs, and decays bi-exponentially with time constants of 24 

ps (40%) and 650 ps (60%). This represents a kinetic isotope effect (KIE) of ~5.3 for the short time 

component, and ~4.3 for the long component of the peak intensity decay. The 1136 cm-1 mode in 

D2O has a biphasic rise with time constants of 21 ps (12%) and 200 ps (88%). The enlarged PB* 

peak intensity kinetic plot up to 10 ps is shown in the insert, manifesting the complex peak dynamics 

of the HPTS phenolic CO···(H/D) in-plane rocking mode before 1 ps, which might be affected by  
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Figure 4.21. Comparison between the peak intensity kinetic plots of the 1048/1042 cm-1 modes in 

H2O/D2O (blue/red solid), and the 1138/1136 cm-1 modes in H2O/D2O (blue/red dashed), 

respectively. The rise and decay time constants of HPTS in D2O are all prolonged compared with 

those in H2O, shown as the disappearance of PA* and appearance of PB* modes. The insert 

(expanded kinetics plot up to 10 ps) displays the PA* preparation stage for ESPT in the HPTS-water 

system, before PB* starts to grow in gradually after 1 ps. It is notable that following the preparation 

stage, the PB* mode intensity rises faster in H2O than that in D2O. 
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the aforementioned transient PA* feature in that spectral region. It is notable that the short 

component of the PB* peak rise matches the short component of the PA* peak decay (5 vs. 4.5 ps 

in H2O, and 21 vs. 24 ps in D2O), but the long component is significantly shorter for the PB* rise 

than the PA* decay (78 vs. 150 ps in H2O, and 200 vs. 650 ps in D2O). This can be explained by the  

fact that there might be other relaxation pathways such as the direct emission from PA* and the 

geminate recombination of the separated ion pairs 59,60, which is diffusion controlled and occurs on 

a typical timescale of 300–400 ps at room temperature for the PA* population that has dissociated. 

On the contrary, the initial PB* peak intensity rise is a direct consequence of ESPT and is a more 

reliable parameter to report on the PT process and to compare the rate difference upon deuteration. 

 The sequential emergence of various low-frequency modes merits some discussion. Upon 

photoexcitation, the prompt electronic redistribution over the aromatic ring system induces atomic 

motions with high Raman polarizabilities along the FC slope and is responsible for the shift in 

spectral positions of excited-state vibrational modes from the ground-state counterparts. The 

emergence of various excited-state vibrational modes particularly in the low-frequency region is 

intimately related to FC dynamics of photoexcited HPTS as it undergoes conformational motions 

starting from time zero. This ultrafast initial phase of excited-state structural evolution is likely 

accompanied by intramolecular vibrational energy redistribution (IVR) processes 51,52,61-65, however, 

it is the relative equilibrium geometry displacement between S1 and higher lying electronic excited 

states (or virtual state that is off-resonance) dictating the FSRS peak intensity detected here by the 

Raman pump-probe pair. FSRS thus provides the unique and laudable capability to monitor a 

multitude of vibrational modes simultaneously and pinpoint the structural evolution pathway as 

ESPT initiates and proceeds on the anharmonic S1 PES that is changing in real time. Certain 
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vibrational modes are promptly Raman active upon initial vibronic wavepacket generation on S1, 

whereas some other vibrational modes become Raman active later in time because they need a rather 

distorted molecular conformation to acquire significant Raman intensity. Furthermore, the 

vibrational peak kinetics plot in FSRS is not limited by the vibrational coherence decay typically on 

the few ps timescale because the time-delayed Raman ps-pump-fs-probe pair can generate multiple 

vibrational coherences due to the broad bandwidth of the probe pulse to monitor the evolving 

molecular conformation along multidimensional reaction coordinates. Therefore, the microscopic 

molecular snapshot (i.e. HPTS conformational dynamics in S1 before fluorescence) is vividly 

available in time-resolved excited-state FSRS. In particular, the observed transient vibrational 

modes promptly following photoexcitation might be the dominant atomic motions contributing to 

the proposed Stokes shift of photoexcited HPTS in H2O with the time constant of ~1 ps 58, which is 

a separate and distinct phenomenon (i.e., preparation stage) from the subsequent deprotonation 

process for PA*PB* population transfer (i.e., ESPT stage). 

The 191 cm-1 mode appears promptly following photoexcitation, analogous to the 195 cm-1 

mode previously observed in the HPTS-acetate-water system 39, suggesting that this particular low-

frequency mode is characteristic of the HPTS in-plane ring symmetric breathing motion that 

modulates the intermolecular O···O bending within the immediate solvation shell. In other words, 

this conserved PA* mode samples the phase space that includes better H-bonding geometry between 

the proton donor and neighboring acceptor, and might be a direct consequence of the electronic 

redistribution that weakens the original HPTS–OH···OH2 H-bond in S0 56. It rises with a ~320 fs 

time constant and decays with a ~540 fs time constant. The 540 fs decay component indicates that 

HPTS starts to break the original ring coplanarity on that timescale, and helps the impulsively 
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generated vibronic wavepacket slide down the PES slope in the FC region. Once this process occurs, 

other coherent low-frequency modes associated with PA* (e.g. 108, 321, 362 cm-1, primarily ring 

wags and ring HOOPs) start to facilitate the proton motion through the immediate H-bond to one 

acceptor water molecule on the typical hopping time of ~1.2 ps 36,44,45. That is why we see a 

prominent decay component of all these ring-wagging motions on the 1 ps timescale. An 

enlightening comparison can also be made to our previous results for HPTS in 2 M acetate water 

solution: the 106 and 321 cm-1 modes observed therein both rise on the ~630 fs timescale and exhibit 

the dominant decay time constant of ~1 ps 39, with a relative exponential fitting amplitude of 80–

85% that agrees very well with the component percentage derived here in pure water. As more 

nearby water molecules start to align along the ESPT chain connecting to the HPTS hydroxyl group, 

the ring wags associated with the nascent charge-separated HPTS(–)–O···H(+)–OH2 at ~460 cm-1 

report on the formation of extended H-bonds with increased number of better-oriented water 

molecules, presumably with a reduced coordination number in comparison to that in bulk water 54,60. 

The wealth of structural dynamics information provided by our time-resolved excited-state 

FSRS spectra reveals that upon photoexcitation, the asymmetric HPTS undergoes ESPT in water 

through multiple reaction stages (Figure 4.22): (1) the almost instantaneous electronic redistribution 

leads to some swift in-plane ring deformation and ring-HOOP motions on the 200 fs timescale (e.g., 

PA* S1 modes at 1048, 952 cm-1); (2) the facile in-plane ring-breathing motion (e.g., 191 cm-1, PA*) 

then emerges with the 320 fs rise time constant, modulating the relative geometry between the 

directly H-bonded HPTS hydroxyl group and H2O molecule; (3) the ring wagging and phenolic 

HOOP motions (e.g., 108, 321, 362 cm-1, PA*) subsequently gain Raman intensity with the 630–

650 fs rise time constant, in correlation with the diminishment of the in-plane ring breathing motion 
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with a 540 fs decay time constant, as well as the waning of the ring-HOOP motion adjacent to the 

phenolic ring with a 600 fs decay time constant; (4) a small amount of proton transfer starts to occur 

with the appearance of these PA* ring wagging motions in S1, and characteristic ring wags 

associated with the deprotonated HPTS (PB*, 276 and 460 cm-1 modes) begin to accumulate on the 

550–680 fs timescale; (5) The PA* wagging motions start to diminish on the ca. 1 ps timescale, 

indicative of a solvation process that mainly reorients the directly H-bonded H2O molecule to be in 

a more favorable H-bonding geometry with HPTS 36,39,44, and the initial ground-state 4-ring 

coplanarity is broken as the molecule reaches the charge-transfer state 55,57,66; (6) ESPT occurs 

through various-length H-bonding chains, accompanied by some tardy PA* motions such as the 125 

cm-1 mode,  generating PB* with two distinct time constants of ~5 ps and 80 ps. The few ps 

component suggests that ESPT is a heterogeneous process for HPTS in the labile H-bonded water 

matrix, since more H2O molecules nearby need to be optimized to establish efficient H-bonds to 

transfer that phenolic proton. The observed KIE of 3–4 is indicative of the weak H-bonding nature 

and possibly also longer H-bonding chains between HPTS and water, characteristic of the 

nonadiabatic PT where the solvent fluctuations modulate both the PA* and PB* PES of the 

chromophore. 
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Figure 4.22. A schematic of the multiple reaction stages of ESPT in pure water upon 400 nm 

photoexcitation of HPTS 
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4.8 Summary 

In summary, pyranine (HPTS) has been studied using femtosecond stimulated Raman 

spectroscopy (FSRS). The simultaneously high spectral and temporal resolution of the apparatus 

allows for real-time collection of excited-state FSRS spectra of the photoexcited HPTS as it transfers 

its phenolic proton via/to the labile molecular water H-bonded network. Ground state FSRS spectra 

with DFT calculations lay the foundation for Raman peak assignment with the reactant (PA) and 

product (PB) spectral features attributed to characteristic atomistic motions. Several key low-

frequency modes that have not been explicitly observed before are clearly identified in our work 

particularly in the S1 state following FC excitation, and their individual functional roles in 

facilitating intermolecular ESPT through various-length HPTS-water/HPTS-water-acetate H-

bonding chains have been extensively discussed. These impulsively and coherently excited skeletal 

modes are highly anharmonic in nature and easily activated by photoexcitation,5,51,52,67 corroborated 

by the quantum beats observed for the low-frequency mode around 150 cm-1, and they may play an 

essential functional role in ESPT along other high-frequency coordinates by guiding the wavepacket 

out of the FC region efficiently toward a reduced-barrier proton transfer pathway on the S1 PES. 

The sequential nature of a number of low-frequency modes with pronounced activity on the sub-

ps timescale has been revealed with both acetate and water as proton acceptors in solution. In the 

presence of 2M acetate, 195 cm-1 mode appears the earliest and has the fastest rise time among all 

the low-frequency modes, whereas the 104 and 319 cm-1 modes rise slower and persist longer. In a 

similar manner, the 191 cm-1 mode rises first in pure water within ~320 fs, and its subsequent decay 

of ~540 fs matches the onset of several other low-frequency modes (108, 321, 362 cm-1). This 

observation not only confirms the complexity of a seemingly straightforward HPTS-water-acetate 
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system and the multidimensional reaction coordinate for ESPT, but also distinguishes two types of 

low-frequency modes that are predominantly active in different stages of ESPT.  

It is noteworthy to summarize the convincing evidences for a number of coherent low-frequency 

vibrational modes to play the important functional gating role 5,39,62,68-71 in ESPT of HPTS in 

aqueous solution, besides the kinetic analysis of their FSRS intensities. (1) They get impulsively 

excited pre-ESPT and exhibit different dynamics. (2) Calculations show that these low-frequency 

modes could significantly modulate the intermolecular distance and/or geometry between HPTS 

and the neighboring H-bonding acceptors, providing the appropriate atomic displacements to start 

optimizing H-bonding chains and gate ESPT. (3) Quantum beats are observed for certain vibrational 

modes, indicative of anharmonic coupling between various conformational motions of HPTS 

capable of ESPT in water. (4) Certain conserved low-frequency modes exhibit different dynamic 

behavior in response to different acceptor molecules. However, more work is needed to establish 

the possible causative connection between the observed coherent low-frequency modes and ESPT 

via the temporal and structural correlation of the associated transient molecular motions. It will be 

of great benefits to monitor mode-dependent vibrational dynamics of HPTS in various external 

microenvironments, and to simultaneously probe a wide array of vibrational modes including the 

reactant, intermediate and product with enough time resolution. We will also explore the possibility 

of using pulse shaping to control low-frequency modes hence tuning chemical reactivity, and bring 

the studies to more fundamental hydrogen-bonding systems such as water itself. 
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Chapter 5 Concluding remarks and future work 

5.1 Summary 

 In this dissertation, our recent work on excited state hydrogen-bonding dynamics (ESHBD) of 

Coumarin 102 and excited state proton transfer (ESPT) dynamics of pyranine (HPTS) in various 

solutions are presented. Using femtosecond stimulated Raman spectroscopy (FSRS), we explore 

regions previously very challenging to access in the frequency and time domains. In the case of 

Coumarin 102, the discrepancy between experimental and theoretical work previously published 

roots in the inaccessibility of the dynamics in the first 200 fs after photoexcitation where critical 

molecular events occur. The mystery is now largely resolved with FSRS, powering us with the 

capability of acquiring vibrational spectra with simultaneously high time and spectral resolutions, 

and offering direct insights into this largely unexplored spectral region. For the first time, it is 

unambiguously revealed that the ultrafast cleavage of type B hydrogen bond in excited state 

Coumarin 102 occurs in the initially excited state rather than during photoexcitation, a picture 

previously hypothesized by Nibbering et al but unable to be confirmed using other ultrafast 

techniques.1 Furthermore, there is convincing evidence of a reaction path bifurcation on the potential 

energy surface of the initial excited state, where the hydrogen bond could either break or not. In the 

ESPT study of HPTS, we are able to simultaneously monitor the temporal evolution of multiple 

vibrational modes with <140 fs time resolution in a broad spectral region of 100-1600 cm-1. We not 

only successfully reproduce the results previously obtained with other ultrafast techniques, but also 

bring detailed and new information especially in the low-frequency region. The observed sequential 

nature of a number of low-frequency modes and the intricate relationships between time constants 

indicate that these modes may play a crucial role of facilitating ESPT by modulating the geometry 
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of the molecular skeleton into the optimal configuration through proper vibrational motions. Our 

results also unveil the anharmonic nature of these vibrational modes and in a larger sense, 

substantiating FSRS as an efficient way of disentangling the myths of the multidimensional potential 

energy surfaces of excited state molecules. 

 

5.2 Future work 

 The work presented in this dissertation is only a small portion, or “test runs” of our larger, 

ongoing research projects. We have been making great efforts to constantly improve the FSRS 

technique in our research lab, and many of the efforts have been documented in our technical 

innovations and spectroscopic investigations on a variety of fundamental materials.2-8 In the 

Coumarin 102 data presented, the apparent spectral resolution has not reached the limit set by 

uncertainty principle but rather limited by the dispersive ability of our grating. With a better grating, 

we should be able to resolve the two peaks in the C=O stretching band for both free and hydrogen-

bonded Coumarin 102 and get deeper insights into the origin of splitting which is still unclear. Both 

experimental and theoretical work indicate a solvent-dependency of the ESHBD of Coumarin 102, 

and it will be of great benefits to compare the dynamics in different solvents and reveal the 

underlying principle. The FSRS data of HPTS presented was collected using a conventional FSRS 

setup where little, if any, resonance enhancement is achieved using the 800 nm Raman pump pulse. 

With our current setup, the Raman pump wavelength can be tuned to achieve a near resonance 

condition,3 and preliminary results with HPTS in pure water show dramatically improved SNR, 

which allows us to obtain more details of both low- and high-frequency regions and draw further 

conclusions regarding the gating motions for ESPT. The role of different low-frequency modes 

during ESPT can be further examined with FSRS data of HPTS dissolved in solvents with different 
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proton-accepting abilities to gradually “open up” or “shut down” the ESPT channel.  

 Efforts have also been devoted to extend our research into larger areas to achieve broader 

impacts. One restriction that seriously hampers the flexibility of our current FSRS setup is that the 

actinic pump wavelength is fixed at 400 nm. This leads to inefficient excitation for a wide variety 

of interesting molecular systems and a wavelength-tunable actinic pump pulse will be invaluable. A 

nonlinear optical parametric amplifier (NOPA) will be built soon to offer this capability, in addition 

to a UV fs laser source. We also notice a few variants of the FSRS technique that are developed very 

recently, including in-line interferometric FSRS (II-FSRS),9,10 frequency-modulated FSRS (FM-

FSRS),11 two-dimensional FSRS (2D-FSRS) 12and surface-enhanced FSRS (SE-FSRS),13 which 

have been claimed to either improve the SNR or provide additional information such as the phase 

of the Raman signal. We may adopt some of these strategies in the future when necessary, while 

actively exploring new approaches to further improve the quality of FSRS data and the reliability 

of FSRS data processing. We believe that the future is bright for FSRS to make important and 

unprecedented discoveries in biological and material sciences. Those new structural dynamics 

insights will help enable the rational design of functional materials in energy sectors and biomedical 

fields, eventually achieving broad societal benefits. 
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