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Abstract 
 

 

 

 

Photoacids are the organic molecules which experience an extreme increase in acidity following 

photoinduced electronic excitation, leading to intermolecular proton (H+) exchange. Bifunctional 

photoacids simultaneously possess donor (acidic) and acceptor (basic) properties, which makes 

them versatile molecular tools to study intermolecular H+ transfer reactions on ultrafast timescales 

by use of short pulse lasers and, in addition, directionality of H+ transport in polar protic solvents.  

Femtosecond UV-pump/IR-probe spectroscopy is employed to examine the photoinduced 

excited state intermolecular H+ transfer (ESPT) reaction dynamics of the bifunctional photoacid  

7-hydroxyquinoline (7HQ) in polar protic deuterated methanol (CD3OD) solutions. 7HQ consists 

of a –OH hydroxy group and a quinoline nitrogen (N) atom located about 5 Å apart, thereby it can 

simultaneously become a strong H+ donor and H+ acceptor upon electronic excitation. The UV 

pulse initiates the H+ transfer reaction, whereas the IR probe monitors the transient absorbance 

changes of IR-active C–O–D in-plane bending vibrations, delocalized over 7HQ chromophore 

and the C–O stretching, coupled with the quinoline N ring vibrational modes. 7HQ can possess 

four different prototropic molecular configurations in polar protic solvents like CD3OD: an 

excited neutral (N*) or a zwitterionic (Z*) tautomer and two intermediate configurations such as 

the excited deprotonated anion (A*) or excited protonated cation (C*). Due to its bifunctional 

character, the ESPT of 7HQ can proceed according to two different reaction pathways, typically 

involving intermolecular hydrogen bonding interactions with the surrounding CD3OD solvent:  

 

Pathway I – Excess Proton Transport: H+ transfer from the –OH group to the quinoline N atom 

 

Pathway II – Proton Vacancy Transport: H+ transfer from the quinoline N atom to the –OH group 

 

The photoinduced ESPT of 7HQ in neat CD3OD solutions proceeds predominantly via 

Pathway II, specifically through a methoxide (CD3O-) transfer mechanism on ensemble-averaged 

time scales of ~350-360 picoseconds (ps). This implies that 7HQ will transform from the initially 

N* to the Z* configuration, where C* is the intermediate charged species, i.e. N*→ C*→ Z*. 

Here, the formate anion (HCOO-) was used as H+ acceptor to quantitatively switch the H+ 

transport dynamics of 7HQ from Pathway II to Pathway I. At sub-molar HCOO- concentrations, 

~27% of N* become A*, whereas for high HCOO- molar concentrations, Pathway I will dominate, 

with ~82% of N* converted into A*, unequivocally implying the same amount of HCOO- converts 

into deuterated conjugate formic acid (HCOOD). However, the newly produced HCOOD will not 

rapidly mediate the H+ transport from the –OH group to the quinoline N atom of 7HQ, resulting in 

a rather small overall yield of N*→ A*→ Z*, i.e. this H+ transfer reaction is completed in ~600 ps.  

Imidazole (Im) was further used to solve this issue. Im is amphoteric in its nature, which 

means it can accept an H+ to the nitrogen (N) lone pair on one side of the molecule, while it can 

deliver an H+ from the covalent N–H bond on the other side. Femtosecond UV-pump/IR-probe 

coupled with molecular dynamics simulations reveal that Pathway I prevails and, in addition, the 

overall yield of N*→ A*→ Z* is substantially increased compared to both the HCOO- solutions 

(the H+ transport occurs at a four times higher rate) and neat CD3OD solvent (H+ transport occurs 



 

at a 2.4 times higher rate). This means when Im interacts with the electronically excited 7HQ, the 

barrier for H+ transfer is lowered, which results in an enhanced yield for the N*→ A*→ Z* reaction 

pathway. The underlying mechanisms are: H+ transport proceeds from the –OH group to quinoline 

N atom of 7HQ according to a von Grotthuss mechanism, but in the same time an Im molecule 

can pick up a H+ from the –OH, while a second Im can release a H+ to the acceptor quinoline N. 

Imidazole and its derivatives have been nominated as promising H+ mediators and carriers 

in water-free proton-exchange membrane fuel cells (PEMFC). These are highly complex systems, 

where other several degrees of freedom affect the efficiency of final fuel-to-electricity conversion. 

This thesis contributes to the understanding of H+ transport in solution at the molecular level and 

highlights that imidazole can efficiently mediate the intermolecular H+ transfer reactions in such 

systems, but equally in other confined systems where the start and end points for H+ transport are 

well established.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 
   

Kurzfassung 
 

 

 

 

Photosäuren sind organische Moleküle, die nach photoinduzierter elektronischer Anregung einen 

extremen Anstieg des Säuregehalts erfahren, was zu einem intermolekularen Protonenaustausch 

(H+) führt. Bifunktionelle Photosäuren besitzen zugleich Donor- (sauer) und Akzeptor- (basisch) 

Eigenschaften, weshalb sie vielseitige Molekularwerkzeuge sind, mit denen sich intermolekulare 

H+-Transferreaktionen auf ultrakurzen Zeitskalen unter Verwendung von Kurzpulslasern und 

zusätzlich die Direktionalität des H+-Transports in polaren protischen Lösungsmitteln untersuchen 

lassen. 

Die Reaktionsdynamik des photoinduzierten intermolekularen H+-Transfers (ESPT) der 

bifunktionellen Photosäure 7-Hydroxychinolin (7HQ) in protischen deuterierten Methanol-

Lösungen (CD3OD) wird mittels Femtosekunden-UV-Pump-/IR-Probe-Spektroskopie untersucht. 

Das 7HQ enthält eine –OH Hydroxygruppe und ein Chinolin-Stickstoffatom (N), die etwa 5 Å 

voneinander entfernt sind, wodurch es bei elektronischer Anregung gleichzeitig zu einem starken 

H+-Donor und H+-Akzeptor werden kann. Der UV-Laserpuls aktiviert die H+-Transferreaktion, 

während die IR-Probe die transienten Absorptionsänderungen bei den IR-aktiven C–O–D-

Biegeschwingungen in der Ebene, die über das 7HQ-Chromophor delokalisiert sind, und die C–O-

Streckung, die mit den Schwingungsmoden des Chinolin-N-Rings gekoppelt ist, überwacht. 7HQ 

kann in polaren protischen Lösungsmitteln wie CD3OD vier verschiedene prototrope molekulare 

Konfigurationen aufweisen: ein angeregtes neutrales (N*) oder ein zwitterionisches (Z*) Tautomer 

und zwei Zwischenkonfigurationen wie das angeregte deprotonierte Anion (A*) oder das angeregte 

protonierte Kation (C*). Aufgrund seines bifunktionellen Charakters kann der ESPT von 7HQ 

über zwei verschiedene Reaktionswege ablaufen, an denen in der Regel intermolekulare 

Wasserstoffbrückenbindungen mit dem umgebenden CD3OD Lösungsmittel beteiligt sind: 

 

Weg I – Transport von Überschuss-Protonen: H+ Übertragung von der –OH-Gruppe auf das 

Chinolin-N-Atom 

 

Weg II – Transport von Protonen-Fehlstellen: Übertragung von H+ vom Chinolin-N-Atom auf die 

–OH-Gruppe  

Der photoinduzierte ESPT von 7HQ in reinen CD3OD Lösungen verläuft vorwiegend 

über den Weg II, und zwar über einen Methoxid (CD3O-) Transfermechanismus auf einer 

durchschnittlichen Zeitskala von ~350-360 Pikosekunden (ps). Das bedeutet, dass sich 7HQ von 

der anfänglichen Konfiguration N* in die die Konfiguration Z* transformiert, in welcher C* die 

zwischengelagerte Spezies ist, d. h. N*→ C*→ Z*. 

Hier wurde das Formiat-Anion (HCOO-) als H+ Akzeptor verwendet, um die Dynamik 

des H+-Transports von 7HQ quantitativ von Weg II auf Weg I  umzustellen. Bei submolaren 

HCOO- Konzentrationen werden ~27% des N* zu A*, während bei hohen molaren HCOO-

Konzentrationen der Weg I dominiert, bei dem ~82% des N* in A* umgewandelt werden, was 

eindeutig impliziert, dass die gleiche Menge an HCOO- in deuterierte konjugierte Ameisensäure 

(HCOOD) umgewandelt wird. Das neu gebildete HCOOD vermittelt jedoch nicht schnell den H+ 



 

Transport von der –OH Gruppe zum Chinolin N Atom von 7HQ, wodurch die Gesamtausbeute 

von N*→ A*→ Z* ziemlich gering ist, d. h. diese H+ Transferreaktion ist in ~600 ps abgeschlossen.  

Um dieses Problem zu lösen, wurde Imidazol (Im) verwendet. Im ist von Natur aus 

amphoter, d. h. es kann ein H+ an das freie Stickstoffelektronenpaar (N) auf der einen Seite des 

Moleküls aufnehmen, während es auf der anderen Seite ein H+ aus der kovalenten N-H-Bindung 

abgeben kann. In Verbindung mit Molekulardynamiksimulationen zeigen Femtosekunden-UV-

Pump-/IR-Probe Messungen, dass Weg I vorherrscht und darüber hinaus die Gesamtausbeute von 

N*→ A*→ Z* sowohl im Vergleich zu HCOO- Lösungen (der H+ Transport erfolgt mit einer 

viermal höheren Rate) als auch zum reinen CD3OD-Lösungsmittel (der H+ Transport erfolgt mit 

einer 2.4-mal höheren Rate) erheblich erhöht ist. Die zugrunde liegenden Mechanismen sind: Der 

H+ Transport erfolgt von der –OH Gruppe zum Chinolin N Atom von 7HQ nach einem von 

Grotthuss-Mechanismus, aber gleichzeitig kann ein Im-Molekül ein H+ vom –OH aufnehmen, 

während ein zweites Im ein H+ an das Chinolin-N-Atom abgeben kann. 

Imidazol (Im) und seine Derivate sind als vielversprechende H+-Vermittler und -Träger in 

wasserfreien Protonenaustauschmembran-Brennstoffzellen (PEMFC) vorgeschlagen worden. 

Dabei handelt es sich um hochkomplexe Systeme, bei denen mehrere Freiheitsgrade die Effizienz 

der endgültigen Umwandlung von Brennstoff in Strom beeinflussen. Diese Dissertation trägt zum 

Verständnis des H+-Transports in Lösung auf molekularer Ebene bei und zeigt, dass Imidazol die 

intermolekularen H+-Transferreaktionen in solchen Systemen, aber auch in anderen umschlossenen 

Systemen, in denen die Start- und Endpunkte für den H+-Transport genau bekannt sind, effizient 

vermitteln kann. 
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Real-time access to the dynamics of ultrafast physical and chemical processes has now become 

widely available due to an accelerated development of versatile short pulse laser technologies, 

by means of a wide tunability range of optical frequencies and pulse durations. Ultrashort pulses 

can range from picoseconds (1 ps = 10-12 s) to femtoseconds (1 fs = 10-15 s) to a minimum of 

one hundred attoseconds (1 as = 10-18 s), enabling a more detailed study of ultrafast dynamical 

processes which occur in the condensed phase, including charge and energy transfer, solvent 

relaxation, and dephasing phenomena1, ultrafast rearrangements and dynamics of intermolecular 

hydrogen bonds in liquid water2,3.  

Laser radiation can be tuned to have a stable, broadband optical spectrum using various 

nonlinear optical frequency conversion processes, leading to research directions which involve 

time-resolved spectroscopy experiments being dominated by different pump-probe methods. In 

a typical pump-probe experiment, the system interacts with the electric fields of two laser pulses 

with two distinct optical frequencies4,5: population change and/or coherences are generated upon 

two interactions with the electric field of the pump pulse, while one interaction takes place with 

the probe pulse. The probe pulse (which is delayed in time relative to the pump pulse) monitors 

the dynamical evolution of the system as a function of the optical frequency and the time delay 

between the two laser pulses. Such time-resolved spectroscopic experiments facilitate a more 

in-depth study of ultrafast processes including the dynamics of electron transfer reactions at the 

interface between molecular adsorbates and semiconductors6 or photosynthetic light-harvesting 

complexes7, intramolecular proton transfer in photochromic materials8, intermolecular proton 

transport in biomembranes9, as well as in low- or zero-emission electricity storage and electricity 

production technological devices, including proton batteries10 and in proton-exchange membrane 

fuel cells (PEMFCs)11-15, both water-rich and water-free, but also other complex systems. 

Protons, which are the positively charged hydrogen ions (H+) resulting when a hydrogen 

atom loses its electron, are omnipresent in biological processes i.e. the ATP energy is produced 

when H+ ions pass through ATP synthase protein during photosynthesis16, they play a key role 

in water chemistry17,18 and in acid-base H+ transfer reactions19,20.  

Photon absorption in particular molecules where the hydrogen atom donor and hydrogen 

atom acceptor groups are closely connected by an intramolecular hydrogen bond (IHB), leads to 

a redistribution of the electronic charge within the molecule and, consequently, to the ultrafast 

reorganization of the molecular structure, which occurs on femtosecond time scales, eventually 

leading to H+ transfer via this IHB. This is characteristic for excited state intramolecular proton 

transfer (ESIPT) reactions21,22. 
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In contrast, excited state intermolecular proton transfer (ESPT) requires the involvement 

of more than one molecule i.e. in solution, the proton H+ may be passed away from the acidic 

reactive group of a molecule to solvent or to the basic group of another molecule or vice versa, 

following photoinduced activation23,24. Hydrogen bonds (HBs) (see Figure 1.1) are attractive, 

electrostatic interactions and play an essential role in intermolecular H+ transport reactions. HBs 

are directional, local bonding interactions25, which connect the H+-donor and H+-acceptor groups 

of individual molecules (Donor–H+⋯Acceptor), therefore serving as pathways for H+ transport. 

The distance between the H+-donor and H+-acceptor groups and the interaction strength relate to 

various binding energies between 4 – 40 kJ/mol, therefore defining the type of HB26.  

 

 

Figure 1.1 Two-dimensional schematic representations of hydrogen bond (HB) interactions in 

liquid water. Hydrogen atoms are shown with H, while O stands for oxygen atoms. Symbols δ+ 

and δ- are the partial positive and the partial negative charges. HBs form between the positively 

charged H atoms and negatively charged O atoms and are represented with the red dashed lines. 

HBs interactions are dynamic: HBs break and form continuously, the average lifetime of HBs in 

liquid water is ~1 ps3,27. The average O–H⋯O bond (O⋯O distance) is ~2.8 Ångström (Å) in 

liquid water28.  

 

In bulk liquid water, for instance, the presence of an excess proton (H+) stimulates it to 

move between water molecules through intermolecular HBs. Typical HB interactions between the 

H+-donating –OH group of one water molecule and the H+-accepting oxygen (O) atom of another 

water molecule occur at donor-acceptor separation distances (or O⋯O distances) of ≤ 2.8 Å21. 

These HBs can be rationalized in terms of a double well potential, in which the minimum of the 

potential energy is settled at the covalent O–H+ donor side. In other words, the potential energy 

minimum resides on the left side (O–H+⋯O) or the right side (O⋯H+–O) of the hydrogen (H) 

atom potential (Figure 1.2). When the O⋯O distance contracts to ~2.5 Å and the HB becomes 

stronger, the barrier is sufficiently reduced, thus allowing the proton potential to populate multiple 

positions across the proton transfer reaction coordinate. The barrier shrinks due to overlapping 

donor and acceptor potentials. In the regime where O⋯O distance ≤ 2.4 Å, the HB interaction 

is very strong, thus the H+ is quasi-centrally located between the two O atoms17,30.  
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Figure 1.2 Energy diagrams expressing a quantitative classification of the O – H+⋯O hydrogen 

bond (HB) interactions as a function of donor and acceptor distance. The shapes of the potential 

energy wells of hydrogen (H) change as the proton (H+) relocates relative to the two oxygen (O) 

atoms. In a typical HB, the O⋯O distance (donor-acceptor separation) is greater or equal to 2.8 Å 

and is defined by a double well potential, where the energetic barrier resides on the left or right 

side of the atomic potential. A low-barrier HB has the average O⋯O distance of around 2.5 Å. 

For O⋯O distances ≤ 2.4, the H+ is quasi-centrally located between the two O atoms17,29,30. 

  

Unlike proton transfer reactions in bulk liquid water, solvent-mediated or solvent-assisted 

H+ exchange between acids and bases facilitates exploration of the microscopic mechanisms of 

proton transfer reactions with well-defined start and end points. A practical way to do that is by 

using excited state acids and bases, known as photoacids and photobases. These photosensitive 

molecular systems experience an extreme increase in acidity31-35 or basicity following electronic 

excitation, which makes them versatile molecular tools for probing proton transfer dynamics on 

ultrafast time scales using the technologies of short pulse lasers36. Several ultrafast experimental 

methods including the time-correlated single photon counting (TCSPC), UV-pump/VIS-probe, 

UV-pump/IR-probe, and UV-pump/X-Ray probe spectroscopy methods have been employed to 

examine photoinduced intermolecular proton H+ transport reaction dynamics of photoacids and 

photobases in different solutions31-58. 

Common photoacids are hydroxy-like aromatic molecules including phenols, naphthols 

and hydroxypyrenes having their molecular structures depicted in Figure 1.3. The pKa and pKa
* 

symbols represent the logarithm of acid dissociation constants and define the extent of acidity of 

a photoacid in the electronic ground state (S0) and in electronic excited state (S1), respectively. 

pKa and pKa
*of photoacids are generally estimated from thermodynamic Förster cycle. Förster 

cycle is an important concept in the research involving photoacids and is used to calculate, in a 

quantitative manner, the photoacids acidities from their electronic absorption and fluorescence 

emission spectra59. In this framework, the ΔpKa
* symbol is utilized to express the difference in 

the photoacids acidity strength in the electronic S1 and S0 states, according to the following:    

 

                                                                ∆p𝐾a
∗ = p𝐾a

∗(𝑆1) − p𝐾a(𝑆0)                                             (1.1) 
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Upon electronic excitation, hydroxy-substituted photoacids show a difference in acidity 

strength i.e. ΔpKa
*≈6-941. 

 

 

Figure 1.3 Examples of hydroxy-substituted photoacids with their corresponding pKa and pKa
* 

values41. pKa and pKa
*are the acid dissociation constants (on the log scale) and define the acidity 

strength of photoacids in electronic ground S0-state and electronic excited S1-state, respectively. 

 

A special class of photoacids that simultaneously possess acidic (H+-donating) and basic 

(H+-accepting) functional groups are known as bifunctional photoacids51-53. These are versatile 

molecular tools used to analyze the H+ transport dynamics and, in addition, the directionality of 

H+ transport in polar protic solvents including methanol, water or methanol-water mixtures54-58. 

Proton exchange in solvents as such is controlled by the relative acidity or basicity potencies of 

the two reactive groups of the bifunctional molecule and generally proceeds via two distinct 

pathways involving protolysis and hydrolysis mechanisms. In the context of intermolecular H+ 

exchange reactions between acids and bases, protolysis and hydrolysis are interlinked to proton 

transport pathways, with an active involvement of the surrounding water or methanol or other 

polar protic solvent molecules. Protolysis implies the initial dissociation of an acid, which is then 

followed by a series of intermolecular H+ transfer events involving multiple solvent molecules, 

until the H+ reaches the base. The reverse process (hydrolysis) involves a scenario in which the 

base initially “captures” a proton from the neighboring water (H2O) or the methanol (CH3OH) 

molecule, forming hydroxide OH- or methoxide CH3O- anion. Next, the proton vacancy/hole is 

transported over several solvent molecules, where the ultrafast rearrangements and intermolecular 

hydrogen bond interactions play a crucial role.   

Taking this into consideration, bifunctional photoacids can be used to further distinguish 

between the mechanistic details of excess H+ transport dynamics (involving protolysis) and the 

dynamics of proton vacancy transport (involving hydrolysis) in intermolecular solvent-mediated 

H+ exchange reactions between acidic and basic functional molecular groups. This is because of 
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their amphoteric properties, which allow further examination of the directionality of H+ transport 

in polar protic solutions beyond water, such as methanol or water-methanol mixtures, and even 

more interesting, the excited state intermolecular H+ transport of a bifunctional photoacid and a 

carboxylate base or an amphoteric imidazole in methanol solutions. Thereby, the objective of this 

thesis is to contribute to a more comprehensive understanding about the structural changes of a 

solute and its intermolecular interactions with the nearby solvent molecules in solvent-mediated 

proton transport reactions, while the corresponding findings can be associated to any confined 

molecular systems where the start and end points for H+ transport are well established as well as 

to H+ transport in membrane fuel cells, i.e. PEMFC11-15. 

 

The Objective of this Thesis 

 

The bifunctional photoacid 7-hydroxyquinoline (7HQ) has been studied in deuterated 

methanol (CD3OD) 56 and in water-methanol mixtures57 using femtosecond UV-pump/IR-probe 

spectroscopy, a method that utilizes ultraviolet (UV) laser radiation to electronically excite 7HQ 

(from its electronic ground state S0 to its first electronic excited singlet state S1) and infrared 

(IR) laser radiation to probe the transient absorbance changes of IR-active C7–O–H7/D7 in-plane 

bending vibrations, delocalized over the chromophore56 and C7–O stretching, coupled with the 

quinoline N ring vibrational modes60. 

 

 

Figure 1.4 Molecular structure of the bifunctional photoacid 7-hydroxyquinoline (7HQ). This 

molecule is a heterocyclic organic quinoline, with a hydroxy –OH group attached at the seventh 

carbon atom position. The carbon (C) atoms are shown in gray; hydrogen (H) atoms are light 

gray; the oxygen (O) and nitrogen (N) atoms are depicted with red and blue, respectively. The 

photoexcited 7HQ can react by releasing an H+ from its –OH group to a nearby solvent or base 

molecule, whereas, simultaneously, an H+ from a base/solvent molecule can be accepted by the 

quinoline N lone pair. This bifunctional character of 7HQ promotes an in-depth analysis of the 

directionality of photoinduced intermolecular H+ transfer (ESPT) of in polar protic solvents. 

 

Following electronic excitation, 7HQ exhibits both photoacid and photobase properties 

through its proton-donor hydroxy –OH group and a proton-acceptor quinoline nitrogen (N) atom 

(Figure 1.4), enabling the study of elementary steps in ultrafast proton (H+) transport dynamics 

and directionality of H+ transfer over a well-defined distance of 5 Å. The O–H bond is weakened 

(pKa
* of the –OH group decreases by ~8 units) as a result of intramolecular redistribution of the 
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electronic charge within 7HQ, leading to H+ transfer to a proximal base or solvent molecule. At 

the same time, the pKb
* of the quinoline N atom increases by ~9 units, allowing 7HQ to accept 

an H+ from solvent or a base molecule. Which event will occur first depends largely on the pH 

of the medium (more acidic or more basic) where the bifunctional chromophore 7HQ is used.  

A detailed insight into the photophysics and photochemistry of 7HQ photoacid in water 

and methanol solutions has been provided through the ongoing collaboration of the experimental 

research group of Erik TJ Nibbering and theoretical group of Daniel Sebastiani54,56,57. In protic 

solvents such as water or methanol, 7HQ possesses four distinct prototropic equilibrium species: 

a neutral (N) or a zwitterionic (Z) tautomer (Figure 1.5), and two intermediate species such as 

the deprotonated anion (A) or the protonated cation (C) species.  

 

 

 

 

Figure 1.5 Proton transport pathways of the bifunctional photoacid 7-hydroxyquinoline (7HQ), in 

water (H2O) and methanol (CH3OH) or water-methanol mixtures. Modeled after 54,56,57 and used 

here to assist the reader in visualizing the prototropic equilibrium species of 7HQ in polar protic 

solvents: a neutral (N) tautomer, intermediate species of deprotonated anions (A) and protonated 

cations (C), and a zwitterionic tautomer (Z). The asterisk sign (*) denotes the photoexcited 7HQ 

species. Following photoinduced activation of 7HQ, proton transport can proceed via Pathway I 

or the excess proton transport mechanism (an H+ is transferred to solvent or a base via the –OH 

group, leading to formation of A* which then converts into Z*) or it can proceed via Pathway II 

or the proton vacancy transport mechanism (H+ is accepted by the quinoline N atom, leading to 

formation of C* which then converts into Z*). 

 

Steady state electronic absorption (UV-Vis) and fluorescence emission measurements 

coupled with quantum chemical computations54 of 7HQ in water have indicated that the acid-

Pathway I: EXCESS PROTON TRANSPORT (Protolysis)  

Pathway II: PROTON VACANCY TRANSPORT (Hydrolysis)  
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base equilibrium between N and Z species in the electronic ground state S0 shifts to an excited 

zwitterionic (Z*) tautomer in S1 and H+ transfer proceeds in a concerted way along hydrogen-

bond water network, implying that no stable intermediate excited state species, such as A* or C*, 

are formed during the conversion of excited N* to Z* 54.  

Further analysis of the excited state intermolecular proton transport dynamics of 7HQ in 

deuterated methanol (CD3OD) solutions has revealed that the conversion of N* to Z* takes place 

with an ensemble-averaged time constant of ~360 ps57. Sub-molar concentrations of a strong 

acid (sulfuric acid, H2SO4) and a strong base (sodium hydroxide, NaOH) have been added to 

these solutions to prepare the C and A species, allowing the authors to directly investigate the 

two proton transport pathways (Figure 1.5) as two individual scenarios. It has been determined 

that the photoexcited 7HQ in its C* form converts into Z* (resulting from an H+ abstraction from 

H2SO4) with an ensemble-averaged time constant of ~160 ps. On the other hand, conversion of 

A* into Z* (because of H+ transfer to NaOH) occurs with a time constant of ~600 ps. Hence, it 

has been concluded that the more energetically favorable mechanism in bulk CD3OD solutions 

is the proton vacancy transport (Pathway II), with N* initially transforming to C* and then to Z* 

and where the rate-determining step is the H+ abstraction from a CD3OD solvent molecule57. 

Most recently, the ultrafast intermolecular proton transport dynamics of 7HQ in the first 

electronic excited state S1 has been studied in water-methanol mixtures58 using time-resolved 

UV-pump/IR-probe spectroscopic measurements and a hybrid quantum mechanics/molecular 

mechanics (QM/MM) approach involving time-dependent density functional theory (TD-DFT) 

computations. Femtosecond UV-pump/IR-probe results have shown that the transient population 

build-up of the IR-active N* marker bands of are temporally correlated with those of Z*. This 

translates into: N* decreases in signal amplitude while Z* increases with an ensemble-averaged 

time constants ranging from hundreds of picoseconds (ps) (~351 ps) for the 7HQ solution in 

neat methanol, to ~110 ps for 7HQ solution prepared with the highest water content. Yet again, 

no transient population build-up of either C* into A* was observed. However, the QM/MM 

trajectories and a correlation between the free-energy and reactivity of the –OH group and the 

quinoline N lone pair have conclusively revealed that the prevailing mechanism is the proton 

vacancy transport (Pathway II) (Figure 1.5), where a proton “hole” is transported along several 

solvent molecules via a hydroxide/methoxide (OH-/CH3O-) reversed transport mechanism58. 

Given that all the previous studies have established that the proton vacancy transport 

(Pathway II) is predominant in methanol and water-methanol solutions, little attention has been 

devoted to how the intermolecular proton transport pathways of 7HQ can be steered away from 

the proton vacancy (hole) toward an excess proton transport mechanism (Pathway I). Therefore, 

this remains the main objective of this thesis which is yet to be explored. To reach this goal, the 

addition of a relatively weak base, the formate anion (HCOO-), or of an amphoteric imidazole 

(with both acidic and basic properties), to a solution of 7HQ in deuterated methanol (CD3OD) is 

studied in terms of the competition between the two proton transport mechanisms (occurring on 

femtosecond to picosecond time scales) under these modified circumstances, both with ultrafast 

UV-pump/IR-probe spectroscopy and classical molecular dynamics (force-field) simulations. 

Singular value decomposition (SVD) is employed to analyze in detail the temporally correlated 

behavior of particular photoexcited species of 7HQ, while the free-energy relationships of 7HQ 

and formate/imidazole in CD3OD solutions will be used to further disentangle the directionality 

of H+ transfer in solvent-mediated H+ transport reactions and particularly useful for the 7HQ 

solutions prepared with imidazole in the CD3OD solvent. Free-energy relationships connect the 

thermodynamic free-energy of acids and bases relative to their reactivity in solvent-mediated H+ 
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transfer reactions Marcus’ framework for proton transfer reactions using bond-energy bond-

order (BEBO) model61-63 (much like his well-known Marcus theory for electron transfer). 

 

Thesis Outline 

 

Chapter 2 discusses the concepts of intermolecular proton transport in solution, starting with the 

concept of diffusion-controlled/limited proton transfer reactions in the Eigen-Weller framework. 

Next, the molecular mechanisms of proton transport in water, methanol and also imidazole are 

discussed based on the results from molecular dynamics computations. The last part covers the 

correlation between free-energy and reactivity of acids and bases, which is useful to determine 

proton (H+) transport directionality in solvent-mediated H+ transfer reactions. This also includes 

a brief overview on photoinduced intermolecular proton (H+) transfer reactions of photoacids in 

several solvents with femtosecond two-color pump-probe spectroscopy. 

 Chapter 3 describes propagation and couplings between light waves in nonlinear media 

and introduces in brief the fundamental concepts of nonlinear polarization and nonlinear optical 

susceptibility. Light-matter interactions in the third-order nonlinear pump-probe spectroscopy 

method are explained using the density matrix formalism of quantum mechanics (also known as 

Liouville space). Since the pump-probe experiments were employed to study condensed phase 

molecular systems, the effects of anharmonicity and rotational diffusional motions of molecules 

are also discussed. The description of the polarization-dependent pump-probe geometry that has 

been used in this thesis for minimizing the effects of the rotational diffusional motions of 7HQ 

photoacid on the measured pump-probe signals will close this chapter. 

   Chapter 4 presents a detailed explanation of the laser system and of the corresponding 

nonlinear optical frequency conversion procedures used to generate the femtosecond ultraviolet 

(UV) light pulses as well as femtosecond infrared (IR) light pulses, which were thereby used to 

perform the polarization-dependent femtosecond UV-pump/IR-probe experiments. The details 

regarding the sample preparation and experimental conditions are also provided in this chapter.  

The obtained results on the photoinduced intermolecular proton transport reactions of 

7HQ with the formate anion (HCOO-) and imidazole in deuterated methanol (CD3OD) solutions 

will be discussed in Chapter 5 and Chapter 6, respectively. 

The conclusions and an outlook are provided in the last part of this thesis.  
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According to the Brønsted-Lowry “proton theory of acids and bases”64,65, intermolecular proton 

or hydrogen ion (H+) transfer is expressed through the following general equilibrium equation:  

 

   A + B ⇄ A− + B+                                                   (2.1) 

 

where A and B are the acid and the base, respectively. A- is the conjugate base and B+ is the 

conjugate acid, which results from the intermolecular H+ transfer reaction. H+ transfer reactions 

are reversible, meaning they can proceed in both forward and backward directions.  

 

2.1 Interacting Particles in Diffusion-Limited Reactions 
 

Acids and bases in diluted solution are initially separated by a significant distance and must come 

into close contact (mutual distance) in order to form the so-called “encounter pairs” before they 

can react. This mutual proximity of the acids and bases is the rate-limiting step in the subsequent 

H+ transfer, which is why such reactions are called diffusion-controlled reactions31,32,35,40,66-73.  

 The fundamental physics underlying these reactions can be related to the many-particle 

Brownian motion74,75 (Einstein’s theory for Brownian particles) in the sense that the overall 

movement of particles in solution takes place in a random manner for both cases. Still, the key 

difference is that in diffusion-controlled reactions, particles will travel from high concentrations 

towards low concentrations66,69. In solution, bimolecular reactions, i.e. intermolecular proton H+ 

transfer reactions, are governed by ‘mutual diffusion’ of molecules, reason for which these are 

regarded as diffusion-limited or diffusion-controlled reactions. In this idea (modeled using the 

pioneering Marian von Smoluchowski’s theory66), reactants are symmetric spheres in a dielectric 

continuum, whereas the concentration gradient of the flow rate occurring in the proximity of the 

reactive particles is determined by Fick’s law of diffusion. 

 Manfred Eigen76,77 and Albert Weller78 pioneered the concept of a “three-step” reaction 

mechanism controlled by diffusional motions, useful to described reversible acid-base reactions 

in solution. The corresponding Eigen-Weller model implies that such reactions are interpreted as 

diffusive encounter and reactive transition processes that occur in a sequential scenario: 

 

 
 
Dynamics of Intermolecular Proton 
Transfer Reactions in Solution 



2 Dynamics of Intermolecular Proton Transfer in Solution 
 

 

 
- 21 - 

 

 

 

        A + B ⇄ A ⋯ B ⇛ Products                                               (2.2) 

 

 

where 𝑘d and 𝑘−d are the forward and backward rate coefficients corresponding to formation of 

the encounter pair A⋯B from the initially separated A and B species. The first-order rate 

constant corresponding to the reaction of the A⋯B encounter pair to form products is 𝑘a.  

 

Using steady state approximation for a small concentration of the encounter pair A⋯B, 

generation of products is expressed by the bimolecular reaction rate coefficient (𝑘r)31,35,40: 

 

     𝑘r =
𝑘d𝑘a

𝑘−d + 𝑘a
                                                            (2.3) 

 

 When the diffusional motion in forward and backward directions is slow compared to 

the encounter pair reaction to form products, the overall rate of product formation is given by 

the rate of mutual diffusion of A and B to form the encounter pair A⋯B66-69. In this case, the 

rate coefficient 𝑘r is approximately equal to forward rate coefficient 𝑘d (𝑘r ≈ 𝑘d) and thus, the 

on-contact rate 𝑘a is much larger than both 𝑘d and 𝑘−𝑑 (𝑘a ≫ 𝑘d ;𝑘a ≫ 𝑘−d)31,35,40. In opposite 

case, when the backward diffusion or the separation of the encounter pair A⋯B back into A and 

B is faster compared to the reaction rate (𝑘a ≪ 𝑘−d), products are generated according to: 

 

         𝑘r =
𝑘d𝑘a

𝑘−d
                                                               (2.4) 

 

 Von Smoluchowski stated that reactants A and B must diffuse together until they reach 

an appropriate distance (Figure 2.1) so that the reaction takes place66. Once the reaction occurs, 

a concentration gradient of B is formed relative to A. Therefore, the flux and particle current of 

B relative to A is derived from the Fick’s first law of diffusion, which connects the particle flux 

J to a concentration gradient 𝜕𝑐 𝜕𝑟⁄  as follows: 

 

        J = −D
𝜕𝑐

𝜕𝑟
                                                                 (2.5) 

 

where D is the mutual diffusion coefficient that satisfies the relation D = DA + DB . 

 

By introducing a density distribution of reactants B and A and evaluating its derivative 

relative to distance, using the Fick’s second law of diffusion, the rate coefficient for diffusion-

limited reactions can be derived in the von Smoluchowski framework66 according to: 

 

 𝑘r(𝑡) = −4π𝜎2D |
∂ρ

∂r
|

𝜎
= 4π𝜎D {1 +

𝜎

√πD𝑡
}                      (2.6) 

 

where 4π𝜎2 is the area of a spherical surface, ρ is the density distribution of B in the vicinity of 

A and D is the mutual diffusion coefficient and 𝜎 is the “contact” distance (Figure 2.1). 

𝑘−d 

𝑘d 𝑘a 
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Figure 2.1 Illustration showing the formation of encounter pair A⋯B in a diffusion-controlled 

reaction in solution. Reactants A and B must come into close (contact) distance (denoted by σ) 

before the reaction, i.e. intermolecular H+ transfer from A to B, can take place66-69. This figure 

was inspired from the PhD Thesis of Katrin Adamczyk (graduated in Chemistry at Humboldt 

University of Berlin in 2010) and further updated.   

 

Later, Frank C. Collins and George E. Kimball correlated the diffusion rate with the rate 

of the reaction, which implies that product formation from the encounter A⋯B pairs occurs at a 

rate proportional to the likelihood by which the encountered pair occurs67,68. In this picture, the 

introduced finite bimolecular rate of reaction 𝑘a is defined by the following: 

 

  𝑘aρ(𝜎) = 4π𝜎2D |
∂ρ

∂r
|

𝜎
                                               (2.7) 

 

where ρ(𝜎) represents the probability by which the encounter pair A⋯B occurs, 𝜎 is the contact 

distance and 𝑘a is the second-order rate constant which corresponds to reactants A and B. The 

reaction rate coefficient 𝑘r relates to the rate of reaction 𝑘a through67: 

 

               𝑘r(𝑡) =
𝑘d𝑘a

𝑘d + 𝑘a
[1 +

𝑘a

𝑘d + 𝑘a

𝜎

√πD𝑡
]                                    (2.8) 

 

 Therefore, the time-dependent rate coefficient 𝑘r(𝑡) can be calculated using the 2.8 that 

represents the Collins-Kimball67,68 expression for diffusion-controlled reactions. The overall rate 

of the reaction is affected by the diffusion rate only when 𝑘a > 𝑘d or 𝑘a ≈ 𝑘d. If the contact 

distance rate is much larger than the value of the diffusion rate coefficient (𝑘a ≫ 𝑘d), then the 

Collins-Kimball expression in 2.8 is reduced to the Smoluchowski66 rate coefficient.  

 A particular example of a bimolecular reaction is proton transfer from bifunctional 7HQ 

photoacid to a carboxylate base (formate, HCOO-) or to a neutral imidazole molecule (as these 

two cases represent the work performed in this thesis) in methanol solvent (see Figure 1.5). To 

briefly recall, following the electronic excitation, 7HQ transforms from a neutral (N in S0) to a 

photoexcited neutral (N* in S1) species. From here onwards, N* can convert into a cationic (C*) 

or an anionic (A*) intermediate complex, and ultimately into the zwitterionic tautomer (Z*). This 
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implies proton transport can proceed via Pathway I or the excess proton transport mechanism 

(an H+ is transferred to solvent or a base via the –OH group, leading to formation of A* which 

then converts into Z*) or it can proceed via Pathway II or proton vacancy transport mechanism 

(an H+ is accepted by the quinoline N atom, leading to formation of C* which then converts into 

Z*) (see Figure 1.5 for clarification on how these species are formed).  

  

 

Figure 2.2 Potential energy diagrams for bimolecular reactions. In the direct pathway, reactants 

A and B will produce free products, where no intermediate complex formation takes place. The 

activation energy required for this reaction is denoted by ΔEa. In this scenario, the reactant A is 

a bifunctional (amphoteric) molecule (with both proton-donor and proton-acceptor properties, 

for example), whereas B is the reaction catalyst. As the reaction progresses, A will convert from 

a neutral species (state) to a negatively charged species, while the catalyst B becomes positively 

charged, or vice versa, resulting in the formation of the complex I (where ΔEa
’ is the required 

energy to promote this reaction). The next step is the conversion of A in a zwitterionic species 

(characteristic to bifunctional molecules) and the conversion of B back to its initial state, where 

ΔEa
’’ is the activation energy required for reaction, and both ΔEa

’ < ΔEa
’’or ΔEa

’ > ΔEa
’’ cases 

are possible, according to each individual case. 

An approximate potential energy diagram for the sequential (proton transport) reaction 

involving 7HQ and HCOO- or imidazole (im) is shown in Figure 2.2. Both HCOO- and im can 

be considered catalysts, thus mediating the overall N*→ Z* conversion. This means N* reacting 

with HCOO- or im will produce A* and HCOOH (conjugate formic acid) or imH+ (conjugate 

protonated imidazole) complexes as long as the activation energy ΔEa
’ is achieved. To complete 

the reaction, A* will react further with HCOOH or imH+ to produce the zwitterionic Z* tautomer, 

whereas HCOOH or imH+ back-convert to their initial HCOO- or im at an activation energy of 

ΔEa
’’. Although exact values are not given for ΔEa

’ and ΔEa
’’, in both cases ΔEa

’’ > ΔEa
’ is valid, 

given that the proton transfer takes longer for A*→ Z* than it requires for N*→ A*. The analysis 

of these results will be discussed in detail, further in Chapter 5 and Chapter 6. 
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In the theories of von Smoluchowski66 and Collins-Kimball67,68, interacting particles are 

roughly considered to be symmetric spheres which diffuse along the concentration gradient in a 

dielectric continuum (solvent) where no interaction between similar particles occurs and no 

external forces are applied to the particles. In electrically conducting solutions such as acid and 

bases dissolved in polar solvents like water or methanol, Coulomb interactions play a significant 

role. It was Peter Debye and Erich Hückel who introduced the concept of deriving the electrical 

potential as a function of charges and ions concentration in a dilute electrolyte solution79. The 

thermal energy associated with the Brownian motion is 𝑘BT and represents the driving force in 

the diffusion reaction process. Coulomb interaction is expressed by the potential U(𝑟) between 

two ionic reactants in a solution80: 

 

       U(𝑟) =
𝑧1𝑧2𝑒2

𝜀𝑟
∙

exp{−λD(𝑟 − 𝑎)}

1 + λD𝑎
                                    (2.9) 

 

where the ions of charges are represented by 𝑧1𝑧2𝑒2, e is the electronic charge, 𝜀 is the solvent 

permittivity relative to the free space and r is the radius. λD is the Debye length and is related to 

the screening of the central ion electrical potential by the surrounding liquid. 

 

 Combining the Debye-Hückel theory79 with the calculation of the electrical potential 

from a known charge density using the Poisson equation and further deriving the charge density 

by using Boltzmann statistics, the Debye-Smoluchowski equation (DSE) has been developed80: 

 

   
𝜕ρ(𝑟, 𝑡)

𝜕𝑡
=

D

𝑟2

𝜕

𝜕𝑟
𝑟2𝑒−𝛽𝑈(𝑟)

𝜕

𝜕𝑟
𝑒𝛽𝑈(𝑟)ρ(𝑟, 𝑡)                      (2.10) 

 

Later, Attila Szabo62 derived coefficient of the reaction rate using the partially reflecting 

boundary condition from an initial Boltzmann distribution31,32,35,72,73: 

 

   𝑘r(𝑡) =
𝑒−𝛽𝑈(𝜎)𝑘d𝑘a

𝑒−𝛽𝑈(𝜎)𝑘d + 𝑘a

{1 +
𝑒−𝛽𝑈(𝜎)𝑘a

𝑘d
𝑒𝑥𝑝 [

D𝑡

𝜎𝑒
2

(1 +
𝑒−𝛽𝑈(𝜎)𝑘a

𝑘d
)

2

]            (2.11)

∙ 𝑒𝑟𝑓𝑐 [
√D𝑡

𝜎𝑒
(1 +

𝑒−𝛽𝑈(𝜎)𝑘a

𝑘d
)]}                                               

 

where 𝛽 = 1 𝑘BT⁄  and 𝑘d = 4π𝜎𝑒D with 𝜎𝑒 being the effective radius defined as: 

 

(𝜎𝑒)−1 = ∫ 𝑒𝛽𝑈(𝜎)
∞

0

𝑟−2𝑑𝑟                                         (2.12) 

 

 The first term in the Equation 2.11 is the bimolecular reaction rate constant in the steady 

state and accounts for the asymptotic values reached at longer reaction times: 

 

 𝑘r(∞) =
𝑒−𝛽𝑈(𝜎)𝑘d𝑘a

𝑒−𝛽𝑈(𝜎)𝑘d + 𝑘a

                                          (2.13) 
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Given that molecules are considered spheres without an exact structure in the Debye-

von-Smoluchowski-Collins-Kimball-Szabo (DSE-CKS) framework, the reaction rates will be 

identical, irrespective of the locations where the reacting molecules meet. This hypothesis is too 

“coarse”, as the proton H+ transport occurs via local bond interactions such as hydrogen bonds. 

When H+ transfer rates are on the order of tens or hundreds of ps, in each case the acid and the 

base can exhibit a given amount of orientations. These can be compared with rotational diffusion 

times of photoacids like HPTS or even for the 7HQ bifunctional photoacid used in this thesis 

(on the order of ~ hundreds of ps81, therefore longer compared to the acetate or formate anions 

~few to tens ps31). Of course, these numbers change once counterions will be around and strong 

Coulomb electric fields influence the environment. This means DSE-CKS model work rather 

well for “loose” encounter ion pairs35,40, in which H+ is sequentially transported from the acid to 

the base or vice versa along a directional hydrogen bond. For “tight” ion pairs, where the H+-

donor group of the acid and H+-acceptor group of the base are directly connected via a hydrogen 

bond34,38, there will be no rotational dynamics involved, meaning that the observed H+ transfer 

dynamics is directly linked to H+ transfer events. However, the surrounding solvent molecules 

may influence the H+ transfer rates through hydrogen bond interactions and dynamics, i.e. 

reactants in the proximity of solvent molecules are part of proton H+ transfer reaction coordinate. 
 

2.2 Molecular Mechanisms of Intermolecular Proton Transport 
 

The diffusion rate of the positively charged hydrogen ion (the proton, H+) in an electric field of 

3.62 x 10-3 cm2 V-1 s-1 is unusually higher compared to the mobility of other charged ions: the 

mobility of H+ is about five times higher than potassium K+ cation and about seven times higher 

than sodium Na+ cation82. In addition to its small size (the root mean square charge radius of H+ 

is 0.831 + 0.007 femtometers, as determined from electron-proton scattering experiments83), the 

unusually high mobility of H+ has been initially explained by Theodor von Grotthuss84 more 

than two hundred years ago in his experiments on the electrolysis of water. He stated that the H+ 

conductivity in water is governed by breaking and formation of water molecular chains prior to 

the actual intermolecular H+ transport from oxygen (O) atom to another, over long distances. 

This “structural diffusion” phenomenon, also known as “von Grotthuss diffusion”, serves today 

as a fundamental reference to understand the molecular mechanisms of H+ transport in liquid 

water85-100, other polar protic solvents such as methanol101, or water-methanol mixtures102, and 

amphoteric systems including imidazole103,104 and liquid imidazole105-107.  

 Manfred Eigen108,109 and Georg Zundel110-112 introduced the “protonic charge defects 

structures” known as Eigen (H9O4
+) and Zundel (H5O2

+) complex cations. From here forward, 

studies of coupled motions of H+ transport in liquid water and large complex biomolecules have 

been exploding together with accelerated developments in computational methods, based on i.e. 

Car-Parrinello molecular dynamics113, multistate empirical valence bond (MS-EVB)114, many 

approaches by use of quantum mechanics/molecular mechanics (QM/MM) computations115,116, 

and ultrafast vibrational spectroscopy methods17,30,117-121.  

A pioneering observation related to von Grotthuss mechanism comes from Ando and 

Hynes when they examined the ionization of hydrochloric acid in water85: H+ transfer proceeds 

in consecutive steps based on quantum effects and not according to a tunneling mechanism. Later 

that year, Agmon reviewed this idea, comparing the experimental findings with quantum chemical 

calculations86. In Agmon’s picture, the H+ is initially hydrated in an Eigen H9O4
+ complex and
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then intermolecular H+ transfer is triggered by one HB breaking in the water second solvation 

shell of the H3O+ ion, which leads to formation of a transient Zundel H5O2
+ complex, and then 

another Eigen H9O4
+ complex is formed, i.e. according to an Eigen-Zundel-Eigen scenario. His 

idea was consistent with outcome from the ab initio molecular dynamics (AIMD) simulations of 

Tuckerman et al.on H+ transport in water87. Detailed understanding of von Grotthuss mechanism 

in liquid water was provided with ab initio path integral computations of Marx et al., where the 

concept of “fluxional defects” was more suitable compared to H5O2
+ and H9O4

+ for explaining 

how H+ charge migration affects the hydrogen bond topologies in liquid water93. Based on this, 

the mobility of the hydroxide (OH-) ions in liquid water have been examined122,123. It has been 

shown that the OH- ion can accept up to four hydrogen bonds from H2O (compared to the H3O+ 

ion that can donate three hydrogen bonds and accept a weak hydrogen bond124), resulting in a 

hypercoordination solvation structure of OH-, thus slowing proton transport OH- mechanism18.  

Multistate empirical valence bond (MS-EVB)114 framework implemented together with 

AIMD simulations have advanced the understanding of H+ transfer in aqueous systems, and even 

more in larger molecular ensembles and biomolecules92,97,98. The existence of the Zundel H5O2
+ 

complex and the associated ultrafast proton motions in this complex, and the nature and IR-active 

modes of both H5O2
+  and Eigen (H9O4

+) complex cations have been explored with ultrafast 

vibrational spectroscopy methods17,30,118-121. Results from molecular dynamics simulations on H+ 

hopping via a von Grotthuss mechanism and the Eigen-Zundel interconversion times have also 

been compared with results obtained from spectroscopy experiments125,126. 
An advanced understanding of the dynamics of hydrogen bonding (HB) interactions in 

pure liquid water was provided by Laage and Hynes from molecular dynamics simulations27,99: 

instead of small diffusive steps, i.e. Brownian motion of water including small angular steps, 

reorientation of water molecules on the picosecond time scale is governed by large-amplitude 

angular jumps, when the –OH group of water interacts via HB with the oxygen acceptor of an 

approaching (typically from the second solvation shell) water molecule. Following the elongation 

of HB in a simplified picture of three interacting water molecules, a water molecule donating a 

HB via its –OH group exhibit a large-amplitude angular jumps from one water oxygen acceptor 

to the next one. In this case, the approach of the water molecule from the second solvation shell 

also contributes (in addition to HB elongation) to free energy barrier, making the barrier of this 

angular jump to be smaller than the energy required to break the initial HB: in other words, these 

large-amplitude angular jumps proceed according to a concerted exchange mechanism of HB. 

 

Excess Proton (H+) Transport in Liquid Water 

 

It has been shown that the anomalously high mobility of the hydrated excess H+ in liquid water 

is due to von Grotthuss “structural diffusion” mechanism85,86,90,93,95,96,97. Here, the covalent and 

hydrogen bonds of water are continuously interconverted, provoking the reorganization of water 

molecules on ultrafast time scales, yet this process takes longer than the H+ transfer itself 86. In 

these complex hydrogen-bonded networks, H+ transport does not proceed through diffusion of 

the hydronium ion complex (H3O+), but rather through a series of intermolecular proton transfer 

events93, allowing the hydrated excess proton H+ to “hop” across multiple water molecules at a 

faster rate than the diffusion of an individual H3O+ molecule (Figure 2.3).  
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Figure 2.3 Simplified representation of von Grotthuss mechanism (“structural diffusion” of the 

hydrated excess H+) in bulk liquid water (H2O), only illustrating how excess protons move from 

one H2O molecule to the next one, therefore reflecting the basic principle of this mechanism. A 

more realistic picture of von Grotthuss mechanism can be obtained from ab initio path integral 

computations93. Here, red spheres are oxygen atoms, while the hydrogen atoms are shown with 

gray spheres. The red dashed lines are hydrogen bonds (HBs). The H+ proton “diffuses” from the 

first H3O+ ion over multiple H2O molecules as a consequence of continuous, ultrafast breaking 

and formation of intermolecular HBs taking place on time scales of ~1 ps3,27,127. Specifically, H+ 

transfer is triggered by one HB breaking in the water second solvation shell of the H3O+ ion86.  
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Results from AIMD simulations suggest that the time scales for this prototropic mobility 

in bulk liquid water are governed by von Grotthuss “proton hopping” mechanism, in which the 

rate-limiting step for H+ transfer is the thermally induced breaking of a single hydrogen bond 

between the first and the second solvation shells of the H3O+ ion93. Hydrogen bond breaking 

and formation occurs due to ultrafast rearrangements and fluctuations of the water molecules in 

the second solvation shell of H3O+. Interestingly, the activation energy required to break one 

hydrogen bond is estimated at ~2.5 kcal/mol, whereas the ultrafast proton fluctuations between 

two oxygen atoms of two water molecules in a symmetric complex, such as the H2O⋯H+⋯OH2 

complex (Zundel cation), can occur without the need to overcome an energy barrier, providing 

that the equilibrium distance between the two oxygen atoms is no greater than 2.39 Å86. 

Extensive theoretical and experimental research efforts on the von Grotthuss “structural 

diffusion” mechanism (Figure 2.3) have also provided a more clarified “picture” of two main 

structural models of the hydrated excess proton H+ in liquid water. 

 

 

Figure 2.4 Schematic 2D representations of Zundel and Eigen complex cations in water. The 

average O-H⋯O distance in the Zundel complex is ~2.39 Å86, while in the Eigen complex this 

is ~2.5 Å 128 (in both cases, the O–H⋯O distance is much shorter when compared to ~2.8 Å28 

in bulk liquid water). Zundel cation H5O2
+ is characterized by the double minimum potential 

well and the O⋯O distance is R < 2.5 Å (left), whereas the anharmonic potential characterizes 

the Eigen cation H9O4
+ (right), where the O⋯O distance is R > 2.5 Å17. The diagrams of proton 

potentials (bottom) were taken from the PhD Thesis of Fabian Dahms (graduated in Physics at 

Humboldt University of Berlin, 2018) and further updated, with the implementation of Zundel 

(H5O2
+) and Eigen (H9O4

+) cations’ molecular structures.  
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Manfred Eigen108,109 introduced the concept of having four water molecules build the 

tetrahedral-like, “inner coordination sphere”, which yields the stable complex cation having the 

molecular of H9O4
+ and known as the Eigen complex cation. In this geometry, the hydronium 

ion H3O+ is tethered (fully-solvated) to (by) three water molecules ( Figure 2.4, right) via three 

medium-to-strong hydrogen bonds (where the average O–H⋯O distance is ~2.5 Å128). The other 

structure has been introduced by Georg Zundel 110-112 and is a protonated water dimer, known as 

the Zundel complex cation. This has the molecular formula of H5O2
+, where the proton is shared 

between two water molecules through a strong, symmetric hydrogen bond like H2O⋯H+⋯OH2 

(the average O–H+⋯O distance is ~2.39 Å86) (Figure 2.4, left). In liquid water, ab initio path 

integral molecular dynamics simulations have shown that the H9O4
+ and H5O2

+ complexes are 

protonic defects (or “fluxional defects”) and these play an important purpose in facilitating the 

H+ diffusion within the framework of von Grotthuss mechanism85,86,90,93,95,96. 

The research groups of Thomas Elsaesser and Andrei Tokmakoff and collaborators have 

more recently studied the existence of the Zundel H5O2
+ complex and the associated ultrafast H+ 

motions in water17,118,120, deuterated acetonitrile119 and water/acetonitrile solvent mixtures121 by 

use of two-color pump-probe and two-dimensional infrared (2D IR) spectroscopic methods. The 

infrared (IR) absorption continuum (ranging from <1000 cm-1 to above 3000 cm-1) which is 

linked to Zundel H5O2
+ complex existence has been identified in aqueous solutions by inserting 

H+ through the dissociation of strong acid in these solvents.  

The proton transfer mode (z) (Figure 2.5) between the O⋯O atoms is characterized by 

the fundamental transition (𝜈=0→ 𝜈=1) and shows an absorption maximum around ~1150 cm-1 

in the linear infrared spectrum and has a vibrational lifetime of ~20-40 femtoseconds (fs)17,119. 

The vibrational lifetime of H5O2
+ complex in liquid water has been determined to be ~480 fs118. 

The lifetimes of the OH bending and the OH stretching vibrations have been estimated at ~60 fs 

and ~50 fs119, respectively, which is four times shorter when compared to these OH vibrational 

modes in liquid water and significantly much shorter than the average lifetime of ~1 ps of a 

hydrogen bond interaction in bulk liquid water3,27,127.   

 

 

Figure 2.5 Schematic 2D representation of the Zundel complex cation H5O2
+ illustrating the 

“shared” proton charge H+ between the two oxygen atoms of two water molecules. 𝑧 represents 

the pathway along which the excess proton H+ can move from one water molecule to another. 

Basically, this is the proton transfer mode and denotes the difference between the O⋯H+ (left) 

and H+⋯O (right) distances, marked with 𝑧 = 𝑑1 − 𝑑2. The O⋯O distance is defined by R, and 

it is on average ~2.39 Å86, in the case shown here - the Zundel H2O⋯H+⋯OH2 complex cation. 

 

In essence, experimental and theoretical research efforts related to the proton transfer 

problem in water have led to the conclusion that intermolecular H+ transfer in water occurs on a 

much slower timescale (~1.5 ps) as compared to the lifetimes (tens of fs) of the proton transfer 
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vibrational modes119, which means that the H+ hopping from one water molecule to another via 

von Grotthuss proton transport mechanism certainly stands apart from the vibrational excitation 

of the proton transfer mode (z). It has been proved that a more appropriate distinction between 

positively charged Zundel and Eigen complexes can be drawn by analyzing the O⋯O distance 

(R) rather than the proton transfer vibration (z)17. In the absence of electric fields and when the 

R parameter has values < 2.5 Å, the proton wavefunction remains delocalized and the hydrated 

proton potential in H5O2
+ maintains its low barrier, double well character (Figure 2.4, bottom 

left). Even when electric fields are applied along z (but still for R< 2.5 Å), the shape of the 

potential gets deformed, whereas the barrier level stays low (meaning that a H3O+ species is not 

formed). The surrounding water solvent molecules will induce fluctuating electric fields that 

modulate the ultrafast motions of the hydrated H+ between the two oxygen atoms, yielding the 

observed asymmetrical shape of the proton potential. When O⋯O distance exceeds R> 2.5 Å, 

the proton potential is dominated by an anharmonic pattern (Figure 2.4, bottom right), implying 

that the proton binds to one water molecule or another forming a H3O+ which further interacts 

(via H-bond) with three water molecules, thus promoting Eigen complex H9O4
+ formation 17,119. 

 

Hydroxide Ion (OH-) Mobility in Liquid Water 

 

An analogy can be inferred between the excess proton H+ and hydroxide anion OH- mobilities 

in liquid water, in the sense that both mechanisms require the emergent aqueous species (H3O+ / 

OH-) to be properly solvated prior to participating in the proton transfer process87. This means 

the OH- mobility is also driven by ultrafast fluctuations and rearrangements of water molecules 

in the proximal hydrogen bond network. However, unlike the H3O+ ion, which can donate three 

hydrogen bonds and accept a weak hydrogen bond124, the highly electronegative nature of the 

OH- allows it to accept four hydrogen bonds from water122,123, resulting into a hypercoordination 

solvation structure on the OH-, which substantially hinders proton transfer18.  

To predict in a more accurate manner the mobility of the OH- anion and the overall nature 

of water129, the PBE0-TS 130,131 hybrid functional approximation which includes long-range van 

der Waals interactions (among water molecules) has been implemented in AIMD simulations. 

While the ratio between hypercoordination and three-coordination solvation structures is at 1:1 for 

the case when no van der Waals interactions are considered, the PBE0-TS approximation results 

have shown that the amount of the hypercoordination solvation structures increases by about 35% 

relative to the three-coordination solvation structures18. Although intermolecular interactions via 

hydrogen bonding prevail in water, van der Waals forces have a great impact in expanding the 

second solvation shell of water, thereby modulating the hydrogen bond network flexibility132. 

The non-planar “hypercoordination” geometry is favored due to the highly negative nature of 

hydroxide OH- ion, as the additional electron lone pair causes it to attract more water molecules, 

therefore resulting in an asymmetric temporal correlation for proton transfer100,123. In addition, 

proton transfer via the hydroxide OH- ion requires contraction of the two oxygen (O) atoms122 

between the two adjacent water molecules, implying an activation energy of ~3 kcal/mol (0.5 

kcal/mol higher than H3O+), which further explains why proton transport via the OH- anion is 

slower than via H3O+ in liquid water18.  
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Von Grotthuss Mechanism of Imidazole Molecules 

 

Interestingly, anhydrous organic compounds like imidazole and liquid imidazole, having an 

amphoteric nature due to their molecular structure, which consists of a basic nitrogen (N) lone 

pair and an acidic covalent N–H bond (Figure 2.6), have been often indicated to improve the H+ 

conductivity in several complex systems including ion conducting membranes133, metal-organic 

frameworks134,135 and water-free proton-exchange membrane fuel cells (PEMFCs)11,12,136-138. 

 

 

Figure 2.6 Imidazole (Im) is an amphoteric molecule, composed of a basic nitrogen (N) lone 

pair and an acidic N–H covalent bond and can convert into two distinct molecular species: a 

protonated imidazole (ImH+, also known as the imidazolium cation), which results once an H+ 

attaches to the N lone pair, and a deprotonated imidazole (Im-, also known as the imidazolate 

anion), resulting when the H+ dissociates, upon cleavage of the N–H covalent bond. 

 

Intermolecular H+ transfer between imidazole molecules is dominated by the structural 

von Grotthuss diffusion mechanism, similar to the excess H+ transport in water. However, while 

it has been noted that “proton hopping” between imidazole molecules occurs on sub-picosecond 

time scales, the rate-limiting step is the rearrangement of imidazole hydrogen-bonded network, 

specifically the reorientation of imidazole molecules (Figure 2.7) on a time scale of a few tens of 

picoseconds103-107. AIMD simulations revealed the average N⋯N distance in hydrogen-bonded 

imidazole chains is ~2.9 Å, while the presence of an excess proton H+ in this network (forming 

ImH+) reduces the N⋯N distance to ~2.6 Å and leads to formation of Im⋯H+⋯Im complexes, 

where H+ is transferred from one imidazole to next one on a timescale of ~0.3 ps103. 

Further AIMD simulations have indicated that H+ transport in liquid imidazole proceeds 

in three different steps107: the first one is a rattling event and accounts for an ultrafast proton H+ 

hop from one imidazole to the next one, on a timescale of ~0.21 ps; the second one corresponds 

to the diffusion of H+ over three hydrogen-bonded imidazole molecules and occurs in ~5 ps; the 

last event is associated to a hydrogen bond network rearrangement (occurring on time scales of 

~30-40 ps), in such a way that a pathway is provided for the excess H+ to diffuse further along 

von Grotthuss-like95 chains, closely related to excess H+ transport in liquid water85,86,92,93,99,100.  

AIMD computations including multistate empirical valence bond (MS-EVB)116 revealed 

that (from a geometrical/structural point of view) H+ transport proceeds along a linear hydrogen 

bonded network, where several Zundel-like (Im⋯H+⋯Im) complexes are formed106 as ultrafast 

rattling motions between the two imidazole molecules takes place, but more often according to 

an Eigen-Zundel-Eigen mechanism86, entailing that ImH+ species is solvated by two imidazole 

(im) molecules in a “deformed” Eigen-like complex such as Im⋯ImH+⋯Im (Figure 2.7). This 

is then followed by an identity change of the protonated imidazole ImH+ from one Eigen-like 

complex cation to the next one, where a symmetric Zundel Im⋯H+⋯Im complex mediates these 

intermolecular conversions103,106,107.  
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Figure 2.7 The mechanism of excess proton (H+) transport across hydrogen-bonded imidazole 

molecules (inspired by Münch, W.; Kreuer, K. D.; Silvestri, W.; Maier, J.; Seifert, G. “The 

Diffusion Mechanism of an Excess Proton in Imidazole Molecule Chains: First Results of an 

Ab Initio Molecular Dynamics Study.” Solid State Ionics 2001, 145, 437–443. Ref. 103). The 

presence of H+ in the proximity of the nitrogen lone pair of first imidazole (Im) molecule leads 

to formation of a protonated imidazole (ImH+). From here onwards, the proton H+ is transported 

along next Im molecules, resulting in Eigen-like complexes (Im⋯ImH+⋯Im). The rate-limiting 

step is the reorientation of im (by about 180°)103,107, such that N lone pair interacts (via hydrogen 

bond) with the N–H covalent bond  of previous Im, promoting H+ transfer over longer distances. 

 

Von Grotthuss Mechanism of Methanol Molecules 

 

 Studying H+ transport in imidazole103,104 and in liquid imidazole105-107 yields a detailed 

insight into intermolecular H+ transfer along both short and long distances via von Grotthuss 

hydrogen bond networks. This has also been reported to occur in other polar protic solvents 

such as liquid methanol (CH3OH) – due to the high polarizability of the hydroxy –OH (alcohol) 

group, the high mobility of the excess H+ in methanol is equally favored, as it occurs in liquid 

water. With AIMD simulations, it has been shown that H+ transport in liquid CH3OH95 proceeds 

as a Poisson random (point) process139 and, that the structural diffusion of H+ is not driven by 

CH3OH solvent fluctuations in the first nor the second solvation shells. It has been indicated that 

H+ attaches to the oxygen atom of CH3OH, creating the protonated CH3OH2
+ species (see 

Figure 2.8), which form a super-strong hydrogen bond with a proximal CH3OH molecule. The 

average O ⋯O distance between two CH3OH molecules in liquid methanol is ~2.8 Å140, while 

the presence of the excess H+ in the hydrogen bond chains reduces this distance to ~2.45 Å101, 

which is rather similar in magnitude with the average O ⋯O distance of ~2.39 Å in the Zundel 

cation complex in liquid water86. 
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Figure 2.8 The mechanism of excess proton (H+) transport in liquid methanol as resulting from 

the AIMD simulations performed at room temperature conditions. Only the hydroxy –OH 

groups of methanol are shown here (oxygen O atoms are shown with empty circles, hydrogen H 

atoms with grey circles, while the O atom with two H atoms, i.e. OH2
+ is represented with the 

black circle). The charge H+ migrates at the end of the chain because of H-bond breaking and 

forming (Reprinted from Morrone, J. A.; Tuckerman, M. E. “Ab Initio Molecular Dynamics 

Study of Proton Mobility in Liquid Methanol.” J. Chem. Phys. 2002, 117, 4403–4413, Ref. 101 

with the permission of AIP Publishing ©) 

 

The average timescale for H+ transfer in liquid CH3OH is ~0.5 ps. AIMD trajectories 

have predicted that two methanol molecules can form up to two hydrogen- bonded chains (with 

a high probability), whereas the most stable configuration is a single CH3OH chain created by 

four CH3OH molecules. Additionally, the von Grotthuss H+ transport mechanism along these 

intermolecular methanol chains takes place according to a long-distance “communication” (see 

Figure 2.8) of the most active hydrogen bond (from CH3OH2
+) with the remaining CH3OH at 

the end of the chain, which provokes arbitrarily migration of this active hydrogen bond to the 

end of the chain, hence increasing the probability that the previous hydrogen bonds break and 

simultaneously form new hydrogen bonds with CH3OH in the next chain101. 

 

2.3 Photoinduced Intermolecular Proton Transfer in Solution 

 

Photoacids and photobases are organic molecules that exhibit an enhanced increase in acidity or 

basicity when electronically excited and are therefore acknowledged as ideal molecular tools to 

study ultrafast dynamics of excited state intermolecular proton transfer (ESPT) reactions in both 

polar protic and aprotic solvents31-59.  
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Since Theodor Förster observed more than 70 years ago that the large Stokes shift in the 

fluorescence emission spectra of numerous groups of organic dyes is due to ESPT to solvent141, 

many time-resolved spectroscopic studies have been carried out to deepen our understanding of 

the microscopic details of proton H+ transfer reactions. Absorption of a photon by the photoacid 

leads to a drastic change in its pKa by 6-9 units and eventually triggers the H+ transfer reaction, 

advancing time-resolved experiments on photoinduced H+ transfer phenomena32,34-40,42-44,56-59.  

Photoacidity occurs due to intramolecular charge transfer, i.e. a redistribution of electron 

density takes place from the hydroxy oxygen (O) atom towards the aromatic benzene backbone, 

following photoinduced electronic excitation. Consequently, the covalent hydroxy bond O–H is 

weakened (O–H→O⋯H), leading to bond cleavage and eventually to proton transfer to solvent 

or to a base molecule47. Stronger photoacids with ΔpKa
*~10-11 orders of magnitude have been 

“developed” by inserting electron-withdrawing groups on their aromatic backbones. Following 

electronic excitation, super-strong excited state acids as such exhibit negative pKa
* values and 

have been reported to deprotonate in alcohols37,49 and in other organic solvents like DMSO45 or 

even in concentrated sulfuric acid48 and perchloric acid solutions53.  

The Förster cycle (Figure 2.9) is used to quantitatively derive the acidities of photoacids 

from their electronic absorption and fluorescence emission spectra61 and assumes equilibrium 

thermodynamics, meaning that excited state lifetimes of photoacids and its conjugate photobase 

are much longer than the H+ transfer rates41. This means that rates / time constants associated to 

H+ dissociation of a photoacid to solvent or to a base (observed in time-resolved experiments) 

are linked to an installment of a new equilibrium, which is governed by the pKa
* in the electronic 

excited state S1, which is several units lower than the pKa  in the electronic ground state S0
55. 

 

 

Figure 2.9 Schematic representation of a reversible four-level Förster cycle. |S0> and |S1> are the 

electronic ground state and first singlet excited state, respectively. ΔG and ΔG’ represent the 

free energy gaps which separate the excited state levels (“Förster levels”) from the ground state 

(thermodynamically stable) energy levels41. 

 

Another correlation exists between pKa
 and pKa

* values and the location of electronic 

transitions of the photoacid and of the photobase. When the location of the electronic absorption 

bands of the photoacid and of the conjugate photobase together with the pKa is known (or it can 

be determined in a titration experiment), the pKa
* can be easily calculated using41,55: 

 

∆p𝐾a
∗ = p𝐾a − p𝐾a

∗ =
𝑁A(∆G − ∆G′)

(log10RT)
                                  (2.14) 
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Free-Energy Relationships – Bond-Energy Bond-Order (BEBO) model 

 

pKa is directly related to the thermodynamic free energy, therefore we are discussing here about 

free energy changes / differences between electronic ground and excited state of chromophores. 

Variations in thermodynamic free energies of acids and bases and proton transfer reactions rates 

are connected through Marcus’ framework for proton transfer reactions  by use of bond-energy 

bond-order (BEBO)61-63 model (in similarity with his Marcus theory for electron transfer). Here, 

solvation is the driving force, meaning that the photoacid solvation energies in the electronic 

ground state S0 are considerably distinct compared to the electronic ground state S1, whereas the 

nature of proton H+ solvation by a polar protic solvent (water or methanol, for example) remains 

the same. Basically, it is all about differences in solvation energies / differences in pKa values. 

 Thereby, to better understand the complexity of intermolecular proton exchange of acids 

and bases in protic water or methanol solutions (particularly in terms of directionality of proton 

transfer), reactivity of acids and bases can be treated as a function of the solvent medium. It has 

been concluded from the time-resolved experiments that thermodynamic quantity pKa
* can be 

directly linked to proton H+ transfer reaction rates via free-energy relationships31,41. Free-energy 

relationships have been used to derive unknown pKa
* values from the measured proton  transfer 

time constants in several studies including photoacid dissociation to water, proton abstraction 

from water by a photobase and photoacid-base neutralization reactions31,40,41-44,55,57,142,143. 

Free-energy relationships (correlation between free energy and reactivity) are explained 

in the Marcus’ framework for proton transfer reactions (much akin to Marcus’ electron transfer 

theory)61,63. This theory underlines the importance of reorganization of solvent molecules with 

respect to the reactive species (acids, bases). Furthermore, the bond-energy bond-order (BEBO) 

model62 is valid for proton H+ transfer reactions occurring along pre-formed hydrogen bonds. In 

this framework, the changes in the broken and formed hydrogen bonds are strongly correlated. 

The first-order rate constant 𝑘r is defined in the free-energy relationship as: 

 

𝑘r = 𝑘∗ exp (
−∆𝐺𝑎

𝑅𝑇
)                                                    (2.15) 

 

where (𝑘∗)−1 is the frequency factor corresponding to the reaction, R is the universal gas 

constant and T is the absolute temperature. 

 

 The connection between the reaction free energy (∆𝐺0) and the activation free energy of 

the proton transfer reaction (∆𝐺𝑎) is expressed by Marcus BEBO equation62: 

 

 ∆𝐺𝑎 =
∆𝐺0

2
+ ∆𝐺0

′ +
∆𝐺0

′ ln {𝑐𝑜𝑠ℎ [
∆𝐺0ln2

2∆𝐺0
′ ]}

ln2
                    (2.16) 

 

where the solvent-dependent activation energy of the proton transfer reaction for the case when 

∆𝐺0 = 0  is represented by ∆𝐺0
′ . The free energy of the reaction ∆𝐺0 is related to ΔpKa through 

the following relation62: 

 

   ∆𝐺0 = RT ∙ ln10 ∙ ∆p𝐾a                                           (2.17) 
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 Equation 2.15 was initially derived in the context of proton H+ transfer reactions in the 

electronic ground state S0. However, this has been further used for correlating ΔpKa (difference 

between pKa(donor) and pKa(protonated acceptor)) with the free-energy reaction rate linked to 

H+ transfer reactions occurring in the electronic excited state S1.  

For bifunctional photoacids, where acidic (H+-donor) and basic (H+-acceptor) molecular 

groups are part of the same molecular system51-58 and separated by a well-defined distance (in 

the case of 7HQ molecule studied in this thesis, the distance from the –OH group to the nitrogen 

atom is 5 Å54), free-energy and reactivity correlations are used to determine the directionality of 

H+ transport in polar protic solvents, i.e. water, methanol, etc.  

A specific example is the photoinduced H+ exchange reaction of 7HQ in water-methanol 

mixtures57: Figure 2.10 shows the free-energy and reactivity correlations of the photoexcited 

7HQ molecular species including the neutral (N*), cationic (C*), anionic (A*) and zwitterionic 

(Z*) species (see Figure 1.5 for clarification on how these species are formed) in deuterated 

water-methanol (D2O–CD3OD) solvent mixtures.  

 

 

Figure 2.10 (a) Free-energy relationships of the photoexcited charged forms of 7HQ bifunctional 

photoacid (N*: neutral; C*: cation; A*: cation; Z*: zwitterion) in solvents: water (H2O), methanol 

(CH3OH) and deuterated methanol (CD3OD) on the left side and in deuterated water-deuterated 

methanol (D2O–CD3OD) mixtures of different molar amounts. The solid black plot represents 

the Marcus BEBO relationship. Reprinted with permission from J. Am. Chem. Soc. 2019, 141, 

37, 14581-14592. Copyright 2019, American Chemical Society©. Further permissions related 

to the material should be directed to the ACS - https://pubs.acs.org/doi/10.1021/jacs.9b03471.  

 

To briefly recall, following photoinduced activation of 7HQ, proton transport can 

proceed via Pathway I or the excess proton transport mechanism (an H+ is transferred to solvent 

or a base via the –OH group, leading to formation of A* which then converts into Z*) or it can 

proceed via Pathway II or proton vacancy transport mechanism (an H+ is accepted by the 

quinoline N atom, leading to formation of C which then converts into Z*). Using the proton 

transfer time constants determined from the femtosecond UV-pump/IR-probe experiments, the 

unknown ΔpKa values were derived using this approach, where the difference in pKa is ΔpKa = 

pKa (donor) – pKa (protonated acceptor). In addition, this revealed that all measured 7HQ 

solutions are characterized by identical free energy and reactivity correlations, implying that ΔpKa 

https://pubs.acs.org/doi/10.1021/jacs.9b03471
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for N*→Z* changes by only 0.7-1.4 units57 (Figure 2.10), which is a strong indication that the 

quinoline nitrogen functionality dominates the net proton transport dynamics, as N*→Z* (via A*) 

would require ΔpKa values ranging between 3 and 5 units144-146. 

The pKa of hydroxy-like (–OH) acids like phenols or naphthols show a stronger solvent 

dependence when methanol solvent is exchanged with water, while pKa of protonated nitrogen 

bases like pyridines or quinolines exhibit a significantly smaller dependence when the solvents 

are exchanged. This solvent dependency is expressed by146: 

 

      p𝐾a(in CH3OH) = 𝑚p𝐾a(in H2O) + 𝑐                           (2.18) 

 

with m = 1.08 and c = 3.66 for phenols, whereas m = 1.02 and c = 0.72 for protonated nitrogen 

bases. Given this, the pKa of hydroxy-like (–OH) acids will increase by 3 to 5 units, whereas the 

pKa of protonated nitrogen bases changes in values ranging between 0.5 and 1 units144,145. 

 

Furthermore, quantum chemical calculations of excited state proton (PT) and hydroxide 

ion transport (HIT) of the 7HQ photoacid along short hydrogen bond networks54 (~three water 

molecules), have initially indicated that both mechanisms occur in a concerted manner, meaning 

that the probability to observe one of the intermediate 7HQ species (A* or C*) is energetically 

unfavorable. However, given the results on the ESPT of 7HQ in D2O–CD3OD mixtures57 and 

observing the large difference of 1.4 kcal∗mol-1 in the activation energy (ΔEa) between PT (3.4 

kcal∗mol-1) and HIT (2 kcal∗mol-1)54, there is now more clarity as to why hydroxide/methoxide 

ion transport or proton vacancy transport mechanism (Pathway II, N*→Z* (via C*)) prevails for 

photoexcited 7HQ in CD3OD56 or D2O–CD3OD mixtures57. 

One of the theoretical models explaining the motion of proton (H+) in solvent-mediated 

acid-base H+ exchange reactions was suggested by Staib et al.147: it was shown that H+ transfer 

proceeds along the solvent reaction coordinate, where solute-solvent interactions significantly 

influence the kinetics and thermodynamics of the reaction. This means that the reorganization 

of solvent dipoles will adjust the distribution of charge in the solute and once this happens, the 

activation energy barrier in the solvent reaction coordinate is overcome, facilitating H+ transfer 

in these hydrogen-bonded complexes. Kiefer and Hynes discussed that a significant coupling 

exists between the vibration of the hydrogen bond and the solvent reaction coordinate148-151. They 

have calculated the values of quantum-averaged proton H+ coordinate in solvent-mediated H+ 

transfer reactions and demonstrated that these are consistent with the free-energy relationships in 

the Marcus’ BEBO framework61-63. 

Ultrafast intermolecular acid-base proton (H+) exchange reactions of excited state acids, 

i.e. photoacids, and excited state bases, i.e. photobases, have been extensively studied over the 

past two decades employing different pump-probe spectroscopy experiments. Using femtosecond 

laser systems, several research groups have obtained information on the time-resolved kinetic 

profiles correlated to intermolecular H+ transfer from photoacid to solvent or to a base molecule 

or H+ abstraction of a photobase from solvent or an acid molecule32,34-40,42-44,56-58,152-154. 

 In this thesis, femtosecond UV-pump/IR-probe spectroscopy is employed: this method 

involves excitation of an initially neutral, photosensitive molecule by intense ultraviolet (UV) 

laser radiation. Once the molecule absorbs the UV photon (via single electron excitation), a 

transition from its electronic ground state S0 to its first electronic excited singlet state S1 takes 

place. Typically, the outcome of the S0 → S1 transition is an intermolecular H+ transfer along a 

hydrogen bond network that connects the H+-donor and H+-acceptor groups in the molecular 

system under study. Subsequently, an infrared (IR) probe pulse, delayed in time relative to the 
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UV pump pulse, monitors the dynamical evolution of the system. Under these conditions, the 

measured transient infrared signals can be directly linked to photoproduct formation, such as the 

conversion of a photoacid/photobase in their conjugate base/acid forms.  

However, in aqueous solutions and generally polar protic solvents (methanol, ethanol, 

etc.), understanding acid-base equilibrium in the excited state and determining the correlated H+ 

transfer rates is not straightforward due to several intramolecular relaxation processes occurring 

in the chromophore (following electronic excitation), relaxation of solvent molecules as well as 

ultrafast rearrangements of the hydrogen bond networks taking place in the proximity of the 

photoacid or the photobase, therefore indirectly having an impact on how and when these will 

react. This implies an active involvement of solvent molecules in mediating the net proton H+ 

exchange reaction between acid and base leads to the formation of “loose” (solvent-separated) 

ion pairs, whereas “tight” (contact) ion pairs (see Figure 2.11) form when no solvent molecule 

participates in the intermolecular H+ exchange reaction dynamics.  

 

 

Figure 2.11 The mechanism of intermolecular proton transfer (PT) within “tight” (contact) and 

“loose” (solvent-separated) ion pairs. In the “tight” ion pairs, PT takes place from the photoacid 

(ROH)* to the base (B) directly (with no barrier for the PT reaction) on a few hundreds of fs 

time scales, while for the “loose” ion pairs, PT occurs according to a sequential (von Grotthuss) 

hopping mechanism: from (ROH)* to the polar protic solvent (water H2O, in this example) and 

then from the protonated water solvent (H3O+) to the base (B) on several ps time scales. Dotted 

lines represent the hydrogen bond interactions. 

 

 “Tight” and “loose” hydrogen-bonded complexes have been experimentally observed 

and discussed by Rini et al.34,35 and Mohammed et al.38-40 in the photoinduced neutralization 

reaction involving the HPTS photoacid (8-hydroxy-1,3,6-trisulfonate-pyrene) with its molecular 

structure showed earlier in Figure 1.3 and carboxylates groups (acetate bases and derivatives) 

in deuterated water solutions. 

In “tight” (contact) ion pairs, where H+-donor and H+-acceptor molecular groups are 

directly connected, H+ transfer occurs on a few hundreds of femtoseconds (fs) time scales and is 

characteristic to “barrierless” proton transfer reaction dynamics. Such transient hydrogen-bonded 

reactive complexes, (ROH)*⋯B ion pairs (Figure 2.11, left) arise within time resolution of the 
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pump-probe experiment, i.e. ≤150-200 fs. Thus, it has been shown the “tight” complexes form in 

the electronic ground state S0, while H+ transfer occurs upon electronic excitation34,38. 

Several picoseconds (ps) dynamics are characteristic of “loose” (ROH)*⋯H2O⋯B ion 

pairs (Figure 2.11, right), in which only a few (in some cases only one) water molecules bridge 

the acid and the base, thereby establishing a pathway through which protons can be transported 

according to a “sequential hopping mechanism” 38, resembling the von Grotthuss mechanism of 

excess H+ transport in liquid water85,86,93,95,97, liquid methanol101, imidazole103,104 and liquid 

imidazole105-107. The time constants associated to proton transport via these solvent-separated ion 

pairs depend on the basicity/acidity strength (pKb / pKa) of the accepting base/conjugate acid. 

Therefore, the probability of a back proton transfer reaction from the base to the acid increases 

when a base is weak (low pKb) and decreases if the base is stronger (high pKb)39,40. 

In conclusion, the free energy and reactivity correlations work very well for “loose” ion 

pairs (Figure 2.11, right) and for the particular interest of this work, free-energy relationships of 

7HQ and formate/imidazole in deuterated methanol CD3OD solutions will be used to further 

determine the directionality and time constant of H+ transfer in solvent-mediated H+ transport 

reactions, which are particularly useful for the 7HQ solutions prepared with imidazole (given its 

amphoteric nature through its acidic N–H covalent bond and its basic N lone pair) in CD3OD. 

In terms of molecular geometries, “tight” ion pairs are also coupled with solvation shells 

rearrangements: first of all, both the acid and the base have H+-donor and H+-acceptor groups 

that could interact with the surrounding solvent molecules via hydrogen bonding, although the 

reaction coordinate is directly the hydrogen bond34,38 between the H+-donor group of the acid 

and the H+-acceptor group of the base. As a second point, when positively charged H+ relocates, 

the surrounding polar solvent molecules will react to this (depending on solvation dynamics), 

regardless of the actual dynamics of hydrogen bond breaking and forming, that will ultimately 

influence hydrogen bond topologies36,46. 

The existence of both “tight” and “loose” ion pairs will be explored and discussed in this 

thesis using femtosecond UV-pump/IR-probe spectroscopy method to probe the photoinduced 

proton exchange reactions involving the bifunctional photoacid 7HQ with sub-molar and molar 

concentrations of the carboxylate base formate with cesium as the counterion (HCOO-Cs+), but 

also with imidazole, both in deuterated methanol (CD3OD) solutions. 

 

 

 



 

- 40 - 
 

 
 

 

 

When light-matter interactions are no longer linear, the subject of nonlinear optics comes into 

play and explains these interactions in a regime where properties of a material change due to its 

interactions with strong electromagnetic fields155,156. Although nonlinear optical phenomena 

require high-intensity light radiation to be observed, some exciting electro-optical effects, such 

as the linear Pockels effect157 and the quadratic Kerr effect158, were observed before the advent 

of lasers. The accelerated progress in the development of short pulse lasers technology over the 

recent decades (in terms of both wide optical frequency tunability range and pulse duration), still, 

has allowed us to observe and study in more depth exciting nonlinear optical phenomena. 

The nonlinear optical susceptibility χ(𝑛) and nonlinear polarization P⃗⃗ (𝑛) are fundamental 

concepts in nonlinear optics and nonlinear spectroscopy. Generation of optical harmonics, such 

as second harmonic generation (SHG), sum frequency generation (SFG) and difference frequency 

generation (DFG), belong to non-resonant nonlinear optical interactions that originate from the 

nonlinear optical frequency conversion processes occurring in crystalline materials, in which the 

magnitude of the nonlinear response is characterized by second-order nonlinear susceptibility, 

denoted χ(2)155. Nonlinear optical frequency conversion involves energy transfer between light 

waves at distinct frequencies, and (ideally) no photons/pulse energies are absorbed, but only 

converted into photons characterized by other carrier frequencies. The most efficient frequency 

conversion in these non-resonant χ(2) nonlinear processes occurs only when photon energy and 

momentum conservation (phase-matching condition) are fulfilled156,159. 

Beyond improving our understanding of light-matter interactions, third-order nonlinear 

pump-probe spectroscopy methods can be used to access in real-time the ultrafast motion and 

the dynamics of protons and electrons in condensed phase systems, which are subjects of great 

interest in modern science. Pump-probe spectroscopy is characterized by the nonlinear optical 

susceptibility χ(3) and third-order nonlinear polarization P⃗⃗ (3) and is a type of resonant nonlinear 

optical interaction between the light waves, utilized to examine transitions between molecular 

electronic or vibrational states, but also phonon modes that are active in the displacive lattice 

motions in solid state systems. 

This thesis is focused on the dynamics of the photoinduced intermolecular proton (H+) 

transport reactions of the bifunctional photoacid 7HQ in protic deuterated methanol (CD3OD) 

solutions, probed with femtosecond vibrational (mid-infrared) spectroscopy. Specifically, the UV-

 
 
Theoretical Concepts of Nonlinear 
Pump-Probe Spectroscopy 



3 Theoretical Concepts of Nonlinear Pump-Probe Spectroscopy 
 

 

 
- 41 - 

 

pump/IR-probe spectroscopy method used here, in which the examined system undergoes two 

interactions with the electric field of the pump pulse and once with the electric field of probe 

pulse (H+ transfer is initiated by UV, while the delayed IR pulse maps in real-time the dynamics 

of photoreactions), enable us to gather information related to intermolecular interactions and 

then observe transient molecular structures at well-defined timescales, different competing 

reaction pathways and efficiency of photoinduced reactions, with all of them being embedded in 

the measured third-order nonlinear response. 

In the first part of this chapter, the nonlinear polarization P⃗⃗  and nonlinear susceptibility 

χ are summarized, followed by a brief description of coupling mechanisms in optical parametric 

processes (SHG, SFG, and DFG) used to provide full frequency tunability for the femtosecond 

UV-pump/IR-probe experiments. Pump-probe spectroscopy is described using the density matrix 

formalism of quantum mechanics, i.e. Liouville space. In this formalism, double-sided Feynman 

diagrams are used to interpret the light-matter interactions and third-order nonlinear response in 

pump-probe experiments. The effects of coherence and anharmonicity are also discussed. The 

description of polarization-dependent UV-pump/IR-probe geometry will close this chapter. 

 

3.1 Wave Propagation and Non-Resonant Nonlinear Interactions 
 

The macroscopic polarization P⃗⃗ (r , 𝑡) emerges when the distribution of electron charge density is 

altered in a dielectric material, following its interaction with an electric field defined by E⃗⃗ (r , 𝑡). 

The total polarization P⃗⃗ (r , 𝑡) is the sum of the linear electric dipole polarization P⃗⃗ 𝐿(r , 𝑡) term and 

the nonlinear polarization term P⃗⃗ 𝑁𝐿(r , 𝑡)155,156: 

               

         P⃗⃗ (r , 𝑡) = P⃗⃗ 𝐿(r , 𝑡) + P⃗⃗ 𝑁𝐿(r , 𝑡)                                              (3.1) 

 

Nonlinear optical phenomena arise when electromagnetic waves propagate and interact 

in a medium through nonlinear polarization P⃗⃗ 𝑁𝐿(r , 𝑡). In the weak field regime, P⃗⃗ (r , 𝑡) depends 

linearly on intensity of E⃗⃗ (r , 𝑡) so it takes the simple linear form. For stronger electric fields, the 

response of the material will be no longer linear, therefore the ith-order polarization (P𝑖) expands 

into powers of the electric fields according to: 

 

           𝑃𝑖(�⃗� , ω) = 𝜀0(𝜒𝑖𝑗
(1)

𝐸𝑗(�⃗� , ω1) + 𝜒𝑖𝑗𝑘
(2)

𝐸𝑗(�⃗� , ω1)𝐸𝑘(�⃗� , ω2)

+ 𝜒𝑖𝑗𝑘𝑙
(3)

𝐸𝑗(�⃗� , ω1)𝐸𝑘(�⃗� , ω2)𝐸𝑙(�⃗� , ω3)+. . . )                            (3.2) 

 

where 𝜀0 is the free space permittivity; the first term (𝜀0𝜒𝑖𝑗
(1)

𝐸𝑗) is the linear polarization defined 

by nonlinear susceptibility tensor 𝜒𝑖𝑗
(1)

, while higher-order terms 𝜀0𝜒𝑖𝑗𝑘
(2)

𝐸𝑗𝐸𝑘, 𝜀0𝜒𝑖𝑗𝑘𝑙
(3)

𝐸𝑗𝐸𝑘𝐸𝑙 , … 

are the nonlinear polarization contributions, with 𝜒𝑖𝑗𝑘
(2)

, 𝜒𝑖𝑗𝑘𝑙
(3)

… being the higher-order nonlinear 

susceptibility tensors. In general, 𝜒𝑖𝑗..
(𝑛)

 represent the coupling coefficient describing the optical 

properties of a medium through its linear and nonlinear contributions155. 

 

The wave equation which defines the propagation of light waves in a medium is156:  
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              ∇2E⃗⃗  (r , 𝑡) −
1

c2

∂2E⃗⃗ (r , 𝑡)

∂𝑡2
=

1

𝜀0c2

∂2P⃗⃗ (r , 𝑡)

∂𝑡2
                              (3.3) 

 

where c is the phase velocity in the medium and P⃗⃗ (r , 𝑡) is the polarization defined in Eq. 3.1.  

 

When E⃗⃗ (r , 𝑡) is expressed as a series of infinite plane waves such that E⃗⃗ (r , 𝑡) = ∑ E⃗⃗ 𝑝𝑝 (k⃗ 𝑝, 𝜔𝑝), 

with k⃗ 𝑝 as wave vector and 𝜔𝑝 the optical frequency, then nonlinear polarization P⃗⃗ 𝑁𝐿(r , 𝑡) is155: 

 

                P⃗⃗ 𝑁𝐿(r , 𝑡) = ∑ P⃗⃗ (𝑛)

𝑛≥2

(r , 𝑡)                                             (3.4) 

 

The linear dielectric constant 𝜀(𝜔) is linked to χ(1)(𝜔) by 𝜀(𝜔) = 1 + χ(1)(𝜔). Using this 

relation and the electric field identity from the vector calculus, wave equation 3.3 becomes156: 

 

            ∇2E⃗⃗ (k⃗ , 𝜔) −
𝜔2

c2
𝜀 ∙ E⃗⃗ (k⃗ , 𝜔) =

𝜔2

𝜀0c2
P⃗⃗ 𝑁𝐿(k⃗ 𝑚, 𝜔)                      (3.5) 

 

At equilibrium, conservation of photon energy requires that ℏ𝜔𝑚 = ℏ𝜔, which consequently 

implies that P⃗⃗ 𝑁𝐿(k⃗ 𝑚, 𝜔𝑚) = P⃗⃗ (𝑛)(k⃗ 𝑚, 𝜔), where P⃗⃗ (𝑛)(k⃗ 𝑚, 𝜔) results from the electric fields 

product E⃗⃗ 1(k⃗ 1, 𝜔1) … E⃗⃗ 𝑛(k⃗ 𝑛, 𝜔𝑛)159. The wave equation 3.5 describes the coupling between the 

nonlinear polarization P⃗⃗ 𝑁𝐿(k⃗ 𝑚, 𝜔) and the electrical field E⃗⃗ (k⃗ , 𝜔). The efficiency of energy 

transfer between the electromagnetic waves via nonlinear coupling increases when the nonlinear 

polarization P⃗⃗ 𝑁𝐿(k⃗ 𝑚, 𝜔) is large. Non-resonant nonlinear optical phenomena can be understood 

in this coupled wave framework, in which three electromagnetic waves of E⃗⃗ (k⃗ , 𝜔 = 𝜔1 + 𝜔2), 

E⃗⃗ 1(k⃗ 1, 𝜔1) and E⃗⃗ 2(k⃗ 2, 𝜔2) interact via second-order nonlinear polarization P⃗⃗ 𝑁𝐿
(2)

, and where the 

energy transfer between these waves is controlled by the coupling coefficient 𝜒(2) 155,156. 

For the highest frequency conversion efficiency, both photon energy ℏ𝜔 = ℏ𝜔1 + ℏ𝜔2 

(where 𝜔 is frequency and ℏ is the Planck constant) and momentum conservation law in which 

ℏk⃗ = ℏk⃗ 1 + ℏk⃗ 2 (ℏk⃗ = p⃗  is photon momentum, where k⃗  is the wave vector) must be fulfilled. 

Conservation of photon momentum is also known as the phase-matching condition and is one of 

the most important conditions in nonlinear optics159.  

In three-wave mixing processes such as SHG, SFG and DFG (see Figure 3.1) used for 

frequency tuning in the pump-probe experiments in this work, the physical interpretation of 𝜒(2) 

non-resonant nonlinear interactions is straightforward: two initial frequency components 𝜔1 and 

𝜔2 will generate a third component of frequency 𝜔3. Frequency doubling or SHG involves two 

electric field interactions at the same frequency 𝜔 when an electromagnetic wave propagates in 

a medium with a second-order susceptibility 𝜒SHG
(2) (2𝜔; 𝜔, 𝜔)155. Two field-interactions lead to 

frequency-doubled electromagnetic radiation at the frequency 2𝜔 due to a transient second-

order polarization P⃗⃗ 𝑁𝐿
(2)156. 

In SFG, the law of energy conservation requires that ℏ𝜔1 + ℏ𝜔2 = ℏ𝜔3, meaning that 

two input laser beams with frequencies 𝜔1 and 𝜔2 interact in a quadratic nonlinear medium of 

nonlinear susceptibility 𝜒SFG
(2) (𝜔3 ; 𝜔1, 𝜔2) and generate a new photon of frequency 𝜔3

155 that is 

the sum of the two input 𝜔1 and 𝜔2 frequencies (see Figure 3.1, middle). In addition to energy 



3 Theoretical Concepts of Nonlinear Pump-Probe Spectroscopy 
 

 

 
- 43 - 

 

conservation, efficient energy transfer is achieved between the two pump waves (𝜔1 and 𝜔2) 

when the phase-matching condition k⃗ 3 = k⃗ 1 + k⃗ 2 is fulfilled. The resulting nonlinear signal is 

defined in terms of P⃗⃗ 𝑁𝐿
(2)

 and can be interpreted as a group of oscillating dipoles behaving as the 

radiation source at frequency 𝜔3 = 𝜔1 + 𝜔2
156. With continued developments in ultrafast lasers, 

the parametric SFG process has become one of the most widely employed nonlinear optical 

processes for generating tunable ultraviolet (UV) radiation160. 

 

Figure 3.1 The energy conservation diagrams of the three-wave mixing SHG, SFG and DFG 

processes used for the nonlinear optical frequency conversion. The relative spectral position is 

illustrated with distinct colors for each frequency, whereas the arrow width approximates the 

relative energy fraction for each pulse.  

 

Similar to the SFG process, the law of photon energy conservation in DFG requires that 

ℏ𝜔1 − ℏ𝜔2 = ℏ𝜔3. In DFG, a new photon of frequency 𝜔3 is generated when two input laser 

beams  𝜔1 and 𝜔2 interact in a nonlinear medium described by the 𝜒DFG
(2) (𝜔3 ; 𝜔1, −𝜔2)155. The 

resulting nonlinear signal, characterized by the P⃗⃗ 𝑁𝐿
(2)

, is the difference between 𝜔1 and 𝜔2 pulses, 

such that 𝜔3 = 𝜔1 − 𝜔2
156 (Figure 3.1) and the phase-matching condition in DFG requires that 

k⃗ 3 = k⃗ 1 − k⃗ 2. DFG is the optical parametric process employed to generate intense and coherent 

tunable infrared (IR) radiation via second-order optical nonlinearities161,162. 

 

3.2 Third-Order Nonlinear Pump-Probe Spectroscopy 

 

Pump-probe spectroscopy implies resonant interactions of two laser pulses, where the third-order 

nonlinear polarization P⃗⃗ 𝑁𝐿
(3)

 is generated in the examined sample (see Figure 3.2), following its 

interactions with the electric field of the pump pulse (twice) and with the probe field (once). 

Using this tool, the real-time dynamics of the molecular systems that experience photoinduced 

physical and chemical reactions can be studied. Interaction of ultrashort laser pulses with matter 

promotes an in-depth understanding of multiple intra- and intermolecular processes and their 

dynamics on femtosecond (fs) and picosecond (ps) timescales.  

The pump pulse described by the electric field E⃗⃗ 𝑝𝑢𝑚𝑝 and the wavevector k⃗ 𝑝𝑢𝑚𝑝 initially 

prepares a system in the excited state. The probe pulse, defined by the electric field E⃗⃗ 𝑝𝑟𝑜𝑏𝑒 (and 

wavevector k⃗ 𝑝𝑟𝑜𝑏𝑒), delayed (𝜏) relative to the pump pulse, interacts with the excited system163. 

The probe field interferes collinearly with the generated third-order nonlinear signal described 

by E⃗⃗ 𝑠𝑖𝑔𝑛𝑎𝑙 and k⃗ 𝑠𝑖𝑔𝑛𝑎𝑙. E⃗⃗ 𝑠𝑖𝑔𝑛𝑎𝑙 represents the field radiated from the sample as a consequence 

of interaction with E⃗⃗ 𝑝𝑟𝑜𝑏𝑒. In other words, the pump-probe signal is recorded in an infrared
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detector (Figure 3.2) and results from a collinear interference of the probe pulse field with the 

electric field produced by the third-order nonlinear polarization P⃗⃗ 𝑁𝐿
(3)

, generated once pump and 

probe pulses interact in the sample → E⃗⃗ 𝑠𝑖𝑔𝑛𝑎𝑙 and E⃗⃗ 𝑝𝑟𝑜𝑏𝑒 interfere on a time-integrating detector.  

 

The wavevector k⃗  determines the direction of propagation of the electric fields: 

 

    E⃗⃗ (𝑡) = E0(𝑡) {𝑒+i(ω𝑡−k⃗⃗ r⃗ ) + 𝑒−i(ω𝑡−k⃗⃗ r⃗ )}                              (3.6) 

 

 The signal field results from the interaction with the probe pulse and it is then radiated 

collinearly to the transmitted probe field, thus the wavevector matching condition is given by: 

k⃗ 𝑠𝑖𝑔𝑛𝑎𝑙 = +k⃗ 𝑝𝑢𝑚𝑝 − k⃗ 𝑝𝑢𝑚𝑝 + k⃗ 𝑝𝑟𝑜𝑏𝑒 = k⃗ 𝑝𝑟𝑜𝑏𝑒. Two interactions with the pump pulse cause 

the population change, which is then characterized by the probe pulse (separated in time from 

pump) through intensity variation (induced by the pump pulse) on the transmitted probe field. 

 

 

Figure 3.2 Simplified sketch showing the signal fields geometry in pump-probe spectroscopy.  

 

The nonlinear macroscopic polarization P⃗⃗ 𝑁𝐿(r , 𝑡) in 3.3 is the source of the generated 

electric field E⃗⃗ 𝑠𝑖𝑔𝑛𝑎𝑙(r , 𝑡) and is directly linked to this through the relation: E⃗⃗ 𝑠𝑖𝑔𝑛𝑎𝑙 ∝ iP⃗⃗ 𝑁𝐿(r , 𝑡). 

The information related to light-matter interactions is contained in the signal field E⃗⃗ 𝑠𝑖𝑔𝑛𝑎𝑙. One 

practical approach to calculate P⃗⃗ (r , 𝑡) is by using the density matrix formalism of quantum 

mechanics, also known as Liouville space163,164. In this formalism, the nonlinear polarization is 

the expectation value of the product between the dipole operator 𝜇  and density matrix 𝜌(𝑡)165:  

 

     P⃗⃗ (𝑡) = Tr[𝜇 𝜌(𝑡)] ≡ 〈𝜇 𝜌(𝑡)〉                                                 (3.7) 

 

Density Matrix Formalism (Liouville Space) 

 

The density matrix of a statistical ensemble of molecules can be written as follows165: 

 

      𝜌 = ∑ 𝑝𝑛

𝑛

|𝜓𝑛⟩⟨𝜓𝑛|;  𝑝𝑛 ≥ 0                                               (3.8) 
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where |𝜓𝑛⟩: pure quantum state; 𝑝𝑛: probability to find the system in |𝜓𝑛⟩. 

The density matrix 𝜌 is Hermitian, which means that 𝜌𝑢𝑣 = 𝜌𝑣𝑢
∗ .  The population states 

of a molecular ensemble are characterized by diagonal elements 𝜌𝑢𝑢 that have to satisfy 𝜌𝑢𝑢 ≥ 0, 

while the coherences between states are defined by the off-diagonal elements 𝜌𝑢𝑣.  

The density matrix formalism is advantageous to interpret and analyze the third-order 

nonlinear polarization P⃗⃗ 𝑁𝐿
(3)

 which emerges in the UV-pump/IR-probe experiments performed in 

this work. The molecular processes occurring in these experiments are described on the basis of 

density matrix evolution in Liouville space. Molecules and many other complex systems in the 

condensed phase can be well characterized in Liouville space. The microscopic mechanisms 

required to interpret the outcome from these experiments is contained in the third-order nonlinear 

polarization P⃗⃗ 𝑁𝐿
(3)

. In Liouville space, the third-order nonlinear response function can be directly 

analyzed and calculated through a perturbative expansion of the density matrix164. Considering 

a nonlinear spectroscopic experiment where the system interacts with the electric field E⃗⃗ (𝑡), the 

total time-dependent Hamiltonian is given by163: 

 

H(𝑡) = H0 + H𝑒(𝑡)                                                       (3.9) 

 

with H0 being the Hamiltonian for the case when no electric field is applied. The interaction 

between the transition dipole operator 𝜇 and an external electric field E(𝑡) corresponds to the 

Hamiltonian H𝑒 and expresses the material-field interaction by163: 

 

  H𝑒(𝑡) = −𝜇 E⃗⃗ (𝑡)                                                          (3.10) 

 

The time evolution operator relative to the Hamiltonian H0 is given by165: 

 

U0(𝑡, 𝑡0) = 𝑒−
i
ℏ

H0(𝑡−𝑡0)                                               (3.11) 

 

Considering that the system interaction with −𝜇 E⃗⃗ (𝑡) is significantly weaker compared 

to the internal field of the molecules, the interaction can be treated in a perturbative way. The 

density matrix 𝜌(𝑡) in 3.7 satisfies Liouville-von-Neumann equation163,164: 

 

 
d𝜌(𝑡)

d𝑡
= −

i

ℏ
[H, 𝜌(𝑡)]                                                 (3.12) 

 

By using the definition of the time evolution operator in 3.11, the weak perturbation 

Hamiltonian H𝑖𝑛𝑡(𝑡) in the interaction picture can be expressed as165: 

 

             H𝑖𝑛𝑡(𝑡) = 𝑈0
†(𝑡, 𝑡0)H𝑒(𝑡)U0(𝑡, 𝑡0) = 𝑒

i
ℏ

H0(𝑡−𝑡0)H𝑒(𝑡)𝑒−
i
ℏ

H0(𝑡−𝑡0)              (3.13) 

 

From where, the time-dependent Schrödinger equation is in the interaction picture is: 

 

          −
i

ℏ
H𝑖𝑛𝑡(𝑡)|𝜓𝑖𝑛𝑡(𝑡)⟩ =

𝑑

𝑑𝑡
|𝜓𝑖𝑛𝑡(𝑡)⟩                                          (3.14) 
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Based on the same principle in 3.13, the density matrix in the interaction picture is: 

 

             𝜌𝑖𝑛𝑡(𝑡) = 𝑒
i
ℏ

H0(𝑡−𝑡0)
𝜌(𝑡)𝑒−

i
ℏ

H0(𝑡−𝑡0)
                                       (3.15) 

 

The density matrix in the interaction picture, denoted by 𝜌𝑖𝑛𝑡(𝑡), satisfies the Liouville-

von-Neumann equation163: 

 

          
d𝜌𝑖𝑛𝑡(𝑡)

d𝑡
= −

i

ℏ
[H𝑖𝑛𝑡 , 𝜌𝑖𝑛𝑡(𝑡)]                                       (3.16) 

 

Inserting the perturbation in 3.10 and considering the equilibrium density matrix 𝜌(𝑡0) which 

remains constant in time (𝑡0 → −∞), the expansion of the density matrix 𝜌(𝑡) gives165: 

 

         𝜌(𝑡) = 𝜌(0)(−∞) + ∑ 𝜌(𝑛)(𝑡)

∞

𝑛=1

                                    (3.17) 

 

with the nth-order density matrix 𝜌(𝑛)(𝑡) defined by: 

 

      𝜌(𝑛)(𝑡) = (−
i

ℏ
)

𝑛

∫ 𝑑𝜏𝑛

𝑡

−∞

∫ 𝑑𝜏𝑛−1

𝜏𝑛

−∞

… ∫ 𝑑𝜏1

𝜏2

−∞

E(𝜏𝑛)E(𝜏𝑛−1) … E(𝜏1)          (3.18)  

𝑈0
†(𝑡, 𝑡0)[𝜇 𝑖𝑛𝑡(𝜏𝑛), [𝜇 𝑖𝑛𝑡(𝜏𝑛−1), … , [𝜇 𝑖𝑛𝑡(𝜏1), 𝜌(−∞)] … ]]U0(𝑡, 𝑡0) 

 

Using the definition of the polarization in 3.7, the nth-order polarization P⃗⃗ (𝑛)(𝑡) will be: 

 

P⃗⃗ (𝑛)(𝑡) = 〈𝜇 𝜌(𝑛)(𝑡)〉                                                    (3.19) 

 

Inserting 3.18 in 3.19, the nth-order polarization P⃗⃗ (𝑛)(𝑡) for 𝑡0 → −∞ can be written as: 

 

      P⃗⃗ (𝑛)(𝑡) = (−
i

ℏ
)

𝑛

∫ 𝑑𝜏𝑛

𝑡

−∞

∫ 𝑑𝜏𝑛−1

𝜏𝑛

−∞

… ∫ 𝑑𝜏1

𝜏2

−∞

E⃗⃗ (𝜏𝑛)E⃗⃗ (𝜏𝑛−1) … E⃗⃗ (𝜏1)          (3.20)  

⟨𝜇 𝑖𝑛𝑡(𝑡)[𝜇 𝑖𝑛𝑡(𝜏𝑛), [𝜇 𝑖𝑛𝑡(𝜏𝑛−1), … , [𝜇 𝑖𝑛𝑡(𝜏1), 𝜌(−∞)] … ]]⟩ 

 

Third-Order Nonlinear Response Function 

 

In order to derive the nonlinear response function 𝒮(𝑛)(𝑡1, 𝑡2, … , 𝑡𝑛), a change in time 

variables is used:  𝜏1 = 0; 𝜏2 − 𝜏1 = 𝑡1; 𝜏3 − 𝜏2 = 𝑡2; … ; 𝑡 − 𝜏𝑛 = 𝑡𝑛, where 𝑡𝑛 characterize 

the time intervals while the absolute time points are described by 𝜏𝑛. Working with these time 

variables, the nth-order polarization P(𝑛)(𝑡) is directly proportional to the nonlinear response 

function 𝒮(𝑛)(𝑡𝑛, … , 𝑡1) and can be defined as a convolution of n electric fields165: 

 

P⃗⃗ (𝑛)(𝑡) = ∫ 𝑑𝑡𝑛

∞

0

∫ 𝑑𝑡𝑛−1

∞

0

… ∫ 𝑑𝑡1

∞

0

 

   E⃗⃗ (𝑡 − 𝑡𝑛)E⃗⃗ (𝑡 − 𝑡𝑛 − 𝑡𝑛−1) … E⃗⃗ (𝑡 − 𝑡𝑛−. . . −𝑡1) ∙ 𝒮(𝑡𝑛, 𝑡𝑛−1, … , 𝑡1)     (3.21)  
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where the nth-order nonlinear response function 𝒮(𝑛) is defined by: 

 

𝒮(𝑛)(𝑡𝑛, … , 𝑡1) = (−
i

ℏ
)

𝑛

 

⟨𝜇 𝑖𝑛𝑡(𝑡𝑛 + ⋯ + 𝑡1)[𝜇 𝑖𝑛𝑡(𝑡𝑛−1 + ⋯ + 𝑡1), … , [𝜇 𝑖𝑛𝑡(0), 𝜌(−∞)] … ]⟩          (3.22) 

 

The response function will only be valid for 𝑡𝑛 ≥ 0. The density matrix at equilibrium is 

perturbed by the interactions at the time intervals 𝑡𝑛, … , 𝑡1, 0 and 𝑡𝑛−1 + ⋯ + 𝑡1, which implies 

that the diagonal elements of the non-equilibrium density matrix 𝜌(𝑛)(𝑡) are characteristic to the 

generated population states. At time intervals 𝑡𝑛, 𝑡𝑛−1, … , 𝑡1, the oscillating coherences between 

the population states induce the emission of a light field164,165.  

 

Liouville Pathways for the Third-Order Nonlinear Response Function 

 

The third-order nonlinear response is described using Liouville pathways which characterize the 

ordering of distinct interactions over time. Liouville formalism assumes that operators can form 

a Hilbert space in a similar manner as states create a Hilbert space in the standard formulation 

of quantum mechanics163. For n=3, the permutations of bra and ket interactions on the density 

matrix yield 2𝑛 terms, thus 8 terms in total. Taking the commutator in 3.22, the corresponding 

third-order nonlinear response function gives165: 

 

             ⟨𝜇(𝑡3 + 𝑡2 + 𝑡1) [𝜇(𝑡2 + 𝑡1), [𝜇(𝑡1), [𝜇(0), 𝜌(−∞)]]]⟩ =               (3.23) 

= +⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(𝑡2 + 𝑡1)𝜇(𝑡1)𝜇(0)𝜌(−∞)⟩−     ← 𝒮4 

    −⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜌(−∞)𝜇(0)𝜇(𝑡1)𝜇(𝑡2 + 𝑡1)⟩+     ← 𝒮4
∗ 

   +⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(𝑡2 + 𝑡1)𝜌(−∞)𝜇(0)𝜇(𝑡1)⟩−     ← 𝒮3 

   −⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(𝑡1)𝜇(0)𝜌(−∞)𝜇(𝑡2 + 𝑡1)⟩+     ← 𝒮3
∗ 

   +⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(𝑡1)𝜌(−∞)𝜇(0)𝜇(𝑡2 + 𝑡1)⟩−     ← 𝒮2 

   −⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(𝑡2 + 𝑡1)𝜇(0)𝜌(−∞)𝜇(𝑡1)⟩+     ← 𝒮2
∗ 

   +⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(0)𝜌(−∞)𝜇(𝑡1)𝜇(𝑡2 + 𝑡1)⟩−     ← 𝒮1 

   −⟨𝜇(𝑡3 + 𝑡2 + 𝑡1)𝜇(𝑡2 + 𝑡1)𝜇(𝑡1)𝜌(−∞)𝜇(0)⟩+     ← 𝒮1
∗ 

 

where 𝒮4
∗, 𝒮3

∗, 𝒮2
∗, 𝒮1

∗ are the complex conjugates of 𝒮4, 𝒮3, 𝒮2, 𝒮1.  

  

Double-sided Feynman diagrams represent a robust framework to analyze the generated 

nonlinear response function and the underlying processes in the time-dependent perturbation 

formalism of Liouville equation163,164. Due to the geometry used in pump-probe spectroscopy, 

the signal wavevector ks of the nonlinear polarization P⃗⃗ 𝑁𝐿
(3)

 is governed exclusively by the probe 

pulse with kpr. This is achieved when the pump pulse interacts twice with the system and, as a 

result, the generated P⃗⃗ 𝑁𝐿
(3)

 is detected collinearly with the probe pulse (Figure 3.2). +kp and –kp 

wavevectors define the interactions with the pump pulse. Given a three-level system and the 

time ordering between these interactions, the pump-probe response signal can be illustrated with 

six double-sided Feynman diagrams (Figure 3.3) in the rotating wave approximation (RWA)165 

and fulfilling the phase-matching condition k⃗ 𝑠𝑖𝑔𝑛𝑎𝑙 = ±k⃗ 1 ± k⃗ 2 ± k⃗ 3. 
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Figure 3.3 Feynman diagrams representing the contributions to the pump-probe signal for a 

three-level system. kpr and ks wavevectors correspond to probe and signal pulses, respectively. 

+kp and –kp wavevectors define the interactions with the pump pulse. Left diagrams correspond 

to the ground state bleaching contributions (GSB), those in the middle represent the stimulated 

emission (SE) contributions, diagrams on the right describe the excited state absorption (ESA). 

 

The ground state bleaching (GSB) contribution is represented through the diagrams in 

Figure 3.3 (left) and accounts for the molecules that remained in the electronic ground state after 

their interaction with the pump pulse. After interacting with the second pump pulse, the system 

reaches |0⟩⟨0| every time. Stimulated emission (SE) signals are shown in Figure 3.3 (middle) and 

correspond to the molecules which were promoted to the electronic excited state as interaction 

with the pump pulse occurred and are then stimulated back to the ground state by the probe pulse. 

Interactions with the pump pulse allow the systems to perform a transition to the first electronic 

excited state defined by |1⟩⟨1| on both ket and bra sides of the density matrix. This implies that 

the transition dipole moment squared is directly proportional relative to the generated diagonal 

density matrix (𝜌11(0) ∝ 𝜇10
2 ). Next, off-diagonal element 𝜌10 is produced when density matrix 

is “de-excited” as it interacts with the probe pulse. The time evolution of 𝜌10 is described by165: 

 

  𝜌10(𝑡3) ∝ 𝜇10
3 𝑒(−i𝜔𝑟10𝑡3)𝑒(−Γ𝑡3)                                             (3.24) 

 

where 𝜔𝑟10 = (𝜀1 − 𝜀0) ℏ⁄  is the resonance transitions frequency corresponding to the energy 

difference between the ground state |0⟩ and the first electronic excited state |1⟩. 

 

The excited state absorption (ESA) contributions are described in Figure 3.3 (right) and 

represents the molecules that have been initially promoted to the first electronic excited state 

|1⟩⟨1| upon interactions with the pump. Following a further interaction with the probe pulse, the 

coherence density matrix element 𝜌21 develops in time according to the following: 
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         𝜌21(𝑡3) ∝ −𝜇10
2 𝜇21𝑒(−i𝜔𝑟21𝑡3)𝑒(−Γ𝑡3)                                         (3.25) 

 

where 𝜔𝑟21 = (𝜀2 − 𝜀1) ℏ⁄  is the resonance transitions frequency corresponding to the energy 

difference between the first electronic excited state |1⟩ and the second electronic excited |2⟩. 

Based on the Feynman diagrams and using the results in equations 3.24 and 3.25 where 

the density matrix element is defined for SE and ESA processes, the response function for each 

of these contributions can be constructed. Therefore, the third-order response functions for the 

stimulated emission and for the excited state absorption are given by165: 

 

  𝒮𝑆𝐸
(3)(𝑡1, 𝑡2, 𝑡3) ∝

i

ℏ3
𝜇10

4 𝑒(−i𝜔𝑟10𝑡3)𝑒(−Γ𝑡3)                                         (3.26) 

 

 

          𝒮𝐸𝑆𝐴
(3) (𝑡1, 𝑡2, 𝑡3) ∝ −

i

ℏ2
𝜇10

2 𝜇21
2 𝑒(−i𝜔𝑟21𝑡3)𝑒(−Γ𝑡3)                                   (3.27) 

 

During the time periods 𝑡1 and 𝑡3, the top GSB diagram has same coherences as the SE 

diagram. This is not the case every time, but it applies in this basic example. Given this and by 

assuming that no interactions occur at 𝑡2, the contributions of GSB and SE are identical: 

 

            𝒮𝐺𝑆𝐵
(3) (𝑡1, 𝑡2, 𝑡3) = 𝒮𝑆𝐸

(3)(𝑡1, 𝑡2, 𝑡3)                                               (3.28) 

 

Generally, the detector response is slow compared to the femtosecond light pulses, which 

implies that the detected signal will be proportional to the time integral of the light intensity163. 

Time-ordering between the first two interactions with the pump is deduced from the difference 

between the top and bottom Feynman diagrams (see Figure 3.3). The timing between these two 

interactions is zero, meaning that both diagrams yield the same nonlinear response. Thereby, the 

third-order response function of a homogeneously broadened oscillator of linewidth Γ is: 

 

            𝒮(3)(𝑡1, 𝑡2, 𝑡3) = ∑ 𝒮𝑗
(3)(𝑡1, 𝑡2, 𝑡3)

6

𝑗=1

∝                                     (3.29) 

∝ e−Γ𝑡3 (4
i

ℏ3
𝜇10

4 e−i𝜔𝑟10𝑡3 − 2
i

ℏ2
𝜇10

2 𝜇21
2 e−i𝜔𝑟21𝑡3) 

 

where 𝜔𝑟10 and 𝜔𝑟21 are the resonance transitions frequencies while the 𝜇10, 𝜇21 terms are the 

transition dipole moments.  

 

In the semi-impulsive limit (𝒮(3)(𝑡, 𝑇, 𝜏) = 𝒫(3)(𝑡, 𝑇, 𝜏))165, the pump-probe spectrum 

is obtained from the Fourier transform (produced by spectrometer) of the fields relative to the 

time t, and is described by (absorbance changes)163: 

∆A(ω) =
4𝜇10

2 𝜇21
2 Γ

(𝜔𝑟21 − 𝜔)2 + Γ2
−

8𝜇10
4 Γ

(𝜔𝑟10 − 𝜔)2 + Γ2
                          (3.30) 

 

where 𝜔𝑟21 = (𝜀2 − 𝜀1) ℏ⁄  and 𝜔𝑟10 = (𝜀1 − 𝜀0) ℏ⁄  are the resonance transitions frequencies 

and correspond to the energy difference between the first electronic excited state |1⟩ and the 
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second electronic excited |2⟩, and the energy difference between the ground state |0⟩ and the 

first electronic excited state |1⟩. The first positive term represents the ESA, while the negative 

second term is the contribution of GSB and SE.  

 

3.3 Coherence and Anharmonicity Effects. Molecular Vibrations  
 

One of the most exciting aspects of using time-resolved pump-probe spectroscopy methods over 

linear spectroscopy is that one can obtains “snapshots” of the evolution of the studied system in 

time. Third-order nonlinear UV-pump/IR-probe is a powerful spectroscopy method that can be 

used to disentangle the time-resolved kinetics profiles linked to the ultrafast proton transport 

dynamics of photoacids in polar protic solvents such as water and methanol34-40,42-44,56-58. In this 

method, the UV pump pulse with a sufficiently high energy, i.e. 1-2 µJ/pulse, triggers the S0 → 

S1 transition of the studied molecular system, i.e. UV laser radiation is absorbed and the system 

goes from the electronic ground state (S0) to the first electronically excited singlet state (S1). 

This commonly results in intermolecular proton (H+) transfer reaction along the hydrogen bond 

network connecting the H+-donor and the H+-acceptor functional groups of molecules. Next, the 

photoproduct formation changes vibrational transitions and is probed by recording the intensity 

changes in a weaker IR probe pulse (0.1-0.5 µJ/pulse) that is delayed in time relative to the 

pump pulse (Figure 3.2) by use of a computer-controlled translation stage.  

 

Coherence Effects in Femtosecond Vibrational Spectroscopy 
 

In femtosecond vibrational (infrared) spectroscopy experiments, it is important to keep in mind 

that typical dephasing times of vibrational transitions (that are ~0.5-1 ps) are longer166 or close to 

the temporal resolution of the actual pump-probe experiment (<0.35 ps in this thesis). The 

interaction of the electric field of the probe pulse with the vibrational transitions leads to 

coherence effects: one of these is called the perturbed free induction decay, a process in which 

the time-ordering of pump and probe pulse is reversed (T<0), implying that the system interacts 

first with the probe pulse and then twice with the pump pulse. The IR probe pulse excites a 

coherent polarization, the decay of which is modified compared to the free induction decay 

without the pump pulse. In a spectrally resolved pump-probe experiment, this mechanism leads 

to a transmission change166,167. 

When pump and probe frequencies are equal (ωp = ωpr), other undesired contributions 

that may appear in the pump-probe signal are related to amplitude and phase gratings. Given 

that, in pump-probe experiments, the two pulses intersect at a certain angle and (when) these 

two interact coherently in the sample, a spatial modulation168 (induced grating) will appear in 

the optical properties of this medium. In this way, the radiation from the pump pulse can be 

scattered in that of the probe, therefore affecting the intensity of the probe pulse. The average 

phase difference between the electric fields of pump and probe pulses is carried by the phase 

grating. When the phase between the two pulses remains constant over time, the scattered 

radiation of the pump pulse will scale quadratically with the probe. However, if the pulses show 

some degree of phase modulation over time, the scattered pump radiation from this induced 

grating will interfere with the probe pulse radiation that will consequently affect the probe 

intensity168,169. These effects must be considered and understood to correctly interpret ultrafast 

reactions dynamics, information that is embedded in pump-probe spectra. 
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Anharmonicity Effects in Femtosecond Vibrational Spectroscopy 

 

Nonlinear polyatomic molecules (such as the molecules studied in this thesis) are characterized 

by 3N–6 vibrational degrees of freedom. The discrete normal modes of molecular vibration can 

be characterized by implementing quadratic terms in the potential energy V(r) function. In this 

case, the total vibrational eigenfunction of the superposition of normal modes is the product of 

oscillator eigenfunctions. Anharmonicity effects appear due to cubic, quartic, and higher order 

terms contained in the potential energy function of molecules, defined by V(r). In the eigenstate 

representation of the normal modes of the harmonic oscillator, the anharmonicity is commonly 

treated as a perturbation to the Hamiltonian of the system170-172. Vibrational modes of molecules 

in solution are also influenced by the fluctuations of the electric fields of polar solvent molecules 

and intermolecular hydrogen bonding interactions17,119.  

A description of anharmonicity formalism is provided by Plíva171 and by Hamm et al.172. 

The molecular vibrational levels of a nonlinear polyatomic molecule (3N–6 vibrational degrees 

of freedom) in the anharmonic picture are described by: 

 

 
E(𝑣1, 𝑣2, … ,3𝑁 − 6)

ℏ
= ∑ 𝜔𝑗 (𝑣𝑗 +

1

2
)

𝑗=1

+ 

                                      + ∑ ∑ 𝑥𝑗𝑘 (𝑣𝑗 +
1

2
) (𝑣𝑘 +

1

2
) + ⋯                                       (3.31)

𝑘≥𝑗𝑗=1

 

 

where 𝜔𝑗 is the harmonic frequency of the jth vibrational mode, 𝑥𝑗𝑘 are the anharmonicity 

constants and 𝑣𝑗 represents the vibrational quantum number of the jth vibrational mode with 

𝑣𝑗 = 0,1,2, … 3𝑁 − 6. The transition frequency 𝜔𝑙 of a vibrational mode 𝑣𝑙 which is coupled to 

the ensemble of the residual modes, where 𝑗 ≠ 𝑙 must be satisfied, is defined by: 

 

𝜔(𝑣𝑙 → 𝑣𝑙+1) = 𝜔𝑙 + 2𝑥𝑙𝑙𝑣𝑙 + ∑ 𝑥𝑗𝑙𝑣𝑗

𝑗≠𝑙

                              (3.32) 

 

where the anharmonic correction of the 𝑣𝑙 = 0 → 𝑣𝑙 = 1 transition to the vibrational ground 

state is described by the first term and by: 

 

𝜔𝑙 = 𝜔𝑙
0 + 2𝑥𝑙𝑙 + ∑

𝑥𝑗𝑙

2
𝑗≠𝑙

                                            (3.33) 

 

where the diagonal anharmonic shifts of an excited vibrational mode are represented by the 

second term and the frequency shifts caused by the off-diagonal anharmonicity of the selected 

mode 𝑙, while the residual modes are characterized by the third term. Anharmonic effects can be 

classified into diagonal and off-diagonal anharmonicity effects171,172: 
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Diagonal anharmonicity describes the decrease in the energy spacing between vibrational 

levels, which consequently produce frequency shifts in the difference spectra. In the case of the 

harmonic oscillator, where the frequency of the  𝑣 = 0 → 𝑣 = 1 transition is identical to that of 

a higher excited state 𝑣 = 𝑛 → 𝑣 = 𝑛 + 1 transition and the absorption cross section as well as 

the stimulated emission cross sections of these two transitions increase linearly with 𝑛 + 1 and 

𝑛, respectively, a clear differentiation between the ground and excited state vibrational modes is 

either difficult or not reached. When the harmonic oscillator approximation is no longer valid, 

the anharmonicity generates frequency shifts that are required to “dissect” the spectrum of the 

IR-active transitions of vibrationally excited molecules. 

 Off-diagonal anharmonicity relates to the case when the spectral position and its width 

of a vibrational mode in a molecule are altered, implying that vibrational modes are coupled 

via anharmonicity. Low frequency vibrational modes of a molecule are strongly excited when a 

major part of the internal vibrational energy is redistributed within the molecule. An insight into 

the timescales of intermolecular energy transfer processes is revealed through the analysis of the 

time evolution of the frequency and its bandwidth. In this way, the population of the coupled 

vibration is modified through anharmonicity. 

In the UV-pump/IR-probe experiments, the transition from the electronic ground state S0 

to the electronic excited state S1 is achieved as the sample interacts with the UV pump pulse. 

Both states are characterized by distinct vibrational modes with the corresponding anharmonic 

Morse potentials, where the anharmonicity of these two states is typically different. Interaction 

of the IR probe pulse with the 𝜈′ = 0 → 𝜈′ = 1 transition of the IR-active modes ( 

Figure 3.4) commonly relates to the absorbance changes observed in the UV-pump/IR-

probe experiments. Generally, this information links to diagonal anharmonicity of the probed 

vibrational modes. The magnitude of the diagonal anharmonicity can be much clearer observed 

using two-dimensional (2D IR) spectroscopy method since overtone and combination bands can 

be measured together with fundamental transitions. The cross peaks and the shapes of the 

measured peaks of coupled vibrational modes in the 2D IR spectra can provide, in addition, 

information about, i.e. location of two vibrational modes, and frequency fluctuations of these 

vibrational modes17,117-121.  

 The anharmonic Morse potentials shown in  

Figure 3.4 correspond to the typical case of IR-active vibrations investigated in this work by 

UV-pump/IR-probe method. Usually, the two Morse potentials are shown to explain that certain 

vibrations are strongly coupled to S0→ S1 transition, and these will lead to Franck-Condon 

progression in the electronic bands. However, such vibrational modes can only be Raman-

active. This is due to the selection rules of electronic transitions, where the transition dipole is 

coupled to the electric field of the light, and the overlap function between the vibrational mode 

wave function in the S0 state of the molecule and the vibrational mode wave function in the S1 

state of the molecule must be centrosymmetric. Thus, this is a feature of Raman-active 

vibrations (that modulate the polarizability of a molecule), but not of the IR-active vibrations 

(that modulate the electric dipole moment of the molecule)36. 

 In other words,  

Figure 3.4 is presented here as a means of educating. A displacement along the nuclear 

coordinate of the IR-active vibration does not play a major role here. Instead, often Raman-

active vibrations may be highly excited when excitation occurs in the electronic transition band. 
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The fact that anharmonic couplings exist between all vibrational normal modes, makes the IR-

active 𝜈′ = 0 → 𝜈′ = 1 transition appear red-shifted (also appearing broadened at earliest pulse 

delay times) for a coupling of a negative sign. When this vibrational excess energy is redistributed 

over the low-frequency modes according to a Boltzmann distribution, and, subsequently, gets 

dissipated to solvent vibrational modes, and the molecular system cools down, this leads to a 

small blue-shift as well as sharpening of the 𝜈′ = 0 → 𝜈′ = 1 transition36. 

 
 

Figure 3.4 An approximate representation of the anharmonic Morse potential which describes 

the quantum mechanical processes involved in UV-pump/IR-probe spectroscopy and molecular 

vibrations. Electronic ground and first excited states are shown with S0 and S1, respectively, 

whereas 𝝂𝒊 = 𝟎, 𝟏, 𝟐, … are the vibrational levels in S0 and 𝝂𝒊′ = 𝟎, 𝟏, 𝟐, … in S1. The ground 

state bleach (GSB) and stimulated emission (SE) processes are shown with blue and green 

vertical lines, respectively. The ESA occurs in the electronic state S1 and is shown with the red 

vertical line. Vibrational relaxation (VR) is shown with the orange vertical line. D0 and De 

represent the bond energy (zero-point energy) and bond dissociation energy, respectively. The 

displacement or the internuclear distance is defined by r, whereas r0 is the equilibrium distance. 

The harmonic oscillator is represented with pink and dashed, in which the energy levels are 

equally spaced on the ladder. In the anharmonic oscillator, the energy levels get closer and 

closer as the energy of the system increases. 
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3.4 Polarization-Dependent UV-pump/IR-probe Geometry 

 

A straightforward consequence of utilizing linearly polarized pump and probe pulses is that the 

detected pump-probe nonlinear signal will be influenced by rotational diffusional motions173,174 

of molecules that typically take place on timescales comparable to the dynamics of the examined 

system itself. In the case of 7HQ chromophore, investigated in this work, these timescales are on 

the order of approximately hundreds of ps81, very close to the ensemble-averaged timescales of 

intermolecular proton transfer reaction dynamics involving this molecule.  

Therefore, such effects need to be separated from the transient frequency shifts and from 

the amplitudes of absorbance changes of the IR-active molecular vibrations due to population 

kinetics, which subsequently arise from the intermolecular proton transfer events.  

The angle between electronic transition dipole moment (𝜇 EL) and vibrational transition 

dipole moment (𝜇 VIB) can be derived from the initial anisotropy (Κ) of the pump-probe signal, 

when the chromophore vibrational transitions are probed, after electronic excitation. 

The polarization of the UV pump pulse is vertically polarized, while the probe pulse is 

horizontally polarized. Due to this fact, molecules are excited in a selective manner with the 

𝜇 EL aligned parallel to the incident field polarization (see Figure 3.5).  

 

 

Figure 3.5 Mutual orientation of two benzene (aromatic) molecules for case (a) “sandwich-like” 

pi-pi stacking configuration, where the molecules are parallel (θ = 0°) to each other and for the 

case (b) “T-shaped” configuration, in which the molecules are orthogonal (θ = 90°) relative to 

each other. 𝜇 EL and 𝜇 VIB are electronic and vibrational transition dipole moments, respectively. 

This corresponds to selective photoexcitation approach in the UV-pump/IR-probe experiments, 

where the UV (linear, vertical polarization) corresponds to 𝜇 EL, while the IR (linear, horizontal 

polarization) corresponds to 𝜇 VIB. θ also describes the polarization angle between UV and IR. 

 

In this way174, the preferred orientation of the electronic transition of the dipole moment 

from an ensemble of disordered transition dipoles can be selectively photoexcited with the UV 

pulse. The IR pulses interact with the vibrational transitions of the chromophore or its reaction 

partner. This approach is valid for two reactants that have a specified mutual orientation and 

whose interaction forms a reactive complex. The mutual orientation of the reaction partners in 

bimolecular proton H+ transfer reactions can be achieved when the spectroscopic transitions 

polarizations of both the reaction partners are set along a specified axis. Figure 3.5 illustrates 
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the polarization alignment for the UV and IR pulses for two aromatic molecules (the benzene 

molecular configuration is shown here, as this is part of backbone of 7HQ’s molecular backbone 

chromophore). Once the 7HQ chromophore is electronically excited with UV pump pulse, its 

vibrational transition is probed with the IR pulse. The time-dependent rotational anisotropy is173: 

 

       𝐾(𝑡) =
∆𝐴(𝑡, 𝜔)∥ − ∆𝐴(𝑡, 𝜔)⊥

∆𝐴(𝑡, 𝜔)∥ + 2 ∗ ∆𝐴(𝑡, 𝜔)⊥
                                 (3.34) 

 

where ∆𝐴 are absorbance changes, ∥ and ⊥ are the parallel and perpendicular alignments.  

 

 For any systems defined by 𝜇 EL and 𝜇 VIB, the angle-dependent anisotropy K(θ) is: 

 

                  𝐾(θ) =
3 ∗ 𝑐𝑜𝑠2θ − 1

5
                                            (3.35) 

 

 Therefore, to minimize the effect of rotational diffusional motions of 7HQ photoacid on 

the pump-probe signals, the measurements were performed using the magic-angle geometry for 

the linearly polarized pump (vertical) and the probe pulses (horizontal). With a zero-order half-

waveplate (λ/2), the polarization of the pump pulse is rotated from orthogonal to the magic 

angle of θma ~54.7° relative to the probe pulse (see Figure 3.6), enabling polarization-dependent 

pump-probe measurements. Full description of the experimental setup is provided in Chapter 4. 

 
Figure 3.6 The polarization-dependent UV-pump/IR-probe geometry used in this work. Pump 

pulse (UV) is vertically polarized and propagates along the direction z, whereas the probe pulse 

(IR) is horizontally polarized and propagates along the x-axis. This initial geometry implies that 

their polarization vectors are orthogonal to each other (Epump ⊥ Eprobe). Using a half-waveplate 

(λ/2), the polarization vector of the UV pulse can be rotated to the magic angle θma = 54.7°, thus 

suppressing the rotational orientation dynamics on the measured pump-probe signal. 
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Titanium-doped sapphire i.e. Ti3+:Al2O3 or Ti:Sapphire is the most widely tunable solid state 

material used as gain medium for lasers that generate femtosecond (fs) pulses through passive 

mode-locking, generally via the Kerr-lens mode locking method175.The Ti3+ transitions broadened 

by the sapphire crystal field are responsible for the lasing action and provide enough broad gain 

bandwidth and a well-separated fluorescence emission spectrum ranging between 600 nm and 

1000 nm176. However, the direct amplification of laser pulses with the corresponding nonlinear 

effects would yield high peak power and would consequently damage the optical components in 

the Ti:Sapphire laser. To maintain the power density in the amplifier cavity below the damage 

threshold, the chirped pulsed amplification (CPA) method is applied. This was first introduced 

by Donna Strickland and Gérard Mourou in 1985177, both of whom were awarded the 2018 Nobel 

Prize in Physics for successfully developing very intense and ultrashort laser pulses via CPA.  

The CPA method implies that ultrashort laser pulses are primarily stretched in duration 

using a grating pair, prior to amplification. Then, the amplified stretched pulses are compressed 

back to their original duration (Figure 4.1). In this way, laser radiation with energies ranging 

from µJ to mJ is provided and this is sufficient to pump tunable optical parametric amplifiers in 

which light of different wavelengths can be produced177.  

  

 

Figure 4.1 Principle of the CPA technique used to amplify low energy, short duration pulses177. 

 

At kHz repetition rates, tunable femtosecond pulses with µJ energies in the mid-infrared 

(mid-IR) wavelength region between 3–20 µm are produced via a two-stage process including 

optical parametric amplification (OPA) and difference frequency generation (DFG) in materials 

characterized by second order nonlinearities161,162. Femtosecond ultraviolet (UV) pulses were 

obtained through sum-frequency mixing (SFG) of the intense 800 nm pulses originating from a 

regenerative Ti:Sapphire laser system with visible (VIS) pulses produced in a home-built non-

collinear optical parametric amplifier (NOPA)160 or via frequency-doubling of second harmonic 

i.e. fourth harmonic of a signal pulse (FHS) in commercially available laser systems.  

 
Experimental       
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This chapter offers complete description of the laser system and the nonlinear frequency 

conversion processes used to perform the femtosecond UV-pump/IR-probe experiments.  

 

4.1 The Laser System  
 

A scheme of the Ti:Sapphire femtosecond kHz laser system operating based on CPA technique, 

used to design the pump-probe experiments, is shown in Figure 4.2. The commercial amplified 

laser system from Spectra Physics is composed of a Tsunami Ti:Sapphire oscillator and a Spitfire 

Pro regenerative amplifier with two external amplification stages. Initially, a diode-pumped, 

intracavity frequency-doubled Nd3+:YVO4 laser pumps the oscillator with a continuous-wave 

output at 532 nm. The mode-locked Ti:Sapphire oscillator generates pulses of about 0.6 mJ at a 

repetition rate of 80 MHz, centered at a wavelength of 800 nm and with duration of 50 fs, which 

are then transmitted through a Faraday isolator which absorbs the back-reflected pulses 

generated in the amplifier cavity in order to protect the optical components.  

 

 

Figure 4.2 Structural outline of the laser system used for UV-pump/IR-probe experiments. 

 

Pulse selection for the amplification stage is controlled by activation of the first Pockels 

cell and is performed by using its rotating polarization features coupled with a passive quarter 

waveplate. If the Pockels cell is inactive when the pulse (initially) arrives and then it gets 

activated before the pulse will be reflected into the cell, the polarization of transmitted light 

remains unchanged and therefore the pulse is selected to be retained in the amplifier cavity, 

where it needs about 20-25 round trips to be optimally amplified. The first Pockels cell filters 

only the kHz pulses for amplification by feeding an oscillator pulse every millisecond, while 

preventing the other MHz pulses to pass through. The Ti:Sapphire crystal in the regenerative 

amplifier cavity is fed with the selected kHz pulse and pumped by an intracavity frequency-

doubled Nd3+:YLF laser operating at 1 kHz and delivering pulses of 250 ns (see Figure 4.2) in 

duration and an output energy of 15 mJ at a wavelength of 527 nm. Once the pulses reach the 
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maximum energy of 3.4 mJ, they are further amplified in a two-pass Ti:Sapphire booster stage 

that is pumped with average energy of 10 mJ by a second Nd3+:YLF laser operating at 1 kHz, 

and subsequently the pulses are released into the compressor chamber. 

The CPA technique177 introduces phase and amplitude distortions and thereby prevents 

an optimal recompression of the laser pulse. When a light pulse hits the diffraction grating, it 

undergoes dispersion, which means that wavelength/frequency light components are spatially 

separated. The different frequencies are sent to slightly different locations and hence delayed by 

directing the dispersed spectrum through a combination of optical components or typically 

towards the same diffraction grating. Group velocity dispersion (GVD)156 or chirp is a second-

order dispersion phenomenon involving the delay or advance of light components relative to 

each other and is related to the derivative of the first-order inverse group velocity with respect 

to frequency. The positive GVD/chirp effect means that low-frequency light components i.e. red 

wavelengths travel faster than the high-frequency components, i.e. blue wavelengths, and 

therefore the laser pulses are stretched. In contrast, pulse compression of a negative GVD/chirp 

occurs when the spatially scattered beam is reversed, so that higher frequencies take less time to 

travel relative to lower frequencies, allowing blue wavelengths to overtake red ones.  

Therefore, compressed laser pulses are generated with 5 mJ energy at a repetition rate of 

1 kHz, centered at 800 nm and 50 fs pulse duration. The resulting pulses are split into two by a 

beam-splitter such that 2−2.4 mJ of the pulse energy is used for generating ultraviolet (UV) 

pulses in a commercial TOPAS-C (Model 800-fs from Light Conversion), while 250−300 µJ of 

the input pulse energy is transmitted through a home-built, double-pass OPA to generate widely 

tunable (3 to 10 µm) mid-infrared (mid-IR) light. 

 

4.2 Nonlinear Optical Frequency Conversion 
 

Nonlinear optical frequency conversion involves energy transfer between light waves at distinct 

frequencies via optical nonlinearities in χ(2) crystals155,156, therefore enabling complete tunability 

for the two-color pump-probe spectroscopy experiments performed in this thesis. Non-resonant 

nonlinear optical processes including second harmonic generation (SHG) and sum frequency 

generation (SFG), that are frequency up-conversion processes, and optical parametric generation 

and amplification (OPG/OPA) and difference frequency generation (DFG) have been employed 

to convert the amplifier output pulses in the UV and mid-IR carrier wavelength regions. 

 

4.2.1 Generation of Femtosecond Ultraviolet (UV) Pulses 
 

To generate femtosecond ultraviolet pump pulses used for electronic excitation, a commercial 

two-step optical parametric amplifier (the TOPAS-C, Model 800-fs from Light Conversion) of 

white light continuum (WLC) is utilized. This one compact unit is made up of various optical 

components, computer-controlled translation, and rotation stages, and implies more processes: 

the delivery of the 800 nm pump pulse by use of splitting optics, pre-amplification of WLC, 

expansion and collimation of the pre-amplified signal pulse and a power amplifier or the second 

amplification step. The horizontally polarized 800 nm pump with pulse energy of around 2−2.4 

mJ is separated in two parts with a beam-splitter BS1 (see Figure 4.3): a small fraction (≈ 15%) 

is transmitted and used for first or pre-amplification of WLC, while a larger fraction (≈ 85%) is 

reflected and used later for the power amplification step.  
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Figure 4.3 Schematics of TOPAS-C, Model 800-fs which produces laser pulses of about 50 fs 

that can be tuned to ultraviolet (UV) wavelengths between 295 and 400 nm through frequency 

doubling of second harmonic of the signal pulse by using optical frequency mixers S1 and S2. 

M/L: mirror/lenses; λ/2: Zero-order half-waveplate; BS: beam-splitter; A0&A1: diaphragms; 

WLC: white light continuum; DP1-2: Brewster angle plates; DM: dichroic mirror; S&I: signal 

and idler pulses; BBO: β-barium borate nonlinear optical crystal; SHS: second harmonic of the 

signal pulse; FHS: fourth harmonic of the signal pulse. 

 

The transmitted beam passes through the telescope (L1−L2) in order to match its size 

with the apertures of the two Brewster angled plates (DP1−2). The two plates are rotated using 

a dedicated software package from computer in opposite directions by a few degrees around the 

Brewster angle so that an adequate temporal delay between the first pump pulse and the WLC 

(seed pulse) is obtained. Then, beam-splitter BS2 transmits ≈ 2% of the first pump beam which 

is then polarization rotated by 90° with a half-waveplate (λ 2⁄ ) and focused (L3) into a sapphire 

plate for generating WLC that expands in the near-infrared frequency spectrum via self-phase 

modulation. The lens L4 is used to focus WLC into the BBO1 crystal and the dichroic mirror 

DM1 mixes the other fraction (≈ 13%) of the first pump beam with the WLC by transmitting 

the first beam while reflecting the second one. The retro-reflector (M1 and M2) is computer-

controlled and is used to adjust the temporal overlap between the pump and WLC in the BBO1 

crystal, where the non-collinear optical parametric amplification (NOPA) process takes place. 

In this way, a pre-amplification of the WLC beam occurs in the nonlinear crystal using the first 

pump beam reflected from beam-splitter BS2.  

The non-collinear geometry is useful to simply separate the pre-amplified signal beam 

generated in BBO1 from the residual idler and pump beams. The resulting signal pulse is highly 

divergent and therefore needs expansion and collimation before power amplification step takes 
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place. The mirrors M5 and M6 are used to transmit the signal beam into the telescope (L6−L7) 

where beam size adjustment and collimation occur. Next, the signal is transported into the 

nonlinear BBO2 crystal (see Figure 4.3) by passing through the dichroic mirror DM2 which 

also reflects the bulk fundamental 800 nm (≈85%) needed to amplify the signal beam in the 

nonlinear crystal. The lens-mirror telescope (L8−M10) enables the pump beam size to be 

reduced and thus tailored to the signal beam size. Both pump and signal beams are collinearly 

mixed in BBO2 crystal where parametric amplification occurs. As an outcome, the TOPAS-C 

provides collinear and well-collimated vertically polarized signal pulses which can be tuned 

from 1.2 to 1.6 µm and horizontally polarized idler pulses, tunable between 1.6 and 2.4 µm.  

The spectral tunability of signal and idler pulses is achieved by fine-tuning the delay 

time between WLC and first pump pulse coupled with the angle optimization of the nonlinear 

crystals for proper phase-matching. To expand the tuning range in UV or IR spectral regions, 

the frequency mixer stages S1 and S2 have to be used. The second harmonic of either signal or 

idler pulse is generated in the type-I phase-matching BBO crystal. For an efficient SHG of the 

signal beam, the crystal must be rotated in the horizontal plane while for the idler beam it must 

be in the vertical plane. This means the rotation axis of the crystal holder is vertical for signal 

and horizontal for idler for the configuration where a Berek polarization is included as well. 

Therefore, to generate near-UV pulses, i.e. 290-400 nm, used to electronically excite (S0 → S1) 

the photosensitive molecule, SFG is used and the generated signal pulse is transmitted through 

both mixer stages, where it is frequency doubled twice in a row, so that the fourth harmonic of 

the signal (FHS) is generated in the type-I phase-matching BBO crystal.  

 

4.2.2 Generation of Femtosecond Infrared (IR) Pulses 
 

To generate ultrashort pulses of 150-200 fs, tunable in the mid-infrared spectrum from 3 µm and 

10 µm, a home-built, double-pass optical parametric amplifier based on β-barium borate (BBO) 

type-II nonlinear crystal combined with difference frequency generation (DFG) in a gallium-

selenide (GaSe) crystal is used. The horizontally polarized 800 nm pump with a pulse energy 

around 300−350 µJ is divided into three parts by use of the beam-splitter BS1: a small fraction 

(≈2%) of the input beam is polarization rotated by 90° by a half-waveplate (λ/2) and then 

focused by a lens (f=10 cm) into a sapphire plate to generate the white light continuum (WLC) 

that spans the near-infrared frequency spectrum via self-phase modulation. Therefore, this 

fraction functions as the seed pulse. To achieve parametric amplification of the seed pulse, two 

subsequent amplification steps are performed (Figure 4.4): first, the white light radiation and 

fraction of the pump beam (≈13%) are focused, timed, and collinearly overlapped in the BBO 

crystal, where parametric amplification takes place. Then, a major fraction (≈85%) of the 800 

nm fundamental beam is used to drive the second amplification step.  

The pump of the first amplification step is focused by a lens (f=50 cm) and overlapped 

in space and time with the seed pulse in a 4 mm thick BBO type-II phase-matching crystal using 

a translation stage. Signal and idler are separated from the residual 800 nm by a dichroic mirror 

(HR 800 nm, HT S&I). While the horizontally polarized idler beam is transmitted through by a 

polarizing beam-splitter (HR Signal, HT idler), the vertically polarized signal is collimated with 

a concave mirror (radius R=50 cm) and reflected into the BBO crystal in a slightly distinct 

position together with the intense 800 nm pump pulse. Temporal overlap between signal and 

pump is achieved by using an adjustable delay stage where a concave mirror is mounted. The 

800 nm pulse diameter is reduced by a 4:1 telescope (f=20 cm and f=−5 cm) in order to match 
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the signal beam diameter and therefore avoid WLC generation in the BBO crystal (Figure 4.4). 

Employing type-II phase matching in the BBO crystal is a prerequisite to generate amplified 

signal and idler pulses, perpendicular to each other and therefore properly aligned for the 

difference frequency generation step in the GaSe crystal. Signal pulses can be tuned from 1.2 

µm to 1.6 µm, whereas idler pulses are tunable from 2.4 µm to 1.6 µm. This brings an additional 

advantage for the type-II phase matching, meaning that the OPA can be adjusted close to its 

degeneracy point of 1.6 µm and thus enabling small difference frequencies. 

 

 

Figure 4.4 Schematics of the home-built, double-pass OPA and the subsequent difference 

frequency generation (DFG) step used to generate laser pulses of about 150-200 fs, which can 

be tuned in the micrometer range of the mid-infrared spectrum from 3 to 10 µm. The fraction of 

light reflected and transmitted by beam-splitters (BS) is labeled above for each pulse. λ/2: Zero-

order half-waveplate; f: focal length; WLC: white light continuum; S: signal pulse; I: idler pulse; 

HR/HT: high-reflection/-transmission; R: radius of the concave mirror; BBO: β-barium borate 

nonlinear optical crystal; GaSe: gallium-selenide crystal; LWP: long wave-pass filter. 

 

Prior to the DFG step in the 1 mm thick type-I GaSe crystal, the two amplified pulses 

are separated by a broadband polarizing beam-splitter plate and the time delay of idler pulse is 

fine-tuned relative to that of the signal pulse by an adjustable delay stage. Subsequently, both 

pulses are focused by spherical gold mirrors (R=100 cm) into the GaSe crystal where the DFG 

process takes place. In this manner, ultrashort and very stable, horizontally polarized pulses are 

obtained with energies ranging between 0.5 µJ and 2 µJ and a broadband tunability in the mid-

infrared spectrum from 3 to 10 µm.  

The pulse duration depends on the selected frequency. For example, at 5 µm, the pulse 

duration is shortest at about 100 fs FWHM. There are several benefits when using GaSe crystal 
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for the DFG process including a high nonlinear susceptibility, a high-power threshold for optical 

damage, a wide transparency range for both input and output beams as well as high optical 

birefringence for phase-matching in near- and mid-IR and Terahertz (THz) spectral range160,161. 

 

4.3 Femtosecond UV-pump/IR-probe Experiments 
 

The femtosecond pump-probe experiment is schematically illustrated in Figure 4.5.  

 

 

Figure 4.5 Schematics of the femtosecond UV-pump/IR-probe experiment. The purpose of the 

ZnSe wedge is to split infrared light (≈10%) into probe and reference pulses. Gold-coated 

mirrors are designed to provide high reflectance (greater than 95%) for infrared light between 

0.8 and 20 µm. Only the probe pulse overlaps with the pump pulse in the sample cell, while the 

reference pulse is transmitted through a region in the sample where no excitation occurs. The 

generated third-order nonlinear signal is collinear with the probe pulse and is recorded in the 

HgCdTe infrared detector connected at the end of polychromator, where spectral dispersion of 

probe and reference pulses occurs. LWP: long wave-pass filter; λ/2: Zero-order half-waveplate; 

f: focal length; R: radius of the concave gold mirror. 

 

The UV pulses of 50 fs duration initially pass a retroreflector mounted on a variable 

delay stage (Physik Instrumente 12” scan interval, 0.4 µm shortest step range) used to set the 

delay between the pump and the probe pulses. The multi-photon and cross-phase modulation 

signals coming from the solvent molecules and sample cell windows are reduced by elongating 

the UV pulses in time from 50 fs to 300 fs. Pulses are stretched in time by passing through a 3 

cm long-fused silica cell filled with water. To minimize the effect of rotational diffusional 
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motions of molecules on the pump-probe signals, the measurements were performed using the 

magic-angle geometry for the linearly polarized pump (vertical) and the probe pulses 

(horizontal). With a zero-order half-waveplate (λ/2), the pump pulse polarization is rotated from 

orthogonal to the magic angle of ~54.7° with respect to the probe pulse. To reduce the signal 

contributions related to non-resonant interactions with the solvent and cell windows, the pump 

beam is then focused by a lens with focal length f=20 cm such that the sample is placed before 

the focal point of the beam.  

The tunable mid-IR pulses with a duration of 150-200 fs as obtained from the home-

built IR parametric are filtered with a long wave pass filter (LWP) that stops the residual near-

IR light. The mid-IR pulse is then divided into two weaker beams, the probe and the reference, 

using a 0.5 mm thick ZnSe wedge that generates around ≈10% light reflection of the incident 

beam from its front and back surface (see Figure 4.5). The remaining part of mid-IR light is 

transmitted through the wedge, while the energy of its pulses is measured with a power meter to 

verify the overlap of signal and idler pulses required for optimal IR light generation.  

Probe and reference pulses pass through a telescope (2:3) to increase their beam diameter, 

therefore allowing the focal spot size in the sample to be reduced. The spatial profiles of the 

UV-pump and IR-probe/reference beams were determined with the knife-edge method to have a 

diameter of about 170-200 µm in the focal spot of the UV-pump pulse and a diameter of about 

120-150 µm in the focal spot of the IR-probe pulse. This means the samples are homogeneously 

excited and that a homogenous volume is probed. A 30° off-axis gold-protected parabolic mirror 

(f=11 cm) focuses the probe and the reference beams in the sample cell where only probe and 

pump beams overlap, whereas the reference pulse propagates through a region in the sample 

where excitation does not occur. 

The pump pulses are then blocked after being transmitted through the sample while the 

collimated IR beams are focused by another 30° off-axis gold-protected parabolic mirror (f=14 

cm) into the entrance slit of a Jobin Yvon Polychromator (see Figure 4.5) where the beams are 

spectrally dispersed. Depending on the selected light wavelength, the grating setting from the 

LabVIEW software can be adjusted to achieve optimal resolution i.e. in the 3-5 µm wavelength 

range the 300 lines/mm grating is used, for the 5-7 µm range a 150 lines/mm grating setting is 

optimal, while for wavelengths ranging between 7-10 µm, the most suitable grating setting is 

100 lines/mm. The intensities of both the probe and reference spectral components are recorded 

at the same time for each laser shot with a liquid nitrogen cooled double array detector (2x32 

HgCdTe infrared sensitive detector pixels). These pixels behave as photoresistors with their 

resistance decreased once the intensity of the input IR light is increased. The gating signals in 

the detector electronics are synchronized to the laser repetition rate of 1 kHz. A high-speed 16-

bit Analog-to-Digital converter (model DAS-1801-HC from Keithley Instruments) used for 

multi-channel data acquisition on a single shot basis transforms the input analog voltage in a 

digital signal. Measurement sensitivity, i.e. signal-to-noise ratio is substantially improved by 

normalizing probe and reference signals for every single shot.  

The transmission through the excited and non-excited sample is tracked using an optical 

chopper which is synchronized to the Pockels cell of the Ti:Sapphire amplifier and operates at 

half the repetition rate i.e. 500 Hz, thus blocking every second pump pulse.  

In this experimental setup, transient absorbance changes of the order of 10-4 OD can be 

recorded and are therefore calculated by comparing the pump on and pump off shots and 

normalizing relative to transmitted reference pulses (Eq. 4.1). A peristaltic pump is used to 

maintain continuous supply with fresh solution so that a new volume was excited at each laser 

shot, thereby preventing damage to the sample. The solutions were flowed through a Harrick 
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Cell composed of two CaF2 windows of 25.4 mm diameter and 1 mm thickness each, separated 

by a 56 µm thick Teflon® (PTFE) spacer, where the average flow rate was between 0.5−0.9 

ml/s. Measurements were performed at room temperature conditions (22° + 0.5° C). 
        

        ∆A(𝑡, ω) = −log10 {[
I𝑝𝑟𝑜𝑏𝑒(𝑡, ω)

I𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑡, ω)
]

𝑜𝑛

∙ [
I𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑡, ω)

I𝑝𝑟𝑜𝑏𝑒(𝑡, ω)
]

𝑜𝑓𝑓

}        (4.1) 

In order to determine the temporal resolution of the pump-probe experiment and the 

zero-delay time, i.e. the overlap in time between pump and probe pulses, a spectrally resolved 

cross-correlation measurement is performed in a 1mm thick polished ZnSe semiconductor. 

Absorption of the UV pump pulse in the ZnSe leads to the generation of electron-hole plasma, 

which is then probe with mid-IR pulses. Following the interaction, the ZnSe material exhibits 

an instantaneous response and the observed pump-probe signal (𝒮) is proportional to 𝛿(𝜏) (Eq. 

4.2), which is given by the second-order intensity cross-correlation function 𝐼𝑈𝑉(𝑡) and the 

temporal convolution of ZnSe response function, 𝐼𝐼𝑅(𝑡 − 𝜏) as shown in Eq. 4.3. The outcome 

from this cross-correlation measurement is shown in Figure 4.6 and was obtained by exciting 

the ZnSe with the UV pulse centered at 330 nm carrier wavelength, while mid-IR pulses were 

centered at 7250 nm. 

  

 

Figure 4.6 Typical pump-probe signal (blue) recorded from a cross-correlation measurement in 

a ZnSe semiconductor with the IR pulses centered at λ = 7250 nm / �̃� =1380 cm-1. The time 

resolution for this measurement is around τ = 300 – 350 fs / 0.3 – 0.35 ps and was determined 

by fitting the first derivative of ZnSe signal (black scatter) with a Gaussian function (red line). 

The time resolution for these pump-probe experiments were determined to be around 

300 – 350 fs by fitting the Gaussian-shaped first derivative function of the ZnSe pump-probe 

signal. In this way, the zero-delay time and the cross-correlation width can be determined for 

any selected spectral position: 
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     𝒮 ∝ ∫ 𝛿(𝜏) 𝑑𝜏

∞

−∞

                                                          (4.2) 

 

     𝛿(𝜏) = ∫ 𝐼IR(𝑡 − 𝜏)

∞

−∞

𝐼UV(𝑡)𝑑𝑡                                             (4.3) 

Dispersion and nonlinear effects that could distort the laser beam profiles are avoided by 

using mostly reflective optics, apart from the ZnSe wedge which splits the IR beam into probe 

and reference pulses and the LWP filter. The ZnSe material is transparent in the mid-IR spectral 

region, particularly efficient at wavelengths above 5 µm region, thus the induced negative group 

velocity dispersion is negligible. Furthermore, to run the pump-probe experiments properly, the 

setup is enclosed in a thick glass box that is constantly purged with nitrogen gas.  The air 

humidity is monitored with a digital thermo-hygrometer until it reaches values in the range of 

0.5 – 1%.  This procedure is employed for preventing the spectral and temporal distortion of the 

mid-IR pulses, which happens when carbon dioxide CO2 or water vapors show resonant 

transitions. As a result of these resonant interactions in the atmospheric air, the propagation of 

mid-IR light over distances of several tens of cm would substantially distort the pulses and 

therefore affect the interpretation of the generated pump-probe signal. There are three 

wavelength regions with intense absorption lines (Figure 4.7) emerging from the vibrational 

modes of H2O and CO2 molecules and these regions dominate the absorption spectrum of air in 

the mid-IR spectral range: bending mode of H2O lies around 1600 cm-1 while the asymmetric 

stretching vibration of CO2 and the coupled symmetric-asymmetric stretching vibrational modes 

of H2O are located around 2300 cm-1 and 3700 cm-1, respectively.  

 

 

Figure 4.7 Absorption spectrum of air at room temperature conditions (22° + 0.5° C) in the mid-

IR spectral range. The IR absorption lines are due to the OH bending vibration of H2O molecules 

located around 1600 cm-1, asymmetric stretching vibration of CO2 located around 2300 cm-1 and 

the coupled symmetric-asymmetric stretching vibration modes of H2O located around 3700 cm-1. 
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Sample Preparation and Experimental Conditions  

 

7HQ–Formate: 7-hydroxyquinoline (7HQ > 99% purity, ACROS Organics) and cesium formate 

(HCOO-Cs+ > 98% purity, Alfa Aesar) were used without further purification. Solutions of 7HQ 

without/with HCOO-Cs+ were prepared in deuterated methanol (CD3OD > 99.8 purity, Deutero 

GmbH) for steady state spectroscopy (UV-Vis absorption, FT-IR and fluorescence emission) and 

for time-resolved experiments (UV-pump/IR-probe spectroscopy).  

7HQ–Imidazole: 7-hydroxyquinoline (7HQ>99% purity, ACROS Organics) and imidazole (Im 

>99% purity, Sigma-Aldrich), imidazolium bromide (ImH+Br>98% purity, Sigma-Aldrich) and 

the imidazole-sodium derivative (Im-Na+, 85%–90% purity, Sigma-Aldrich) were used without 

further purification. Solutions of 7HQ without/with Im were prepared in deuterated methanol 

(CD3OD > 99.8 purity, Deutero GmbH) for steady state spectroscopy (UV-Vis absorption, FT-IR 

and fluorescence emission) and time-resolved experiments (UV-pump/IR-probe spectroscopy). 

For FT-IR measurements on different molecular species of Im, solutions of Im / ImH+Br / Im + 

ImH+Br / Im-Na+ were prepared in methanol (CH3OH>99.8 purity, Sigma-Aldrich) and CD3OD. 

UV-Vis absorption spectra were recorded with a resolution of 1 nm by a Perkin Elmer 

LAMBDA 950 UV/VIS spectrophotometer and FT-IR absorption spectra with a resolution of 2 

cm-1 by a Bruker Vertex 80v FT-IR spectrometer. The fluorescence emission spectra have been 

measured by a Horiba Scientific Fluorolog-3 FL-1039/40 spectrofluorometer. The concentration 

of 7HQ photoacid has been kept to a value of 50 mmol*L-1 in CD3OD for both linear UV-Vis 

and FT-IR measurements, while concentrations of HCOO-Cs+ (Chapter 5) and Im (Chapter 6) 

have been gradually increased. A Harrick Cell supplied with a 56 µm thick Teflon® (PTFE) 

spacer was used to measure the solutions. For the fluorescence (FL) emission measurements, a 

10 mm quartz cuvette was used, for which the concentrations of 7HQ were reduced to values as 

low as 1 mmol*L-1 (for HCOO-Cs+ solutions) and 5 mmol*L-1 (for Im solutions) to suppress the 

reabsorption of fluorescence emission. HCOO-Cs+ has been selected as proton acceptor because 

of its moderate basicity and high solubility to 8.5 mol*L-1 in CD3OD, at ambient conditions.  

 The spectral resolution for the UV-pump/IR-probe experiments was 1.8 cm-1 and 2 cm-1 

for the samples measured using the mid-IR central frequencies of 1380 cm-1 and 1450 cm-1 

(these correspond to the fingerprint region of 7HQ), respectively, and 3 cm-1 for the experiments 

using mid-IR central frequency of 1740 cm-1 to probe the C=O stretching mode of formic acid, 

HCOOD. 
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The photoinduced intermolecular proton (H+) transport dynamics of the bifunctional photoacid 

7HQ and the carboxylate base cesium formate (HCOO-Cs+) in polar protic deuterated methanol 

(CD3OD) solvent are discussed using femtosecond UV-pump/IR-probe spectroscopy experiments 

and molecular dynamics (MD) simulations.   

 

5.1 Proton Transport Pathways of 7-Hydroxyquinoline (7HQ) 
 

7-Hydroxyquinoline (7HQ) is a versatile molecular system that, subsequent to electronic 

excitation, exhibits both photoacid and photobase properties through its H+-donor hydroxy –OH 

group and its H+-acceptor quinoline nitrogen (N) atom, advancing the study of intermolecular H+ 

transport dynamics and directionality in polar protic solvents such as water or methanol, over a 

well-defined distance of 5Å54. This work is motivated by the previous time-resolved studies of 

7HQ in CD3OD56 and water-methanol solvents mixtures57, in which proton vacancy transport 

mechanism (Pathway II, in Figure 5.1, (a)) dominates the overall intermolecular H+ transport 

dynamics of 7HQ in such environment. In this picture, the quinoline nitrogen lone pair receives 

the H+ from water or methanol, leading to a transformation of the initially excited neutral 7HQ 

(N*) into a cationic 7HQ (C*), followed by hydroxide/methoxide (OH-/CH3O-) transport toward 

the hydroxy –OH group of 7HQ, where the net H+ transport is completed, generating the excited 

zwitterionic 7HQ (Z*). This means that N*→ C* is the rate-determining step and the ensemble-

averaged time constants for the N*→ Z* reaction span from ~351 ps (only CD3OD solutions) to 

~110 ps (for the highest water content solutions)57.  

With the addition of sub-molar concentrations (~0.5 mol*L-1) of a strong base (sodium 

hydroxide, NaOH, pKb~16.2 in CD3OD146), the ensemble-averaged time constant linked to the 

photoinduced A*→ Z* conversion (where A* results from a H+ transfer to NaOH) was derived to 

be ~600 ps56. However, without the NaOH base, N*→ A*→ Z* reaction pathway (Pathway I or 

excess proton transport, see Figure 5.1, (a)) does not prevail. 

Given this observation, the aim of this work is to determine the extent at which a HCOO- 

base, that has a relatively moderate basicity (pKb~3.75 in H2O, ~8.77 in CH3OH and ~9.27 in 

CD3OD146) would accelerate the H+ transfer from the –OH group (7HQ) to the HCOO- anion, 
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which translates into N* + HCOO- ⇄ A* + HCOOH. In other words, we intend to steer the H+ 

transport dynamics away from proton vacancy transport (Pathway II) to excess proton transport 

mechanism (Pathway I), in a quantitative way, which unequivocally implies that Pathway I will 

be predominant (Figure 5.1, (a)). 

 

Pathway I: EXCESS PROTON TRANSPORT 

 

Pathway II: PROTON VACANCY TRANSPORT  

 

Figure 5.1 (a) Intermolecular proton (H+) transfer pathways of 7HQ and formate anion (HCOO-) 

in methanol (CH3OH). While Pathway II (proton vacancy transport) does not involve a direct 

participation of HCOO- anions, HCOO- can only be actively involved in the intermolecular H+ 

transfer reaction of 7HQ, acting as an alternative “carrier” for the H+ transport in the Pathway I 

(excess proton transport). (b) Two-dimensional molecular representations of “tight” (contact) 

and “loose” (solvent-separated) ion pairs for Cis-7HQ and Trans-7HQ with HCOO- in CH3OH. 
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Based on the HPTS-acetate time-resolved experiments in water34,35,38-40, we are interested 

to explore the possibilities of observing transient complex structures such as “tight” and “loose” 

ion pairs formed with 7HQ and HCOO- in methanol (CH3OH). “Tight” or contact ion pairs are 

acid-base reactive complexes where H+ transfer proceeds without the need to overcome an 

energetic barrier, in a configuration like the 7HQ⋯-OOCH (Figure 5.1, (b)). When one solvent 

molecule “bridges” the 7HQ photoacid and the negatively charged HCOO- anion, H+ transfer 

may proceed in a sequential way, in a complex such as 7HQ⋯CH3OH⋯HCOO-. These ion pairs 

can be formed, of course, for both Cis-7HQ and Trans-7HQ isomers. 

Eventually, we explore the possibility of using the HCOO- as an alternative H+ “carrier” 

in order to complete the A*→ Z* conversion via the Pathway I, in particular for Cis-7HQ isomer, 

where the –OH group points toward the quinoline N lone pair of 7HQ (Figure 5.1, (b)). Spatial 

distribution functions of HCOO- anions and CH3OH solvent molecules in the proximity of 7HQ 

are interpreted using the results from the molecular dynamics (MD) simulations. We noticed 

that the HCOO- anions are specifically located close to the –OH group of 7HQ, which means 

that the observed H+ transport dynamics proceeds most of the time toward the negatively charged 

HCOO-. MD simulations support a more accurate interpretation of “tight” and “loose” ion pairs 

and the associated H+ transfer steps by mapping the approximate orientations of the O−H bond 

vector relative to the quinoline heterocyclic aromatic ring. 

 Following electronic excitation of 7HQ, H+ transfer may take place from 7HQ to HCOO- 

and the conjugate formic acid (HCOOH) is formed. Our aim is to determine whether HCOOH 

can further mediate H+ transfer to the quinoline nitrogen lone pair of 7HQ, therefore completing 

the N*→ A*→ Z* reaction. In Trans-7HQ (Figure 5.1, (b)), where the –OH group of 7HQ points 

away relative to the quinoline nitrogen lone pair, HCOOH will not assist H+ transfer toward the 

quinoline site. In this case, a solvent molecule can react by donating a proton to 7HQ. 

 

5.2 Experimental Observations 
 

Steady State: Electronic (UV-Vis) / Vibrational (FT-IR) / Fluorescence Emission  
 

Acid-base equilibrium in the electronic ground state (S0) is examined via UV-Vis absorption 

spectroscopy. The UV-Vis absorption spectrum of 7HQ stock solution in deuterated methanol 

CD3OD (no HCOO-Cs+ base added) peaks at 330 nm wavelength (Figure 5.2) and corresponds 

to an N → N* excitation of 7HQ, which is of π → π * nature178. As HCOO-Cs+ concentration gets 

gradually elevated from 0.5 M to 4.0 M (mol*L-1), only a small red shift of ~2 nm (the shoulder 

in the UV-Vis spectra) and a ~15% decrease in the optical density (OD) signal are observed for 

the 7HQ solution with 4.0 mol*L-1 of HCOO-Cs+. We infer that this decrease in OD signal is due 

to a mere volume (density) effect and the shift to longer wavelengths of the maximum absorption 

(bathochromic shift) is due to a decrease in energy gap between HOMO and LUMO, thus LUMO 

is stabilized in the electronic excited state. In the same time, interactions of 7HQ and HCOO- with 

the polar CD3OD solvent molecules will contribute to this red shift179. 

Interestingly, in this high range of base (but also acid) concentrations, one would expect 

to detect the electronic absorption bands of anionic A (absorption peak at 367 nm) or cationic C 

(absorption peak at 355 nm) species of 7HQ, as this has been observed and calculated before in 

similar solvent environments56 when strong bases or acids such as NaOH or H2SO4 have been 

added. Furthermore, it has been shown that the neutral N converts into zwitterionic Z in only 

neat aqueous solvent solutions53 and also in water-methanol solvent mixtures57, already in the 
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electronic S0 state. This is not the case here and a quantitative formation of the anionic A or the 

cationic C is not yet evident even for the high HCOO-Cs+ concentrations. We conclude that the N 

species is predominant in S0 (Figure 5.2). This enables a full exploration of photoinduced proton 

H+ transport dynamics of 7HQ as a function of HCOO-Cs+ concentration by using time-resolved 

UV-pump/IR-probe spectroscopy. 

 

Figure 5.2 Electronic UV-Vis absorption spectra of 50 mmol*L-1 7HQ solutions in deuterated 

methanol (CD3OD) as a function of cesium formate (HCOO-Cs+) concentration. HCOO-Cs+ 

concentration is gradually increased from 0.5 M (mol*L-1) up to 4.0 M (mol*L-1). The neutral (N) 

species of 7HQ dominate in the electronic ground state (S0). The decrease in optical density (OD) 

signal amplitude is due to a mere volume effect induced by high HCOO-Cs+ concentrations. 

  

 Figure 5.3 shows the steady state vibrational (FT-IR) spectra of 7HQ solutions prepared 

in CD3OD without (stock solution) and with HCOO-Cs+ added. The spectra are shown here in 

the frequency range of 1260 cm-1 – 1840 cm-1. Since CD3OD is used as the solvent medium, 

one can expect an efficient H/D exchange between the hydroxy –OH group of 7HQ (a phenol) 

and the alcoholic deuterium of CD3OD, leading to formation of 7-deuteroxyquinoline (7DQ)60. 

However, in this work, the 7HQ notation will be used for the sake of simplicity. 

Most of the IR-active vibrations of 7HQ (stock solution, black) in this range correspond 

to C–O–D in-plane bending vibrations, delocalized over the chromophore56 and C–O stretching, 

coupled with the quinoline N ring vibrational modes60. The observed IR-active transitions are 

consistent with the previous experimental observations and the normal-mode analysis of 7HQ in 

CD3OD56: electron density is withdrawn from –OH to the quinoline N ring following electronic 

excitation of 7HQ, leading to C–O bond shortening. C–O–D in-plane bending vibrations are in 

particular characteristic of excited N*, whereas the IR-active modes in the recorded frequency 

region are all associated with deformations (in-plane) of the quinoline ring, characteristic of A*, 

C* and Z* species. Lower frequency IR transitions are specific to hydrogen atoms elongations 

(C–O stretching), while higher frequency IR vibrational modes correspond to displacements of 

the carbon atoms in the quinoline ring backbone, such as stretching mode of quinoline N ring. 
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The recorded frequency region is well-separated from the strong C–H stretch (> 2700 cm-1) and 

O–D stretch (2000-2200 cm-1) modes of 7HQ, and C–D stretch of CD3OD (> 1950 cm-1).    

Most importantly, it can be observed that increasing HCOO-Cs+ concentration from 0.5 

mol*L-1 to 4.0 mol*L-1 does not influence the frequency region of interest (marked with the 

dashed red rectangle, see Figure 5.3), in which the IR-active vibrational modes of 7HQ will be 

probed later in the time-resolved experiments. The coupled IR absorption peaks observed at 

1345 cm-1 and 1375 cm-1 are due to C−O stretching vibration of the HCOO- anion.  

 

 

Figure 5.3 Steady state FT-IR vibrational spectra of 50 mmol*L-1 7HQ solutions in deuterated 

methanol (CD3OD) with HCOO-Cs+ concentration being gradually increased from 0.5 mol*L-1 

up to 4.0 mol*L-1 (top panel). In the bottom panel, it is only 7HQ stock solution in CD3OD that 

is shown to make a distinction between IR-active absorption bands. 7HQ (N) is predominant. 

 

Next, from the fluorescence (FL) emission measurements, insight into the excited-state 

intermolecular proton transfer (ESPT) dynamics of 7HQ photoacid as stock in CD3OD and with 

HCOO-Cs+ can be inferred (see Figure 5.4). These measurements provide information about 

ESPT averaged over nanosecond (ns) timescales. 

Figure 5.4 ((a) and (b)) presents a coupled FL emission of N* (382 nm) and Z* (520 nm) 

species of the stock solution (no base) in CD3OD, resulting from electronic excitation of 7HQ 

at 330 nm wavelength. This means that N* and Z* species have reached equilibrium, following 

an effective ESPT between these two species in the electronically excited state S1 in polar protic 

CD3OD solution, and is in agreement with the previous observations of Park et al. in methanol 

solution178. When small concentrations of HCOO-Cs+ are added to the 7HQ solutions, the signal 

amplitude of FL emission band of N* decreases gradually as the base concentration is increased. 

At highest concentrations of 4.0 mol*L-1, the FL emission of N* decreases to zero (Figure 5.4 

(a)), whereas a new FL emission band that overlaps strongly with Z* but it is clearly blue shifted 

relative to Z*, shows a significant increase in its signal amplitude.  
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Figure 5.4 (a) Raw fluorescence (FL) emission spectra of 1mmol*L-1 7HQ solutions in CD3OD 

(deuterated methanol) with HCOO-Cs+ concentration being gradually increased from 0.2 mol*L-1 

to 4.0 mol*L-1 (in a step of 0.3 mol*L-1). The excitation wavelength is 330 nm. The normalized 

FL emission spectra are shown in (b). Second derivative of raw FL emission spectra, showing 

the hidden FL emission peaks of neutral N*, anionic A* and zwitterionic Z* is shown in (c). The 

ratios between FL emissions of 7HQ stock (no HCOO-Cs+, F0) to the FL emissions of 7HQ with 

HCOO-Cs+ (Fn), as a function of base concentration (n) are shown in (d). A linear logarithmic 

transform function (Log3P1) defined by y=a-b*ln(x+c) is used to fit the data. The derived values 

of the coefficients are a = 58 ± 2, b = 30 ± 2 and, c = 0.3 ± 0.05. 

 

The spectral position of this band lies around 485 nm and is consistent with observations 

of Lee and Jang for 7HQ solutions prepared in water, where they assigned it to the FL emission 

of anionic A* species at 480 nm180. In addition, for 7HQ solution in CD3OD with the addition of 

a strong NaOH base, direct excitation of A has led to A→ A* fluorescence transition, thus the FL 

emission band of A* has been observed at the 470 nm wavelength by Hoffmann et al.56. Still, the 

FL emission of Z* dominates the overall FL emission of 7HQ in these solutions. Correlating this 

with our experimental observations, we point out that when the concentration of HCOO-Cs+ is 

ramped up to 4 mol*L-1, the FL emission of A* species prevails, whereas for low concentrations 

of HCOO-Cs+ base, the overall emission is dominated by the FL emission of Z*. 

Next, second derivative calculations on the raw (measured) FL emission spectra181 are 

used to further disentangle the spectrally overlapping yet distinct A* and Z* emission bands. To 

find the possible detectable peaks and the associated residuals, the raw FL emission spectra in 

Figure 5.4 (a) are initially converted into their first derivatives. The hidden peaks result from 

the reciprocal residuals of the values that have increased above the threshold of the second order 
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residuals. To increase the possibility of detecting contributions from the distinct 7HQ molecular 

species, the second derivative of the raw FL emission spectra is computed. In this way, even the 

small contributions from these hidden peaks can be observed and then assigned to N*, A* and Z*. 

The decomposed spectral contributions d2F/d2λ are shown in Figure 5.4 (c) and corresponds to 

the second derivative of raw FL emission (F) as a function of the detection wavelength λ. The 

three resulting negative peaks can be connected to the FL emission bands of N*, A* and Z* and 

are located at 370 nm, 462 nm and 520 nm, respectively. We notice that increasing HCOO-Cs+ 

concentration does not alter either the spectral shape or the spectral location of N* and Z* species 

FL emission bands, while the d2F/d2λ spectra shows a slight red shift of the FL emission band of 

A* species. At high concentrations of positively and negatively charged ions in solution, the strong 

electrostatic interactions (Coulomb forces) between the excited anion A* and HCOO-Cs+ will 

become significant, thereby leading to such spectral shifts in the FL emission spectra. 

When plotting the ratio of FL emission of 7HQ solution in CD3OD without HCOO-Cs+ 

(F0) against the FL emission of 7HQ solutions with HCOO-Cs+ (Fn), where n represents the 

concentration of HCOO-Cs+, a logarithmic behavior is observed. A linear logarithmic transform 

function defined by y=a–b*ln(x+c) is used to convert the skewed data into a normal distribution. 

The values are a = 58 ± 2, b = 30 ± 2 and, c = 0.3 ± 0.05. The solid blue logarithmic plot in 

Figure 5.4 (d) connects the points in a precise way, meaning that changes in electrostatic 

interactions follow a logarithmic relationship when HCOO-Cs+ concentration is elevated. 

 

Excited State Dynamics: Femtosecond UV-pump/IR-probe Results  
 

Time-resolved UV-pump/IR-probe spectroscopy with femtosecond (fs) temporal resolution is 

employed to examine the excited state intermolecular proton (H+) transport dynamics of 7HQ 

bifunctional photoacid in deuterated methanol (CD3OD) solvent in the absence of a base and 

with increasing molar amounts of cesium formate (HCOO-Cs+).  

 The dynamics of IR-active C–O–D in-plane bending and C–O stretching (coupled with 

quinoline N ring stretching) vibrational modes that correspond to N*, A* and Z* species of the 

photoexcited 7HQ56,57 in the electronic excited state S1, are monitored in the spectral region of 

1400 – 1550 cm-1, whereas the dynamics of the resulting conjugate formic acid (HCOOD) is 

probed through its corresponding C=O stretching mode between 1640 – 1760 cm-1. All these 

vibrational bands have been experimentally observed and calculated with DFT/TDDFT56 and 

explained before by use of Figure 5.3. The comparative overview of the transient UV-pump/IR-

probe spectra obtained for distinct HCOO-Cs+ concentrations at the specified pulse delay times, 

in the two spectral regions is shown in Figure 5.5. 

 The decrease in N* signal amplitude (at 1473 cm-1 frequency) is temporally correlated to 

the increase in Z* signal amplitude (at 1437 cm-1 and 1529 cm-1 frequencies) and is related to the 

deuteron transport dynamics involving the conversion of N* into Z* with an ensemble-averaged 

time constant of 350 ps. The observed spectral positions of these two species are consistent with 

the experimental observations in methanol (where N* is located at 1471 cm-1 and Z* at 1440 cm-1 

and 1530 cm-1, respectively)56 and water-methanol mixtures (N* was detected at 1475 cm-1 and 

Z* at 1440 cm-1)57 and, in addition, a significant transient population build-up of C* species in 

the N*→C*→ Z* pathway is also not observed in the current experiments. 

For low HCOO-Cs+ concentrations (0.5 mol*L-1), the amplitude of N* signal (1473 cm-1) 

at 1 ps pulse delay is less as compared to the stock solution and a transient population build-up 
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of a small yield is observed in the spectral region of 1640 – 1760 cm-1, which corresponds to the 

C=O stretching vibration of the conjugate formic acid HCOOD. This implies that a small fraction 

of photoexcited 7HQ have transferred a deuteron to the formate HCOO- anion, resulting in the 

formation of HCOOD (Figure 5.5).  

 

 

Figure 5.5 Femtosecond UV-pump/IR-probe spectra showing the IR-active C–O–D in-plane 

bending and C–O stretching (coupled with quinoline N ring stretching) vibrational transitions of 

N*, A* and Z* of photoexcited 7HQ56,57 and the C=O stretching of the conjugate formic acid 

HCOOD in CD3OD solutions, as function of HCOO-Cs+ concentration, at specific pulse delays. 

To correlate between the ground state bleaching signals of 7HQ observed in the time-resolved 

experiments and the IR-active absorption bands of 7HQ in S0 and to monitor the IR-active 

modes of carboxylate and carboxylic species, the steady state (linear) FT-IR spectra of 7HQ, 

HCOO-Cs+ and HCOOD, respectively, in CD3OD, are plotted in the lowest panel.  
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At high concentrations of HCOO-Cs+ (2.0 mol*L-1 and in particular for 4.0 mol*L-1), the 

initial amplitude of the N* signal (1473 cm-1) is reduced within the time resolution of our pump-

probe experiments (~0.4 ps) and, simultaneously, a new transient band emerges at the 1435 cm-1 

frequency and also at around 1700 cm-1 (Figure 5.5). We assign the band observed at 1435 cm-1 

to A* as the spectral position is in perfect agreement with previous experimental observations56. 

Also, we noticed that the Z* transient signals at 1437 cm-1 and 1530 cm-1 lose their amplitude as 

HCOO-Cs+ concentration is increased, which may hint that A*→ Z* is halted. 

We also recorded steady state FT-IR spectra of formic acid HCOOH in CD3OD solvent 

to detect the vibrational modes of interest, such as the IR-active C=O stretching vibration (see 

(Figure 5.5, lowest panel). An efficient exchange of O–H bond of HCOOH with the alcoholic 

OD deuterium of CD3OD results into HCOOD species. Therefore, a deuteron transfer from 

7HQ to HCOO- will result in the same species, which allows us to assign the observed transient 

signals at 1700 cm-1 and 1736 cm-1 to the HCOOD molecule.  

Further changes are observed at longer probe pulse delays, including the disappearance 

of N* signal at 1473 cm-1 and the frequency downshift of the initial A* band from 1435 cm-1 to 

1430 cm-1 on a timescale of several picoseconds. The HCOOD species shows a relatively broad, 

double-component band with FWHM of ~ 53 cm-1 in the C=O stretching mode spectral region. 

An interesting observation is that the low-frequency component at 1700 cm-1 exhibits a transient 

population build-up that is persistent up to 1 ns , whereas at longer probe pulse delays, there is 

an additional high-frequency component located at 1736 cm-1 that increases in signal amplitude 

on tens of ps timescales and then decreases on timescales of hundreds of ps (Figure 5.6). From 

the determined temporal characteristics of these two distinct HCOOD species, we assign the low-

frequency component to HCOODTIGHT species (in which H+ is transferred from 7HQ directly to 

the HCOO- anion) and the high-frequency component to HCOODLOOSE species (in which the H+ 

is transferred from 7HQ indirectly to the HCOO- anion via one CD3OD solvent molecule). 

As already observed in the FL emission spectra (Figure 5.4 (b)), we can now conclude and 

confirm from the femtosecond UV-pump/IR-probe results (Figure 5.5) that intermolecular 

proton transport dynamics of 7HQ in CD3OD predominantly follows the excess proton transport 

pathway or Pathway I (Figure 5.1, (a)) when the concentration of HCOO-Cs+ is significantly 

elevated, given the fact that the appearance of both A* and HCOOD species on both timescales 

of  fs and ps hint at a quantitative change of the reaction mechanism, in which the photoexcited 

7HQ follows the N*→ A* reaction pathway. Our next objective is to determine the potential for 

HCOOD to act as a proton (H+) transport mediator and thus help achieve completion of A*→ Z* 

step within the current conditions used in this study. 
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Figure 5.6 The distinct dynamics (pulse delay dependent) of the low-frequency HCOODTIGHT 

component (at 1700 cm-1) and high-frequency HCOODLOOSE component (at 1736 cm-1) in the 

spectral region of C=O stretching mode for the 7HQ solution with 4.0 mol*L-1 concentration of 

HCOO-Cs+ in CD3OD solvent. 

 

Figure 5.7 shows the correlated ultrafast dynamics of photoexcited N*, Z* and HCOOD 

species at 1473 cm-1, 1437 cm-1 and 1490 cm-1, and 1736 cm-1. For the 7HQ stock solution, the 

transient IR band of N* decays with an ensemble-averaged time constant of 350 + 30 ps, as it 

has been determined with a single exponential fit. From low to high HCOO-Cs+ concentrations, 

the N* band decays with ensemble-averaged time constants ranging from ~50 to 5 ps (determined 

with bi-exponential fits). On the other hand, Z* rises with a time constant of 365 + 30 ps for the 

7HQ stock solution, while its rise slows down to 650+60 ps when HCOO-Cs+ concentration is 

ramped up to 4 M (mol*L-1) concentration. The ensemble-averaged time constants are shown in 

Table 5.1. 

We also noticed at longer probe pulse delays that the relative magnitude Z* contributing 

to the transient absorbance changes at both 1437 cm-1 and 1529 cm-1 frequencies is less (Figure 

5.5) with respect to that of A* (detected at 1430 cm-1). This indicates that less Z* is generated, 

which correlates to slower reorientation of O–D bond of HCOOD, thereby delaying the A*→ Z* 

reaction. A clearer correlation is remarked when comparing the dynamics of Z* (1490 cm-1) and 

HCOODLOOSE (1736 cm-1), as it is shown in the right panel in Figure 5.7. With bi-exponential 

decay functions, we determine a slow rise of Z* band of about 550-650 ps (see Table 5.1) that is 

correlated in time with the slow decay of HCOODLOOSE, following an initial rise with ensemble-
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averaged time constants ranging from 55 ps (0.5 M of HCOO-Cs+) to 15 ps (4.0 M of HCOO-

Cs+). 

Only at later pulse delays does the transient signal of HCOOD become more prominent, 

implying that the proton transport dynamics is governed by diffusional motion of HCOO- 

anions toward the hydroxyl group of 7HQ and rearrangements of solvent molecules. Therefore, 

we remark the rise time of HCOODLOOSE species is similar to the diffusion-influenced motions 

of carboxylate bases, such as formate and acetates, in water solutions31,35,40. 

The results obtained from femtosecond UV-pump/IR-probe experiments reveal complex 

reaction dynamics occurring between three distinct molecular species, in which 7HQ photoacid, 

formate anion (HCOO-) and conjugate formic acid (HCOOD) and CD3OD methanol solvent are 

engaged in the ultrafast intermolecular proton transport reaction dynamics.  

 

 

Figure 5.7 Kinetics plots showing the correlated dynamics of N*, Z* and HCOOD species as 

function of HCOO-Cs+ concentration, at selected frequencies. The black curves correspond to 

7HQ stock solution, while the red, orange, green and violet plots correspond to 0.5 M (mol*L-1), 

1.0 M (mol*L-1), 2.0 M (mol*L-1) and 4.0 M (mol*L-1) HCOO-Cs+ concentrations, respectively. 

The bi-exponential fits applied to experimental data (dots) are shown with solid curves. 

 

The reason for which coupled rising and decaying kinetic traces are observed at the 1490 cm-1 

frequency is that the observed transient IR response of Z* (~ 1490 cm-1) vibrational mode 
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overlaps with that of A* (~ 1494 cm-1). The frequency position of these bands, however, have 

been calculated using the TD-DFT methodology56. At early times, we look at the decay of A* 

mode, whereas at later times the Z* band appears on hundreds of ps time scales. That is why 

we will discuss additional singular value decomposition (SVD) routine, required to separate, 

and then analyze individual components corresponding to these vibrational modes. 

Table 5.1 Ensemble-averaged time constants for deuteron transport involving 7HQ and HCOO- 

 

HCOO-Cs+  

(mol*L-1) 

N* decay and  

(ps) 
HCOODLOOSE rise 

(ps) 

HCOODLOOSE decay 

(ps) 
Z* rise 

(ps) 

0 (stock) 350 + 30 (only N* 

decay) 
- - 365 + 30  

     

0.5  50 + 6 

260 + 20  

55 + 7 

 

above 1 ns 380 + 30  

     

1.0 37 + 4 

213 + 20   

39 + 5 

 

above 1 ns 475 + 40  

     

2.0 22 + 3 

120 + 10   

25 + 3 

 

800 + 90 550 + 50  

     

4.0 9 + 1 

47 + 6   

15 + 6 

 

630 + 60 650 + 60  

 

 

Dynamics of “Tight” (Contact) and “Loose” (Solvent-Separated) Ion Pairs 
 

“Tight” (contact) and “loose” (solvent-separated) ion pairs have been identified before and used 

to explain the ultrafast components appearing in the transient IR spectra, in the photoinduced 

intermolecular H+ transport dynamics of HPTS and carboxylate bases in D2O solutions34,35,38-40. 

 Based on this, we address the question whether “tight” and “loose” ion pairs can in fact 

be detected in the time-resolved UV-pump/IR-probe measurements carried out in this thesis. Of 

course, we have to bear in mind that a difference in solvent polarity exist between methanol and 

water as solvent, thereby this has to be considered along with the fact that the concentrations of 

HCOO-Cs+ used in these experiments are relatively higher compared to the methanol solvent. 

 The transient UV-pump/IR-probe spectra recorded at early pulse delays of 1 ps, 10 ps and 

at longer pulse delays of 1 ns for 7HQ solutions in CD3OD without base (as stock solution) and 

with the addition of HCOO-Cs+ are shown in Figure 5.8.  

A clear indication of “tight” ion pairs is obtained from the signal amplitude of N* at 

1473 cm-1 that decreases drastically already at 1 ps pulse delay, while a transient population 

build-up is formed at the 1435 cm-1 frequency, which corresponds to A*
TIGHT species of 7HQ. 

These coupled transient IR signals can be directly linked to the 7HQ⋯-OOCH complexes that 

react instantaneously following the electronic excitation of 7HQ and in which proton/deuteron 

transport proceeds without crossing an energetic barrier. In addition, the existence of “tight” ion 
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pairs can also be inferred by looking in the C=O stretching vibration frequency region, where an 

early time (1 ps) transient population build-up related to the HCOODTIGHT component is located 

at 1697 cm-1 (see Figure 5.5 or Figure 5.6). Thus, the mechanisms observed in the photoinduced 

H+ transport reaction of 7HQ and HCOO- in CD3OD solutions are like the previously reported 

HPTS-carboxylate findings in D2O34,35,38-40.  

 

Figure 5.8 Femtosecond UV-pump/IR-probe spectra recorded at early pulse delays of 1 ps, 10 ps 

and at longer pulse delays of 1 ns for 7HQ solutions in CD3OD without HCOO-Cs+ and with 

different concentrations of HCOO-Cs+. Dotted lines are used to indicate the frequency position 

of N* (1473 cm-1) and to distinguish between A*
TIGHT (at 1435 cm-1) and A*

LOOSE (at 1430 cm-1).  

 

The fraction of “tight” (contact) reaction pairs (N*
TIGHT) can be determined by dividing 

the signal amplitude of 7HQ (with a chosen concentration of HCOO-Cs+) with that of the 7HQ 

stock solution (black spectrum) at 1 ps probe pulse delay, according to the general relation: 

    X𝑛 =
𝑁∗(𝑛)

𝑁∗(stock)
                                                          (5.1) 

 

where n relates to the concentration of HCOO-Cs+ used and X𝑛 represents the mixed amount of 

N*
REMOTE (7HQ molecules not participating in the H+ transfer reaction of 7HQ and HCOO-) and 

N*
LOOSE (which corresponds to 7HQ solvent-separated ion pairs). The total amount of these 

species must be equal to unity, such that: 

 

                   𝑁∗
REMOTE + 𝑁∗

TIGHT + 𝑁∗
LOOSE = 1                                (5.2) 
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 The fraction of N*
TIGHT for 7HQ with 0.5 M (mol*L-1) of HCOO-Cs+ (the red spectrum in 

Figure 5.8) can be then calculated using Eq. 5.1 and Eq. 5.2: 

 

                             X𝑛 =
𝑁∗(0.5 mol ∗ L−1)

𝑁∗(stock)
=

1

1.3
= 0.8 𝑜𝑟 80%                  (5.3) 

 

where a baseline of ~0.2 mOD amplitude signal is subtracted from the measured (raw) transient 

IR signal of N* at 1473 cm-1, i.e. 1.5 (raw) – 0.2 (baseline) = 1.3 (corrected), in the case of 7HQ 

solution (the same baseline correction has been applied for all raw signals).  

 

Given the relation Eq. 5.2, the fraction of N*
TIGHT is ~20%. This is now straightforward 

for all HCOO-Cs+ concentrations. All the derived values for N*
TIGHT are presented in Table 5..  

 

The fraction of N*
REMOTE can be determined in a similar manner as for N*

TIGHT, but at 10 

ps probe pulse delay, using Eq. 5.1. For example, the fraction of N*
REMOTE for 7HQ with 0.5 M 

(mol*L-1) of HCOO-Cs+ (red spectrum in Figure 5.8) is: 

 

                          X𝑛 =
𝑁∗(0.5 mol ∗ L−1)

𝑁∗(stock)
=

1

1.4
= 0.7 𝑜𝑟 70%                (5.4) 

 

Using Eq. 5.2 and knowing that N*
TIGHT = 20%, the fraction of “loose” (solvent-separated) 

reaction pairs (N*
LOOSE) is ~5% for 7HQ with 0.5 M (mol*L-1) of HCOO-Cs+. The results for all 

HCOO-Cs+ base concentrations are shown below in Table 5.. 

 

Table 5.2 N*
REMOTE, N*

TIGHT and N*
LOOSE fractions derived from the kinetics of the N* marker 

mode detected at 1473 cm-1 frequency. The “errors margins” represent the standard deviation of 

experimental data measured for the decay of N* at 1473 cm-1 at the pulse delays of 0.5, 1, 5 and 

10 ps and plotted against the 7HQ solutions with different amounts of HCOO-Cs+. 

HCOO-Cs+ 
(mol*L-1) 

N*REMOTE  

(Error +10%) 

N*TIGHT  

(Error +10%) 

N*LOOSE  

(Error +10%) 

0 (stock) 100 - - 

0.5  75  20 5 

1.0 60  30 10 

2.0 45 45 10 

4.0 20  60 20 

 
We roughly determine that the ratio of N*

TIGHT relative to the N*
LOOSE is 4:1 for all 

concentrations. N*
REMOTE molecules are the ones which did not react yet with HCOO-, yet at 

high molar HCOO-Cs+ base concentrations, these will eventually react with formate anion 

following the “mutual diffusion”31,32,35,40 of 7HQ (N*) and HCOO-. Further, this “mutual 

diffusion” is obviously coupled with the small rearrangements of formate HCOO- anions, Cs+ 

cations and the most closely spaced methanol solvent molecules in order to facilitate proton H+ 

transfer on timescales of a few tens of ps. 
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5.3 Discussion 
 

We further want to assess the relative orientations of HCOO- anions, Cs+ cations and methanol 

solvent molecules in the proximity of 7HQ photoacid by analyzing the molecular distribution 

functions obtained from the molecular dynamics (MD) simulations. We also employ vibrational 

analysis on the C=O stretching mode of conjugate formic acid (HCOOD) observed in the 

measured transient UV-pump/IR-probe spectra. Our objective is to explain the reason behind 

observation of a low-frequency and a high-frequency component of the HCOOD species by use 

of linear FT-IR measurements of distinct formic acid species (HCOOH, HCOOD, DCOOD, 

HCOOH13C) in solvents capable of accepting and donating hydrogen bonds, but equally in non-

polar solvents. In the final part, we will use the singular value decomposition (SVD) method to 

identify the principal components in the measured transient UV-pump/IR-probe data matrices 

and thus separate the different IR-active vibrational bands of 7HQ photoacid (given that in the 

measured pump-probe spectra they are mainly overlapped). This approach provides us at least a 

better temporal correlation of the associated proton transport dynamics.  

 

5.3.1 Spatial Probability Distribution of Molecules  
 

Additional information related to molecular arrangements is obtained from the MD simulations. 

The spatial distribution functions (SDFs) (Figure 5.9) reveal the probabilities to find distinct 

particles in a certain position in space in the proximity of a fixed reference system, such as the 

7HQ photoacid in the current case. 

 Figure 5.9 (a,b) shows the highest probable locations of formate (HCOO-) and of the 

cesium (Cs+) cations for 7HQ solutions with 2.0 M (mol*L-1) HCOO-Cs+ in methanol (MeOH). 

We remark that the HCOO- anion is predominantly found in the proximity of the –OH 

group of 7HQ, as indicated by the relative localization of its two oxygen (O) atoms (represented 

with the double-layer blue isosurface) in the plane of the aromatic ring of 7HQ. The strongest 

hydrogen bond interactions between –OH group of 7HQ and the negatively charged HCOO- 

anion occur at ~200 pm. The number of interactions via hydrogen bond increases with ~52 % 

when the base concentration is increased from 0.5 mol*L-1 to 4.0 mol*L-1, whereas the 

probability of hydrogen bond interactions between –OH of 7HQ and the hydroxy –OH group of 

MeOH decreases with ~45 %. Therefore, the number of 7HQ⋯-OOCH “tight” (contact) ion 

pairs increase with base concentration and is well correlated with the experimental observations 

in Figure 5.5. 

The probability of finding Cs+ nearby the quinoline nitrogen lone pair is represented by 

the red isosurface. We also note that Cs+ cations are localized around the –OH of 7HQ, yet their 

highest occurrences are found at distances of ~750 pm and at an angle of either 0° or 180°. In 

this case, the Cs+ cations are preferentially located above or below the aromatic ring of 7HQ. 

This results in weak interactions between Cs+ and 7HQ in the plane of 7HQ, in particular in the 

locations where hydrogen bond interactions and the subsequent proton transfer occur.  

The oxygen atom in the –OH group of MeOH is preferentially located in the proximity 

of the –OH group of 7HQ (Figure 5.9 (c,d)). Due to the existence of Cis-7HQ and Trans-7HQ 

isomers, –OH group in MeOH will interact differently relative to orientation of the –OH of 7HQ. 

Since we observe from the SDFs that a high probability for both HCOO- and MeOH to interact 

with 7HQ exist, we conclude that both the oxygen atoms in HCOO- and also the oxygen atom in 

MeOH serve as acceptor sites for the acidic proton in the –OH group of 7HQ. 
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Figure 5.9 Spatial distribution functions (SDFs) of Trans−7HQ (a,c) and Cis−7HQ (b,d) with 

2.0 M of cesium formate HCOO-Cs+ (a,b) and methanol MeOH (c,d) in the proximity of 7HQ, 

where the red isosurface is the cesium Cs+ cation, the oxygen (O) atoms of formate are depicted 

with blue, while yellow and green isosurfaces are the hydrogen atom (H) and O atom of MeOH, 

respectively. Isovalues:  1.5 nm-3 for Cs+; 3.0 nm-3 for HCOO-; 25 nm-3 for O and H of MeOH. 

 

Now, to obtain a more quantitative picture of the preferred binding directions of the –OH 

group of MeOH and of oxygen atoms in HCOO- relative to 7HQ solute, the SDFs are projected 

on the molecular plane of both Cis-7HQ and Trans-7HQ isomers: the average particle densities 

are shown for MeOH in Figure 5.10 (a), for HCOO- in Figure 5.10 (b) and for Cs+ cation in 

Figure 5.10 (c).  

The average particle density is represented through the color scale of the graphs at a 

particular location relative to the uniform density. At this point, we analyze the plane projection 

of the simulation cell defined by the quinoline ring plane of 7HQ.  

Figure 5.10 (a) reveals that the highest particle density of MeOH is found nearby –OH 

of 7HQ for both Cis-7HQ and Trans-7HQ and that only the oxygen atom in MeOH interacts with 

the –OH group of 7HQ because the O–H bond vector in MeOH is oriented on average in opposite 

direction (indicated with arrows) relative to 7HQ. A weaker interaction can also be noted at the 

quinoline nitrogen lone pair, where the O–H bond vector of MeOH points more towards 7HQ. 

The orientation of oxygen atoms in the HCOO- anion relative to 7HQ is inferred from 

Figure 5.10 (b), where we note that the highest particle density is found in the closest proximity 

of the –OH group of 7HQ, as well for both Cis-7HQ and Trans-7HQ. The arrows indicate how 

the oxygen atoms in HCOO- align toward the –OH group of 7HQ. If we look at the values on 

the color scale, we can readily conclude that the interactions of HCOO- are roughly four or five 

times stronger compared to MeOH interactions with the –OH group of 7HQ.  
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Figure 5.10 Average particle density of MeOH solvent (a,b), formate HCOO- anion (c,d), and 

of the Cs+ cation (e,f) nearby a Trans-7HQ (left column) or Cis-7HQ (right column). The color 

scale indicates the average particle density. The arrows indicate the most probable orientation of 

the O–H bond vector of MeOH and the center of mass vector of HCOO- in a simulation of 7HQ 

and 2.0 M (mol*L-1) HCOO-Cs+ dissolved in MeOH. 

 

As already mentioned before, Cs+ cations have not been found in the molecular plane of 

7HQ, therefore significant interactions at the –OH site of 7HQ are not observed. Interactions of 

Cs+ with 7HQ (Figure 5.10 (c)) are at least six times less probable to occur compared to HCOO- 

anion and two times compared to MeOH solvent, as the color scale reveals. On the other hand, 
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the particle density of Cs+ cations in the proximity of the quinoline nitrogen lone pair of 7HQ is 

the highest compared to HCOO- and MeOH. 

 Whereas Cs+ cations do not have an orientation preference relative to 7HQ, the formate 

HCOO- anion orientation relative to the –OH group of 7HQ is relevant to visualize the type of 

hydrogen bond interactions occurring between chromophore and the base. Formate is localized 

in the solvent for Trans-7HQ (in which the O–H bond vector of 7HQ is oriented in the opposite 

direction with respect to the 7HQ aromatic ring backbone), but it can also take part in the proton 

relay pathway (with or without methanol MeOH solvent molecules involved), which connects 

the –OH group and the quinoline nitrogen lone pair of 7HQ, for the Cis-7HQ isomer (when the 

O–H bond vector of 7HQ is oriented along the direction of the proton relay pathway). 

Since no noticable differences were observed in the results for the variety of HCOO-Cs+ 

concentrations used, only the MD results for the 2 M (mol*L-1) concentrations are presented. In 

order to demonstrate this, the radial distribution functions (RDFs) between Cs+ and nitrogen 

lone pair of 7HQ and between Cs+ and oxygen atom of 7HQ for a 2 mol*L-1 concentration of 

HCOO-Cs+, as well as the integral over these RDFs are illustrated in Figure 5.11. The result of 

these computations is directly related to the interaction strength between Cs+ and 7HQ and will 

therefore underline that increasing HCOO-Cs+ molar concentration up to high values like 2 or 4 

will not affect the overall proton transport reaction dynamics involving 7HQ and HCOO-. 

 

 

Figure 5.11 Radial distribution functions (RDFs) showing the interactions between Cs+ cation 

and the quinoline N atom of 7HQ (black solid line) and Cs+ and the O atom of 7HQ (red solid 

line). The dotted lines are the calculated integrals over these RDFs. 

 

It can be seen that the interaction between Cs+ and 7HQ is weak for both cases because 

of the small values adopted by g(r) (Figure 5.11). Based on the number integrals, we find that, 

on average, only 0.12 Cs+ cations are found within a sphere of 450 pm radius nearby quinoline 

nitrogen atom of 7HQ. In other words, the nitrogen atom of 7HQ is only coordinated by Cs+ for 

around 10% of the time. Within a sphere of 450 pm radius around the –OH group in 7HQ, the 

oxygen atom is coordinated 26% of time by Cs+. The average lifetime of Cs+ cations in a sphere 

located in the immediate proximity of quinoline nitrogen atom of 7HQ is 4.8 ps (continuous) 

and 17 ps (intermittent). The average lifetime of Cs+ cations in a sphere around the oxygen atom 
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of 7HQ is about 6.7 ps (continuous) and 31 ps (intermittent). Considering this, we conclude that 

the interaction between Cs+ cation and 7HQ molecule is not strong. 

 

In addition, the number of methanol solvent molecules solvating each HCOO- anion and 

Cs+ cation can be calculated according to the following procedure → the number of moles (n) in 

one liter of deuterated methanol CD3OD solvent (self-concentration) is: 

 

        𝑛 =
791 g

36.066 g/mol
= 21.93 moles                                (5.5) 

 

where 36.066 g/mol is the molar mass of CD3OD. The concentration (c) in one liter (L) or dm3 

of solvent is: 

 

        𝑐 =
27.726 mol

1 𝑑𝑚3
= 27.726 

mol

 𝑑𝑚3 (L)
                              (5.6) 

 

 From these results, we can determine that for the 7HQ solutions prepared in CD3OD with 

the highest amounts of 4 mol*L-1 of HCOO-Cs+, there exist ~7 solvent molecules solvating 

HCOO- and/or Cs+. Also, in our time-resolved UV-pump/IR-probe experiments we only examine 

ultrafast proton H+ transport dynamics in the first solvation shell of 7HQ photoacid, thus there is 

no particular purpose within this work to interpret how the high base concentration influence the 

solvation dynamics or solvation geometries in the second or third CD3OD solvation shells. 

 

Next, the ratio between Cis-7HQ and Trans-7HQ isomers is deduced from the dihedral 

angle distribution functions (DDFs) computations and the calculated integral over these DDFs 

(see Figure 5.12). We determine that Cis-7HQ molecular configurations are slightly preferred in 

comparison to Trans-7HQ, as this can be inferred from the calculated 57% : 43% ratio.  

 

 

Figure 5.12 Dihedral angle distribution functions (DDFs) of the –OH group of 7HQ (shown on 

the left y-axis) and the integral over these distributions (shown on the right y-axis) 
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Figure 5.13 shows the combined distribution function (CDF) of the RDF of hydrogen 

(H) atom in –OH of 7HQ and oxygen (O) atom in the –OH group of methanol (MeOH) solvent 

and, simultaneously, the RDF of H atom in the –OH group of MeOH and O atoms in HCOO-. 

 
Figure 5.13 Combined distribution function (CDF) showing the distance (related to hydrogen 

bond interactions) between the oxygen (O) atom in MeOH and hydrogen (H) atom in the –OH 

group of 7HQ and (OMeOH⋯H7HQ) and the distance between H atom in –OH group of MeOH and 

O atoms in HCOO- (HMeOH ⋯ OFormate) for a 7HQ system in MeOH with 2.0 M of HCOO-Cs+. 

 

The analysis of CDF indicates that there is a high probability to form specific molecular 

geometries, such as “tight” (contact) and “loose” (solvent-separated) ion pairs, given that both 

MeOH and HCOO- promote hydrogen bond interactions with the –OH group of 7HQ.  

The horizontal axis shows the hydrogen bond interactions between O of MeOH (OMeOH) 

and H atom in –OH of 7HQ (H7HQ), while the vertical axis relates to hydrogen bond interactions 

of H atom in MeOH (HMeOH) and O atoms in HCOO- (OFormate). The color scale stands for the 

probability of these interactions (Figure 5.13). We note the highest maximum is at a distance of 

~180 pm on both axes and this corresponds to solvent-separated ion pairs, in which MeOH is 

closer than HCOO- the –OH group of 7HQ. This correlates well with the schematic representation 

in Figure 5.1 (b). “Tight” ion pairs (acid-base reactive pairs) are observed through the confined 

values of ~180 pm on the vertical axis of HMeOH ⋯ OFormate and the extended peak spanning from 

~290 pm to ~500 pm on the horizontal axis of OMeOH⋯H7HQ (this implies the O atom of MeOH 

is further away than O atoms of HCOO- relative to 7HQ). We use the CDF results as an excellent 

tool to strengthen our hypothesis on "tight" and "loose" ion pairs and to correlate accurately 

with our findings in time-resolved UV-pump/IR-probe experiments. 

To complete this, Figure 5.14 depicts the hydrogen bond geometries involving the –OH 

group of 7HQ and the oxygen atoms of the HCOO- anion. This shows that at distances spanning 
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from 150 to 200 pm and O7HQ – H7HQ ⋯ OFormate angles between 135° and 180°, hydrogen bond 

interactions as such emerge with the highest probability. 

 

 

Figure 5.14 Combined distance/angle histograms of hydrogen bond geometry between the –OH 

group of 7HQ and the negatively charged oxygen atoms of HCOO-. 

The molecular dynamics simulations revealed that for high concentrations of HCOO-

Cs+, the formate anion is predominantly localized nearby the H+-donor hydroxy –OH group of 

7HQ. In this case, “tight” (contact) ion pairs in which the –OH group of 7HQ and the negatively 

charged oxygen atoms in HCOO- are directly connected via a hydrogen bond (7HQ⋯-OOCH) 

exist in methanol solutions. Additionally, a significant fraction of “loose” (solvent-separated) in 

which a methanol molecule “bridges” the –OH group of 7HQ and oxygen atoms in HCOO- (via 

two hydrogen bonds, such as 7HQ⋯CD3OD⋯-OOCH) are present in solutions. Both “tight” 

and “loose” ion pairs are identified irrespective of the orientation of –OH of 7HQ (Figure 5.9). 

 

5.3.2 Vibrational Analysis of the Carbonyl Stretching Mode 
  

The transient response in the C=O stretching region (see Figure 5.5 or Figure 5.6) indicates 

that “loose” or solvent-separated (7HQ-)*⋯CD3OD⋯DOOCH reaction pairs emerge. After the 

low-frequency HCOODTIGHT appear at 1700 cm-1 within time resolution (~0.4 ps) of pump-

probe experiments, the femtosecond UV-pump/IR-probe spectra show a high-frequency 

HCOODLOOSE component peaking around 1736 cm-1 frequency. This transient IR band of 

HCOODLOOSE emerges with ensemble-averaged time constants spanning from 55 ps (0.5 

mol*L-1 of HCOO-Cs+) to 15 ps (4.0 mol*L-1 of HCOO-Cs+). 
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 We want now to understand more about why we observe a double-frequency component 

structure of the C=O stretching modes of the conjugate HCOOD acid. Some of the reasons may 

include Fermi resonances183, phenomena that are often observed for carboxylic acids184,185, 

and/or distinct magnitudes of the frequency-shifted C=O stretching mode components when the 

hydrogen bond interactions differ, but also when the electrical fields induced by the surrounding 

polar solvent molecules consequently produce frequency shifts in the measured IR spectra. In 

this context, the vibrational transitions split via Fermi resonances may be a result of changes in 

hydrogen bond interactions that subsequently induce frequency shifts186-188. 

Figure 5.15 shows the comparative steady state FT-IR spectra recorded in the carbonyl 

C=O stretching vibration frequency region for different isotopomers of formic acid (HCOOH, 

HCOOD, DCOOD, H13COOH) dissolved in various non-polar solvents, carbon tetrachloride 

(CCl4) and cyclohexane-d12 (CyHex-d12) (shown in panels a and b), polar aprotic solvents like 

acetonitrile-d3 (ACN-d3) and dimethylsulfoxide-d6 (DMSO-d6) (panel c and d), and also polar 

protic solvents, such as deuterated methanol (CD3OD) and deuterated water (D2O) (e and f). In 

this, we investigate how the solvent medium or the 12C/13C isotope exchange alter the spectral 

shape of the C=O stretching band. 

We observe that formic acids are found as cyclic hydrogen-bonded dimers in CCl4, but 

also in CyHex-d12 (see Figure 5.15, panels (a) and (d)), which is due to a lack of intermolecular 

hydrogen bond interaction with the solvent. Hydrogen-bonded acetic acid dimers (which are 

part of the carboxylic acid family, like formic acid) have been observed and investigated before 

with ultrafast infrared spectroscopy189. 

On the other hand, we observe that CD3OD and D2O (with the capability to interact with 

formic acid molecules via hydrogen bonds), but also ACN-d3 and DMSO-d6 (which can only 

accept hydrogen bonds), induce a frequency downshift to the C=O stretching band and reshape 

the peak pattern of this vibrational mode. 

In Fermi resonance, splitting and reshaping of transition bands result from a mixing of 

two vibrational states (the ν = 0 quantum state of one vibrational mode coupled to another ν = 2 

quantum state), thus generating new wave functions as linear combinations of these uncoupled 

modes. Thereby, an increase in the transition cross section of the allowed fundamental transition 

ν = 0 → ν = 2 is converted into an overtone of the forbidden transition ν = 0 → ν = 2184,185,186.  

However, we note that 12C/13C isotope substitution and H/D exchange do not change the 

spectral pattern of the C=O stretching vibration band, but only produce an overall shift towards 

lower frequencies (see Figure 5.15, panels (c) to (d)). Based on these insights, we conclude that 

reshaping and peak splitting detected for formic acid in polar protic solvents do not occur solely 

due to the Fermi resonance phenomenon. We rather claim that distinct interactions via hydrogen 

bonds between formic acid and polar solvents induce changes in the peak patterns, in which the 

distinct solvent polarities and hydrogen bond interactions strengths alter the frequency positions 

and relative ratios in populations of hydrogen-bonded configurations induce variations in peak 

intensities.  

It has been claimed before that the solvent environment influences the orientation of the 

O–H bond vector relative to the carbonyl C=O bond vectors in formic acid. Accordingly, these 

distinct Cis- and Trans- (or “Syn-” and “Anti-“) conformers (Figure 5.16) were shown to differ 

in their C=O stretching frequency position by ~10 cm-1 – 30 cm-1 185,190-192. Using 2D IR and 

linear vibrational spectroscopy (FT-IR) the fractions of Cis- (“Syn-”, in which C=O is oriented at 

an angle of ~60° relative to the O–H bond vector) and Trans- (“Anti-“, where the O–H bond 

vector is anti-parallel relative to the C=O group) configurations were determined to be 70-80% 

and 20-30% in both deuterated acetonitrile (ACN-d3) and deuterated water (D2O) solutions185.  
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Figure 5.15 FT-IR spectra showing the influence of solvent on the C=O stretching peak pattern. 

Distinct isotopomers of formic acid (HCOOH, DCOOD and H13COOH – constant concentration 

of 0.3 M (mol*L-1) are dissolved in carbon tetrachloride (CCl4) (a), cyclohexane-d12 (CyHex-d12) 

(b), acetonitrile-d3 (ACN-d3)(c), dimethylsulfoxide-d6 (DMSO-d6) (d), CD3OD (e), and D2O (f) 

solvents to produce formic acid dimers (non-polar solvents) and formic acid monomers (polar 

solvents) with different peak patterns of the C=O stretching mode. HB stands for hydrogen bond. 
 

 

Figure 5.16 Two-dimensional representations of different conformers of formic acid HCOOD.  

 

Taking into account our findings from the FT-IR measurements showed in Figure 5.15 

and the results of the reported steady state FT-IR spectroscopy and ultrafast 2D IR spectroscopy, 
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we now understand that the double-frequency component of the C=O stretching band originate 

from hydrogen bonding interactions with the CD3OD solvent and, furthermore, distinct formic 

acid configurations (Cis-HCOOD and Trans-HCOOD) could be present in solutions. Still, we 

want to clearly determine whether hydrogen bonding of formic acid to the solvent is the main 

interaction underlying the splitting of the C=O stretching vibrational band 

First of all, we note strong similarities between the splitting of the C=O stretching band 

in the femtosecond UV-pump/IR-probe spectra (Figure 5.5), assigned for conjugate formic acid 

HCOOD (that emerge due to proton transfer from 7HQ to HCOO-) and the band of pure formic 

acid dissolved in polar solvents (Figure 5.15). Therefore, we underline that the observed formic 

acid molecular species are the same in both cases. We also analyzed the SDFs of molecules 

(Figure 5.9 and Figure 5.10) by force-field molecular mechanics computations and concluded 

that a methanol “solvent bridge” (Figure 5.13) that connects the acidic –OH group of 7HQ and 

basic oxygen atoms of HCOO- could be a pathway for proton H+ transport. 

We examine more closely the behavior of formic acid in polar aprotic solvent DMSO-d6. 

Figure 5.17 shows how the C=O stretching band starts to split by changing the mole fraction of 

DMSO-d6 relative to that of a non-polar solvent like carbon tetrachloride CCl4. Our reference in 

the corresponding spectra is the formic acid (HCOOH) solution in CCl4, where we see again the 

single peak that is assigned to formic acid dimers. Indeed, the split of the C=O stretching band 

can already be noticed for the DMSO-d6:CCl4 mole fraction of 10:90, which directly indicates 

that hydrogen bonding interactions occur between the O–H bond of HCOOH and the oxygen lone 

pair in DMSO-d6. 

 

Figure 5.17 Steady state FT-IR spectra recorded for a 0.3 M (mol*L-1) formic acid (HCOOH) 

dissolved in distinct molar amounts of polar aprotic DMSO-d6 and non-polar CCl4 solvents, in 

which the peak pattern of C=O stretching vibration changes as DMSO-d6 solvent concentration is 

increased relative to CCl4. The amount of hydrogen-bonded HCOOH (1736 cm-1) and the strength 

of hydrogen bonding interaction of HCOOH (solute) with DMSO-d6 (solvent) increases when the 

concentration of DMSO-d6 is raised. This underlines why the high-frequency (1736 cm-1) C=O 

stretching mode component appears in both linear and time-resolved infrared spectra. 

Increasing the mole fraction of DMSO-d6 relative to CCl4 leads to spectral shifts to lower 

wavenumbers (shifts on the order of ~15−20 cm-1). This correlates well with an overall increase 

in hydrogen bonding interactions strength due to solute-solvent interactions. Simultaneously, we 

observe an increase in the IR-absorption intensity of the second C=O stretching peak located 
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~1736 cm-1 (for 100% DMSO-d6) that relates to higher probabilities for formic acid to interact  

with the solvent via hydrogen bonding. Since both CD3OD and DMSO-d6 have comparable 

affinities for accepting a hydrogen bond from a formic acid, we can compare these two solvents 

for our interest to explain the experimental observations. For example, the higher-frequency 

component observed at 1736 cm-1 frequency position in the time-resolved UV-pump/IR-probe 

spectra (Figure 5.5) is located at the same frequency position as when we measure formic acid 

in DMSO-d6 (Figure 5.17). This suggests that we observe a formic acid (HCOOD) molecule, 

generated upon deuteron transfer from 7HQ to HCOO- via one CD3OD solvent molecule, which 

is then followed by the decay of this high-frequency C=O stretching component on timescales 

of hundreds of ps. We can now confirm that this correlates well with our hypothesis regarding 

existence of solvent-separated hydrogen-bonded complexes such as (7HQ-)*⋯CD3OD⋯DOOCH.  
Certainly, distinct formic acid configurations and interactions with the polar solvents (in 

the particular case with CD3OD) implies that various ion pairs configurations of 7HQ (N*) and 

HCOO- / 7HQ (A*) and HCOOD exist, and these are significantly dependent on how the –OH 

group of 7HQ is oriented (Cis-7HQ or Trans-7HQ) relative to HCOO-. Similarly to HCOOD, 

the O–H bond vector can adopt two distinct orientations193. In Trans-7HQ, the O–H bond vector 

points away relative to the quinoline aromatic ring system, reducing the probability of HCOOD 

to assist the proton H+ transport toward the quinoline nitrogen lone pair. In Cis-7HQ, the O–H 

bond vector points toward the quinoline nitrogen atom reactive site, increasing the likelihood of 

HCOOD to mediate the second step in H+ transport, thus completing the A*→ Z* reaction step. It 

has been shown that together with protic solvent molecules 7HQ forms a proton relay pathway 

in which N*is converted into Z*, following the overall H+ transfer process194,195. 

 Regardless of which H+ transport mechanism is predominant (excess proton transport or 

Pathway I or proton vacancy transport or Pathway II, see Figure 5.1, (b)), this proton relay 

pathway should not be imagined as a rigid hydrogen-bonded network, but rather as a “solvent 

bridge” where hydrogen bonds are continuously breaking and reforming on timescales of ps.  

For the last part, we want to find correlations in the temporal behavior of the IR-active 

frequency components of photoexcited 7HQ and the C=O stretching band of hydrogen-bonded 

formic acid (HCOODLOOSE). Initial insight into the subsequent partial decay of HCOODLOOSE at 

1736 cm-1 with an ensemble-averaged time constant of ~550 - 650 ps similar with the rise of Z* 

bands of 7HQ suggests that a correlation in dynamics may exist between these two species, in 

particular for Cis-7HQ configuration, where the N*→ Z* conversion will be fully completed. 

 When negatively charged HCOO- anions are added in solution, equilibration of 7HQ for 

the most efficient H+ transport pathway will be slower than the first H+ step in “tight” and “loose” 

reaction pairs. For Trans-7HQ scenario, H+ transfer to HCOO- in a “tight” ion pair will result in a 

HCOOD molecule remotely located relative to the proton relay pathway. In this picture, we can 

exclude a diffusion of HCOOD towards the quinoline nitrogen reactive atom, since this would 

require more than 1 ns (the maximum pulse delay scanning range in our experiments). It is more 

likely that the generated A* (upon N* + HCOO- → A* + HCOOD) will convert into Z* following an 

abstraction of a proton from a CD3OD solvent molecule that is in the nearest proximity of the 

quinoline nitrogen atom of 7HQ. 

 For the Cis-7HQ configuration, the H+ transport from 7HQ to HCOO- will generate the 

HCOOD that can actively take part in the proton relay pathway. These arguments hold for both 

“tight” (contact) and “loose (solvent-separated) reaction pairs. It is now not only important to 

find out the transient population build-up of N*, A* and Z*, but also of HCOOD on the observed 

transient IR signals, but also to determine if a correlation exists in their temporal dynamics. To 

resolve this, singular value decomposition (SVD) mathematical method is employed. 
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5.3.3 Correlated Proton Transfer Reaction Dynamics 

 

Singular value decomposition (SVD) proceeds in three steps57: first of all, decomposition into 

separate components is obtained by applying the SVD routine to the transient IR data matrices. 

From this, a set of singular values results and is then analysed in order to determine the number 

of principal components. Only the components with a few singular values well above the rest in 

the data matrix are selected. Depending on how many principal frequency components exist, a 

kinetic model can be formulated. The linear combinations of SVD components with the resulting 

decay and rise reaction rates (corresponding to the implemented kinetic model) are determined 

by a least-square fitting procedure196. 

By use of SVD, we are mostly focused on comparing the results obtained for 7HQ stock 

solution in CD3OD (no HCOO-Cs+ added) with the 7HQ solution of highest base concentration 

(4.0 mol*L-1) for pulse delay ranging from 1 ps to 1 ns (maximum pulse delay scanning range in 

our experiments). Still, we also compare the intermediate HCOO-Cs+ concentrations in order to 

observe the effect of gradually increasing base concentration. 

 Figure 5.18 (from (a) to (e)) shows the singular values (corresponding to the principal 

components) extracted from our time-resolved pump-probe data matrices for all 7HQ solutions. 

It turns out that 7HQ stock solution has only two singular values, with the first one linked to the 

broadband featureless spectral contribution appearing as a consequence of multiphoton excitation 

of solvent and/or sample cell windows and the second, related to the decay of neutral N* and rise 

of zwitterionic Z* that takes place predominantly via Pathway II (Figure 5.1, (a)), in which the 

preferred conversion pathway is N* → C* → Z* 56,57. As HCOO-Cs+ is increased, a third singular 

value can be observed, already starting from the 1 mol*L-1 concentration, with the most evident 

appearance at the highest 4 mol*L-1 concentration. 

 

 

Figure 5.18 Singular value decomposition (SVD) of femtosecond UV-pump/IR-probe data matrices 

showing the three most significant components for 7HQ solutions: (a) stock solution, then with: (b) 

0.5 M of HCOO-Cs+, (c) 1.0 M of HCOO-Cs+, (d) 2.0 M of HCOO-Cs+ and (e) 4.0 M HCOO-Cs+. 

 

Next, we look at the two-dimensional (2D) SVD maps of the two (for 7HQ stock) and 

three components (7HQ solution with 4 mol*L-1 HCOO-Cs+) in the fingerprint region of 7HQ 

chromophore (Figure 5.19 and Figure 5.20) as well as in the carbonyl (C=O stretching mode of 

formic acid, HCOOD) in Figure 5.21 and Figure 5.22.  

In these 2D SVD maps, we can compare the sum of relevant components with the raw 

transient IR data. For example, Figure 5.20 and Figure 5.22 assigned to the 7HQ solution with 

4 mol*L-1 of HCOO-Cs+ present the transient population build-up of A*TIGHT (“tight” or contact 

reaction pairs) species at 1430 cm-1 (fingerprint region) and HCOODT (“tight”) in the C = O 

stretching region, at 1700 cm-1 as the first (#1) singular value. This correlates very well with our 

observations at early pulse delays (1 ps) in the femtosecond UV-pump/IR-probe spectra (Figure 

5.8) and explains the appearance of “tight” reaction pairs within the time resolution of our 
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experiments (~0.4 ps). We can clearly observe the correlation between the decay of HCOOD 

LOOSE (solvent-separated reaction pairs) at 1736 cm-1 (in Figure 5.22) and rise of Z* species at 

1437 cm-1, 1490 cm-1 and 1530 cm-1 (in Figure 5.20), as the second component (#2) indicates. 

The component #3 shows the decay of N*, correlated with the rise of HCOOD LOOSE. Thus, 

the strong similarities of the temporal components of these vibrational marker modes point at 

correlated population kinetics. 

To describe the proton transfer reaction dynamics, we use the following equations. For 

7HQ stock solution (Figure 5.19) we assume for the transient population decay of N*
REMOTE: 

 

      𝐴(𝑡) = 𝑒−𝑡
𝜏1⁄                                                               (5.7) 

 

and for the transient population rise of Z*
REMOTE FREE: 

 

      𝐵(𝑡) = 1 − 𝑒−𝑡
𝜏1⁄                                                       (5.8) 

Using Eq. 5.7 and Eq. 5.8, we derive an ensemble-averaged time constant τ1=370 + 30 

ps (Table 5.3), that is consistent with previous results reported on 7HQ in CD3OD solutions56,57. 

 

 

Figure 5.19 Two dimensional SVD maps of the 7HQ stock solution in CD3OD (no HCOO-Cs+) 

in the 1400 – 1550 cm-1 (fingerprint) frequency region. The correlated proton (H+) transfer reaction 

dynamics of excited neutral (N*) and zwitterionic (Z*) of 7HQ are shown with black. 
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Figure 5.20 Two dimensional SVD maps of 7HQ solution with 4 mol*L-1 HCOO-Cs+ in CD3OD 

in the 1400 – 1550 cm-1 (fingerprint) frequency region. The correlated proton (H+) transfer reaction 

dynamics of excited neutral (N*) and zwitterionic (Z*) of 7HQ are shown with black. 

 

For the 7HQ solution with 4 mol*L-1 HCOO-Cs+, we will use the following equations: 

for the fraction of “tight” ion pairs, the amount of N* disappearing consequently leads to 

generation of A*TIGHT (Figure 5.20) and HCOOD TIGHT (Figure 5.22), the rate equation is: 

      𝐴(𝑡) = 𝑒−𝑡
𝜏0⁄                                                               (5.9) 

 

where τ0 < 0.4 ps and given that that we analyze the femtosecond UV-pump/IR-probe results 

for pulse delay times > 0.5 ps, we argue that A*TIGHT and HCOOD TIGHT will form well within 

the time resolution of the pump-probe experiments. Then, for N* decay at later pulse delays (in 

accordance with the rise of A*LOOSE and HCOOD LOOSE (Figure 5.22) we use: 

      𝐵(𝑡) = 𝑟 ∗ 𝑒−𝑡
𝜏1⁄ + (1 − 𝑟) ∗ 𝑒−𝑡

𝜏2⁄                                (5.10) 

 

Finally, for the decay of HCOOD LOOSE (in accordance with the rise of Z* (Figure 5.20) that 

is generated through the proton relay mechanism, i.e. cis–7HQ configuration) we use:  

                         𝐶(𝑡) = 𝑒−𝑡
𝜏3⁄ − 𝑒−𝑡

𝜏1⁄                                                       (5.11) 
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Figure 5.21 Two dimensional SVD maps of the 7HQ stock solution in CD3OD (no HCOO-Cs+) 

in the 1670 – 1850 cm-1 (C = O stretching) frequency region. The correlated proton (H+) transfer 

reaction dynamics of excited neutral (N*) and zwitterionic (Z*) of 7HQ are shown with black. 

 

Using SVD, we basically disentangle the correlated proton transfer reaction dynamics 

of the photoexcited species of 7HQ, including the decay of N*
LOOSE, rise of the A*

LOOSE species 

and the dynamics of N*
REMOTE. Here, N*

REMOTE are the 7HQ species that may react with formate 

HCOO- anion at a later stage, following diffusional reorganization dynamics, hence bi-exponential 

functions can properly explain the dynamics of proton transfer reactions. The ratio r in Eq. 5.10 

represents the ratio between N*
LOOSE and N*

REMOTE. 

Despite the rather numerous possible proton H+ transport reaction pathways and other 

possible effects related to bimolecular reaction dynamics, our results provide essential information 

linked to the photoinduced intermolecular H+ transport reaction of 7HQ and formate, HCOO- 

anion, in deuterated methanol CD3OD solutions. All derived ensemble-averaged time constants 

are presented in Table 5.3.  
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Figure 5.22 Two dimensional SVD maps of 7HQ solution with 4 mol*L-1 HCOO-Cs+ in CD3OD 

in the 1670 – 1850 cm-1 (C = O stretching) frequency region. The correlated proton (H+) transfer 

reaction dynamics of excited neutral (N*) and zwitterionic (Z*) of 7HQ are shown with black. 
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Table 5.3 Derived time constants (ps) from the kinetic model inserted in SVD.  

HCOO-Cs+ 

Concentration 

(mol*L-1) 

N* decay (1473 cm-1) 

A* rise (1430 cm-1) 

HCOODLOOSE rise (1736 cm-1) 

(ps) 

HCOODLOOSE decay 

(1736 cm-1) 

(ps) 

Z* (1437 cm-1) 

Z* (1490 cm-1) 

Z* (1530 cm-1) 

(ps) 

0 (stock) 370 + 30 (only N* decay) - 370 + 30  

0.5  171 + 20  > 1 ns 360 + 45  

1.0 150 + 10  > 1 ns 388 + 50  

2.0 82 + 4  860 + 90 430 + 40  

4.0 36 + 2  543 + 50 551 + 50 

 

In conclusion, the photoinduced proton (H+) transfer reactions of 7HQ in deuterated 

methanol (CD3OD) solutions in the presence of cesium formate (HCOO-Cs+) base have been 

explored. For the 7HQ stock solution (no base added) in CD3OD, the predominant pathway is 

the methanolysis pathway (N* → C* → Z*), in which proton/deuteron abstraction by neutral 

excited N* of 7HQ from CD3OD solvent is the rate-determining step. On the other hand, 

increasing HCOO-Cs+ to high molar concentrations stimulates significant amounts of excited 

N* species to follow the excess H+ transfer pathway or N* → A* → Z*. A closer inspection to 

the temporal characteristics N*, Z* and formic acid HCOOD and a detailed analysis of C=O 

stretching mode of HCOOD alterations as a function of solvent environment suggest that a 

fraction of HCOOD molecules is involved in the H+ transport reaction from the –OH group to 

the quinoline nitrogen atom of 7HQ. 
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In this chapter, the dynamics of the photoinduced intermolecular proton (H+) transport of the 

bifunctional photoacid 7HQ and the amphoteric imidazole (Im) molecule in protic deuterated 

methanol (CD3OD) solvent are studied and discussed using femtosecond UV-pump/IR-probe 

spectroscopy and molecular dynamics (MD) simulations.   

 

6.1 Concepts 
 

We now understand how a cesium formate (HCOO-Cs+) base induces quantitative changes in the 

photoinduced intermolecular proton (H+) transport mechanisms of 7HQ in CD3OD solutions. At 

high HCOO-Cs+ concentrations, excess proton transport58 replaces the proton vacancy transport 

mechanism (which is predominant in neat methanol/water solutions)56,57. This involves that the 

–OH group of the photoexcited 7HQ transfers an H+ to a HCOO- anion well before the reactive 

nitrogen atom of quinoline functionality picks it up from the CD3OD solvent. As a result of this 

reaction, a large fraction of conjugate formic HCOOD molecules is generated on a time scale of a  

few hundreds of fs, while at the same time the excited neutral 7HQ N* undergoes conversion to 

the excited anionic 7HQ A* species. However, not much happened after that, such that the next 

transformation of 7HQ A* into 7HQ Z* could not be achieved at high efficiency. We determined 

that the ensemble-averaged time scales required to complete the conversion of N* into Z* via the 

N*→ A*→ Z* excess proton transport pathway fall in the range of ~500-600 ps. 

 In this chapter, the competition between the two H+ transport mechanisms (occurring on 

fs and ps time scales) in the electronically excited state of 7HQ is examined when sub-molar 

and molar concentration of imidazole are added to solutions of 7HQ prepared in CD3OD as 

solvent. Imidazole has an amphoteric character due to its molecular structure – it is composed of 

a basic nitrogen (N) lone pair that can accept a H+ on one side and an acidic N–H covalent bond 

on the other side of the molecule, which makes it possible to release a H+ to another base or a 

solvent molecule (see Figure 1.5). This behavior relates to other amphoteric molecules such as 

water H2O, ammonia NH3, or amines (R–NH2) or even polar protic alcohols such as methanol 

or ethanol (more generally, R3–OH compounds). Therefore, we explore here the possible role of 

imidazole as a versatile candidate in mediating the ultrafast intermolecular proton H+ transport 

pathways of the photoexcited 7HQ, in which the overall H+ transfer reaction time constants are 

 
 
Intermolecular Proton Transport 
Pathways Mediated by Imidazole       
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governed by ultrafast rearrangements of molecules and breaking and formation of intermolecular 

hydrogen bonds for solvent-solvent interactions and equally for solute-solvent interactions.  

 Figure 6.1 illustrates the possible intermolecular H+ transport mechanisms of 7HQ in its 

electronic ground state S0 and the first singlet electronic excited S1 (marked with an asterisk *) in 

methanol CH3OH, in which imidazole reacts with the –OH group and the quinoline N atom on 

of 7HQ under two possible scenarios. Dissociation of an H+ from N* to imidazole (Im) creates A* 

and a protonated imidazole molecule (ImH+) and is characteristic to the excess proton transport 

mechanism or Pathway I, in which the equilibrium relation N* + Im  ⇄ A* + ImH+ is valid. In the 

opposite scenario (proton vacancy transport or Pathway II), C* + Im-  ⇄ N* + Im relates to an H+ 

abstraction from imidazole by N*, forming the cationic C* and a deprotonated imidazole (Im-). 

 

 

Figure 6.1 Intermolecular proton (H+) transfer pathways of 7HQ and Imidazole (Im) in methanol 

(CH3OH) solutions. Pathway I of the electronically excited 7HQ (N*→ A*→ Z*) implies that Im 

and CH3OH receive the H+ from 7HQ, leading to the transformation of Im into a protonated 

imidazole (ImH+). The opposite mechanism, Pathway II (N*→ C*→ Z*), involves that Im will act 

as an acid by releasing a H+ to 7HQ, leading to its transformation into a deprotonated imidazole 

(imidazolate, Im-). Thus, Im can act as an alternative H+ carrier in both H+ transport mechanisms. 

 

 The relative acidity and basicity strengths of the reacting molecular species ultimately 

dictate which proton transport mechanism prevails (Figure 6.1). For example, when imidazole 

acts as a base, the pKa value linked to Im ⇄ ImH+ equilibrium in H2O is 7.05 (experimental)197 

and 6.8 (calculated)198, whereas the same reaction occurs in CH3OH at a pKa of 7.02199, which is 

almost identical to that in H2O. Also, the conversion of Im into a deprotonated imidazole or 

imidazolate (Im ⇄ Im-) takes place at the pKa value of 14.5 in water197 and 14.92 in CH3OH200, 

making Im clearly less acidic than carboxylic acids, such as formic acid (pKa = 3.75 in H2O and 

pKa = 8.77 in CH3OH146), but slightly more acidic than H2O (where pKa of H2O ⇄ OH- is 15) 

and CH3OH (where pKa of CH3OH ⇄ CH3O- is 15.4)57. With these aspects in mind, we might 

anticipate that there is no presumptive preference for either scenario, which means that both H+ 

transport pathways are likely to occur, but the relative fraction of photoexcited 7HQ that will 

follow one H+ transport mechanism or the other, coupled with the associated ensemble-averaged 
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time scales of proton H+ transfer, will be significantly different. The free-energy-reactivity 

framework31,41,61-63 will be of great help for this particular study to determine the H+ transport 

directionality in our solutions by comparing the pKa of H+ transfer reactions in H2O and CH3OH 

and predict the H+ transfer rates144-146 in complexes with pre-formed intermolecular hydrogen 

bonds, such as the solvent separated (“loose”) ion pairs. 

Interestingly, imidazole (Im) can form hydrogen-bonded chains in polar protic solvents 

when the concentration of Im is significantly elevated. AIMD simulations (in the Car-Parrinello 

framework) have successfully assessed the structural properties of hydrogen bonding patterns of 

the solvated Im and Im-H2O system in water. In addition to the hydrogen-bonded Im chains 

characteristic of intermolecular electrostatic interactions, it has been shown that multiple Im 

molecules can be found in “T-shaped” configurations (characteristic of quadrupole-quadrupole 

interactions) in which the N–H bond vector of Im is orthogonal relative to the center of mass of 

a second Im. Interactions through an orbital overlap of heterocyclic aromatic ring π bonds of 

Im, i.e. π–π stacking interactions, have also been noted201. Molecular chains with Im have also 

been observed in liquid imidazole107 and in non-polar solvents202. Another essential feature of 

imidazole (Im), due to its amphoteric nature, is that intermolecular H+ transfer occurs between 

Im molecules via von Grotthuss mechanism, as in water85,86,90,93. Quantum molecular dynamics 

simulations performed in liquid imidazole suggest that H+ transfer generating an isolated/stable 

Zundel-like Im⋯H+⋯Im cation does not take place often, but it rather proceeds according to  

Eigen–Zundel–Eigen scenario, where Im⋯H+⋯Im plays the role of an intermediate complex for 

each Eigen-like Im⋯ImH+⋯Im complex in a more extended hydrogen bond network. In this 

context, the identity of the ImH+ molecule is switched in every cycle105-107.  

In terms of how the hydroxy O–H bond vector of 7HQ rotates, there exist two distinct 

molecular configurations which can be found in methanol solutions: Cis–7HQ and Trans–7HQ. 

For Cis–7HQ configuration, the role of Im molecules may be pivotal in creating a proton relay 

pathway in which the –OH group points towards the quinoline N atom, therefore enabling H+ 

transport more rapidly on this channel. In Trans–7HQ, one Im can interact with the –OH group 

and a second Im with the quinoline N lone pair via direct hydrogen bond interaction or via one 

CH3OH solvent molecule that indirectly connects 7HQ and Im. Now, several scenarios can be 

visualized given the amphoteric nature of all three reacting molecules. The most probable cases 

are schematically illustrated in Figure 6.2. We anticipate that, at high concentrations, the role of 

Im in mediating the H+ transport reaction will be important – our aim is to find out whether this is 

indeed possible and to determine what the underlying molecular mechanisms are. 

Femtosecond UV-pump/IR-probe spectroscopy is employed to elucidate the photophysics 

of the 7HQ-imidazole (Im) system in CD3OD solutions. Electronic excitation of 7HQ with an 

UV pulse (Figure 6.3) leads to redistribution of electronic charge within 7HQ that subsequently 

increase the acidity of the –OH group (O atom is shown with red), thus the pKa
*  in S1 decreases 

significantly, and simultaneously the basicity of quinoline N atom (blue) is increased, hence the 

pKb
*  in S1 increases (relative to pKa in S0). This results in an intermolecular proton H+ transfer 

reaction (1) and/or H+ abstraction (2) along the hydrogen bonds formed between 7HQ and Im. 

The IR probe is used to monitor the transient absorbance changes of IR-active C–O–D in-plane 

bending vibrations, delocalized over the chromophore56 and C–O stretching, coupled with the 

quinoline N ring vibrational modes60 of 7HQ, provided that the transient population build-up of 

the intermediate species is sufficient and that they exhibit distinctive IR spectral marker bands. 
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Figure 6.2 Molecular representations in 2D of “tight” (contact) and “loose” (solvent-separated) 

ion pairs for Cis–7HQ and Trans–7HQ with Imidazole (Im) in CH3OH. In (a), one Im molecule 

interacts via hydrogen bonding (HB) directly with the –OH group of 7HQ, whereas a second Im 

forms a HB with the quinoline N reactive lone pair. Schemes (b) and (c) show HB interactions 

when one CH3OH solvent molecule connects the N–H bond vector of Im with the quinoline N 

atom (while the –OH of 7HQ remains directly H-bonded to Im) and the case when one CH3OH 

is found between the –OH site of 7HQ and the N lone pair of Im molecule (while the N–H bond 

of Im is directly H-bonded to the quinoline N atom), respectively. The case where one solvent 

molecule separates 7HQ and Im at both –OH and quinoline N reactive sites is shown in (d).    
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 Force-field molecular dynamics (MD) simulations have been performed to complement 

the experimental findings through the evaluation of the relative spatial distribution functions of 

molecules (Figure 6.3) and probability of hydrogen bonding interactions. 

 

 
Figure 6.3 Hydrogen bond interactions (optimized geometry from MD simulations) of Cis–7HQ 

and two imidazole (Im) molecules, where one Im interacts with the –OH group of 7HQ (1) and 

the other Im interacts with the quinoline reactive nitrogen (N) lone pair (2). Blue denotes the N 

atoms, the oxygen (O) atom is depicted with red, while hydrogen (H) / deuterium (D) and carbon 

(C) atoms are shown in white and gray, respectively. The UV pump pulse initiates H+ transfer 

(1) and/or H+ abstraction (2), while the IR probe pulse monitors the transient absorbance changes 

of IR-active C–O–D in-plane bending vibrations, delocalized over the chromophore56 and C–O 

stretching, coupled with the quinoline N ring vibrational modes60 of 7HQ. 

 

6.2 Experimental Observations 
 

Steady State: Electronic (UV-Vis) and Fluorescence (FL) Emission Results 

 

In the previous study involving 7HQ and the HCOO-Cs+ base in CD3OD58, we have found that 

neutral 7HQ (N) species are predominant in the electronic ground state S0 even for high base 

concentrations. Now, a similar behavior is observed for 7HQ solutions prepared for this study, 

without imidazole (Im) and with sub-molar and molar concentrations of Im in CD3OD solvent: 

the electronic absorption band of N peaks at 330 nm for the 7HQ stock solution (no Im) and is 

characteristic to the N → N* excitation of 7HQ, which is of π → π * nature183. The 7HQ solution 

with 4.0 mol*L-1 of Im shows a slight decrease of its signal amplitude (optical density, OD) by 

~7.5% (Figure 6.4 (a)). For the highest concentration (6.0 mol*L-1), the decrease is ~13%. This 

happens in tandem with an increase in the electronic absorption OD of a new electronic band 

observed at ~373 nm wavelength. 

 Increasing Im concentration also leads to a ~3 nm red shift for the 6.0 mol*L-1 solution 

(Figure 6.4 (b)): when 7HQ absorbs the photon energy, an electron is shifted from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 

Following the electronic transition, the maximum absorption wavelength is directly dependent on 

the energy gap between these two molecular orbitals. We observe that the maximum absorption 

wavelength shifts to longer wavelengths (bathochromic shift), which implies that the energy gap 

between HOMO and LUMO is reduced, thus stabilizing LUMO in the electronic excited state. 
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In addition, the interactions of solute molecules with the polar CD3OD solvent also contribute to 

the observed red shift183. 

 The emerging band recorded at ~373 nm wavelength was calculated and observed before 

at 367 nm wavelength in CD3OD solutions, in which sodium hydroxide NaOH had been added, 

and has been attributed to the anionic (A) 7HQ species in the S0 state56. We therefore assign this 

electronic band to species A, which is related to the small fraction of 7HQ molecules from which 

a proton (H+) / deuteron was transferred to Im while in S0. We attribute the ~6 nm deviation 

(compared to NaOH study in CD3OD56) to distinct solute-solute and solute-solvent electrostatic 

interactions. Figure 6.4 (c) shows the absorption difference (ΔA) spectra of 7HQ solutions as a 

function of imidazole concentration. ΔA represents the difference between the absorption spectra 

of 7HQ solutions with imidazole (from 0.5 to 6.0 mol*L-1), denoted with AIm, and the absorption 

spectrum of 7HQ stock solution (no imidazole) in CD3OD, denoted with A0: ΔA = AIm – A0. It 

can be observed that the peak at ~373 nm (anionic A species) increases with Im concentration, 

while the bathochromic shift is observed through the increase of multiple peaks from 330 to 355 

nm. However, since a quantitative formation of A is not significant, we can fully explore the 

photoinduced H+ transport dynamics of the 7HQ-Im system by UV-pump/IR-probe experiments. 

 

 

Figure 6.4 (a) Measured electronic UV-Vis absorption spectra of 7HQ solutions (50 mmol*L-1) 

in CD3OD with a gradual increase of imidazole concentration from 0.5 to 6.0 mol*L-1. The N 

(neutral) species is predominant in the electronic ground state (S0) of 7HQ and peaks at 330 nm 

wavelength. A bathochromic shift (redshift) can be observed when the UV-Vis spectra have been 

normalized from 0 to 1 (b). The absorption/optical density difference spectra (ΔA) are shown in 

(c) as function of imidazole concentration: ΔA = AIm – A0, where AIm are the absorption spectra 

of 7HQ solutions with imidazole (from 0.5 to 6.0 mol*L-1) and A0 is the absorption spectrum of 

7HQ stock solution (no imidazole) in CD3OD. 
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The fluorescence (FL) emission measurements provide a first insight into the excited state 

intermolecular proton transfer (ESPT) dynamics involving 7HQ photoacid and imidazole (Im) in 

deuterated methanol (CD3OD) solutions. Figure 6.5 (a) and (c) depict the FL emission of only 

Im dissolved in CD3OD solvent and of 7HQ (without Im, as stock) and 7HQ solutions prepared 

with sub-molar and molar amounts of Im in CD3OD, respectively.   

 

 

Figure 6.5 Fluorescence (FL) emission spectra of Imidazole (Im) and of 7HQ (5 mmol*L-1) 

solutions prepared in deuterated methanol (CD3OD) solvent. Self-quenching of the FL emission 

of Im molecules is observed when Im concentration is increased (a), for solutions prepared with 

only Im in CD3OD. The coupled FL emission of 7HQ (exhibited by N* and Z*) is observed for 

the 7HQ solution with no Im added (as stock). FL emission of Z* is then gradually quenched 

when concentration of 7HQ is elevated from sub-molar to molar (c). Stern-Volmer plots (FQ/F 

ratio between the FL emission in the presence (FQ) and absence of Im quencher (F)) are shown 

for Im solutions in (b) and for 7HQ solutions with Im in (d). For both cases, we observed an 

exponential behavior and used the exponetial function 𝑦 = 𝐴 ∗ 𝑒−[𝐾𝑆𝑉∗𝑥] (𝐾𝑆𝑉 is the Stern-Volmer 

constant) to fit the data. All solutions were excited with λEXC = 330 nm wavelength. 

 

Excitation of Im molecules with 330 nm wavelength leads to a FL emission band located 

at 382 nm. As the concentration of Im is increased from 0.01 mol*L-1 to 6 mol*L-1 in CD3OD, 

the observed FL emission band shows no spectral shifts, but its intensity decreases gradually, 

reaching ~5% of the initial FL emission intensity at highest concentration (Figure 6.5 (a)). We 

assign this to a self-quenching of the FL emission of Im molecules203 and use the Stern-Volmer 

relationship204 to analyze the underlying mechanism. In the Stern-Volmer framework, the FQ / F 

ratio represents the FL emission in the presence (FQ) and absence of Im quencher (F). We set 

that for the 0.01 mol*L-1 Im solutions, the solvent is predominant – therefore, we consider this 

the solution without quencher and related to FL emission F. A downward exponential behavior 

is observed when the FQ / F ratios are plotted as a function of Im concentration (Figure 6.5 (b)). 

When high molar amounts of Im are added, the solvent CD3OD viscosity increases and the Im 

molecules form hydrogen-bonded complexes, which results in a quenching mechanism of the FL 

emission. The exponential behavior in the observed quenching is generally attributed to a static 
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quenching mechanism205. An exponential curve in the form of  𝑦 = 𝑦0 + 𝐴 ∗ 𝑒−[𝑅0∗𝑥] adapted to 

Stern-Volmer conditions for a static quenching mechanism204 (offset 𝑦0 is set to zero) was used to 

fit the the FQ / F data. Replacing the parameter 𝑅0 with the Stern-Volmer constant (KSV) yields 

𝑦 = 𝐴 ∗ 𝑒−[𝐾𝑆𝑉∗𝑥], from which we derived the KSV = 0.5 + 0.05 L*mol-1. 

 The coupled FL emission of N* and Z* species of 7HQ (the black plot in Figure 6.5 (c)) 

is observed when the 7HQ solution in neat CD3OD solvent (stock solution) is excited at 330 nm 

wavelength. The appearance of a dual FL emission band with maxima at 390 nm and 525 nm is 

consistent with the previous observations in methanol56,58,178 and in water-methanol mixtures57 

and indicates that an efficient ESPT occurred between N* and Z* 7HQ species  in the first singlet 

electronic excited state S1.  

Next, we examine how increasing Im concentration causes the FL emission intensity of 

Z* to decrease – thereby, we compare the FL emission intensity of Z* for the 7HQ solutions with 

Im relative to 7HQ stock solution: already at sub-molar concentrations of Im (0.5 mol*L-1), a 

decrease in the FL emission of ~32 % is observed (see the red curve in Figure 6.5 (c)). When the 

concentration of Im is increased further, we find that the FL emission intensity of Z* decreases by 

~75 % and by ~85 % for the 4.0 mol*L-1  solution (dark blue curve) and 6.0 mol*L-1 solution 

(purple curve), respectively. The decrease in FL emission intensity of Z* at 525 nm, coupled with 

the complete vanishing of the FL emission of N* at 390 nm, clearly hints that the excited state 

equilbrium is dominated by Z* species, which results in a faster ESPT involving 7HQ and Im in 

CD3OD solutions when molar concentrations of imidazole (Im) are added in solution. We infer 

that Im interacts with the electronically excited 7HQ through a FL quenching mechanism, which 

means that Im can quench the intrinsic FL emission of Z* and the barrier of the proton transfer 

reaction is lowered compared to 7HQ stock solution in bulk CD3OD. The FL lifetime of Z* in 

neat methanol solutions is ~7.25 ns206, thus increasing Im concentration will have a direct effect 

on the fluorescence lifetime of Z* as Im interacts with 7HQ via this FL quenching. 

   The mechanism of FL quenching of Z* for the 7HQ solutions with Im was analyzed 

again using the Stern-Volmer framework204: the FQ / F ratio shows an exponential behavior (see 

Figure 6.5 (d)). Here, F stands for the FL emission of 7HQ stock solution (no Im) and FQ is the 

FL emission of 7HQ solutions with Im concentrations (from 0.5 to 6.0 mol*L-1). The reason we 

observe a drastic decrease in the FL emission lifetime of Z* when Im is added in solution may 

hint to collisional dynamics between 7HQ and Im, resulting in a non-radiative transition to the 

electronic ground state S0. An exponential curve in the form of  𝑦 = 𝑦0 + 𝐴 ∗ 𝑒−[𝑅0∗𝑥] was used 

to fit the the FQ / F data. Replacing the parameter 𝑅0 with the Stern-Volmer constant (KSV) yields 

𝑦 = 𝐴 ∗ 𝑒−[𝐾𝑆𝑉∗𝑥], from which we derived the KSV = 0.9 + 0.1 L*mol-1. 

 

Excited State Dynamics: Femtosecond UV-pump/IR-probe Results 

 

The femtosecond UV-pump/IR-probe spectra correlated with the ESPT dynamics of 7HQ and 

imidazole (Im) in CD3OD solutions are shown in Figure 6.6. Here, the dynamics of the IR-active 

C–O–D in-plane bending, delocalized over the 7HQ chromophore56, and the C–O stretching 

vibrational modes, coupled with the quinoline N ring vibrational modes60 of 7HQ are monitored 

in the 1320 – 1540 cm-1 spectral region as a function of probe pulse delay and Im concentration. 

The concentration of 7HQ photoacid was maintained at 50 mmol*L-1 in CD3OD, while imidazole 

(Im) was gradually added from 0.5 M (mol*L-1) to 4.0 M (mol*L-1) concentrations.  
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Figure 6.6 Femtosecond UV-pump/IR-probe spectra showing the transient absorbance changes 

of IR-active C–O–D in-plane bending56 and C–O stretching modes, coupled with quinoline ring 

modes60 of 7HQ, as a function of Imidazole (Im) concentration, at selected probe pulse delays 

(from (a) to (f)). Concentration of 7HQ photoacid is 50 mmol*L-1 (black: stock solution), while 

Im concentration is gradually increased from 0.5 M (mol*L-1) (red) to 4.0 M (mol*L-1) (blue). 

The linear FT-IR spectra of 7HQ, Im, ImD+ and Im- in CD3OD solvent are plotted in panel (g). 



6.2 Experimental Observations 
 

- 107 - 
 

The vibrational modes of N*, A* and Z* are assigned based on the previously reported 

ESPT dynamics of 7HQ in CD3OD along with DFT/TDDFT calculations of the normal modes 

for each vibrational mode56. The negative features (for example the one observed at 1510 cm-1) 

correspond to the ground state bleaching (GSB) signals of 7HQ and are related to the amount of 

7HQ molecules promoted from S0 to S1 following electronic excitation. The positive features 

account for the excited state absorption (ESA) signals and are directly related to N (S0) → N* (S1) 

electronic transition and generated photoproducts A* and Z* (Figure 6.6, from panel (a) to (f)). 

The N*, A* and Z* bands of 7HQ are all characterized by in-plane bending vibrational modes of 

C–O–D atoms of 7HQ and in-plane deformation of the quinoline ring60.  

 To correlate between the ground state bleaching signals of 7HQ observed in the time-

resolved experiments and IR-active absorption bands of 7HQ in S0 and to monitor the IR-active 

modes of Im species (ImD+ and Im-), the steady state (linear) FT-IR spectra of 7HQ, Im, ImD+ 

and Im- in CD3OD solvent are plotted in Figure 6.6, panel (g). 

 The black spectrum (see Figure 6.6) shows the transient IR response of 7HQ solution in 

CD3OD with no Im added (denoted as stock solution). For this solution, the proton/deuteron is 

transported from quinoline nitrogen lone pair to the hydroxy –OH group via the proton vacancy 

transport mechanism (see Figure 6.1) or N* → C* → Z*, where C* is the excited cation56,57. The 

decrease in the transient signal amplitude of N* observed at 1370 cm-1 and 1470 cm-1 frequencies 

is correlated in time to an increase in Z* signal amplitude at 1362 cm-1, 1437 cm-1 and 1530 cm-1 

frequencies. These are direct indications of deuteron transport dynamics involving the conversion 

of N* into Z* on an ensemble-average time scale of 355 + 9 ps. 

 Increasing imidazole (Im) concentration from 0.5 M (mol*L-1) (red) to 4.0 M (mol*L-1) 

(blue) leads to an instantaneous decrease in the signal amplitude of N* bands as indicated at 1 ps 

probe pulse delay (Figure 6.6, panel (a)). For the 7HQ solution with 4.0 mol*L-1 of Im, the 

transient population build-up of N* observed at 1470 cm-1 frequency is diminished by about 40% 

as compared to 7HQ stock solution. This means that a proton/deuteron is transferred from N* to 

Im in a “tight” (or contact) 7HQ⋯Im ion pair, leading to the formation of A* with a transient 

population build-up observed at 1428 cm-1 and 1351 cm-1 frequencies. This is consistent with the 

previous assignments of the A* vibrational band at 1435 cm-1 in neat CD3OD solutions56 and with 

the measured A* band at 1430 cm-1 in the case of formate HCOO- solutions58 (see also Figure 5.6 

in Chapter 5).   

 The band observed at 1500 cm-1 is also associated to the quinoline ring vibration of N*60. 

This IR-active mode is intrinsically coupled to the π → π * transition of 7HQ. When 7HQ 

molecules are promoted from the S0 to S1 via Franck-Condon excitation, these will be in an out 

of equilibrium phase relative to the nuclear degrees of freedom linked to this vibrational mode. 

This explains the ~2 cm-1 and ~7 cm-1 vibrational Stokes shifts from 1 ps (Figure 6.6 (a)) to 

100 ps (Figure 6.6 (c)) pulse delay for N* bands of the 7HQ stock and 4.0 mol*L-1 solutions, 

respectively, observed at ~1500 cm-1. Therefore, we argue that the A* vibrational band recorded 

at 1351 cm-1 is 19 cm-1 away from the N* band observed at 1370 cm-1. Another factor which 

makes it distinguishable from that of N* is that the FWHM of A* (~48 cm-1) is about 1.9 times 

larger than FWHM of N* (~25 cm-1), which is also characteristic to the vibrational modes of the 

excited A*, as previously observed and discussed56. 

 Other mechanisms that may contribute to the frequency upshift of the vibrational bands at 

1351 cm-1 and 1500 cm-1 frequency positions at 1 ps pulse delays (and below) are intramolecular 

vibrational energy redistribution (IVR) and vibrational energy relaxation (VER)207,208: the 7HQ 

IR-active C–O–D in-plane bending and quinoline N ring transition frequencies are subject of IVR, 
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meaning that the vibrational energy is redistributed among all vibrational modes of photoexcited 

7HQ and then the excess energy (following the Franck-Condon excitation) is dissipated to the 

surrounding CD3OD solvent molecules through VER. Immediately after the excitation of 7HQ, 

the IR-active bands 1351 cm-1 and 1500 cm-1 shift to higher frequency positions (Figure 6.6 (a)) 

on a time scale of a few tens of fs. Still, we observe that the band at 1351 cm-1 does not change 

its frequency position on a time scale of 1 to 10 ps. Only at longer pulse delays, particularly from 

10 ps (Figure 6.6 (b)) to 100 ps (Figure 6.6 (c)) and onwards, a frequency downshift of ~6 cm-1 

is noted. This longer picosecond dynamics may be an indicative of vibrational cooling effects in 

the S1 state of the excited A* species of 7HQ. 

Now, these experimental findings indicate that an excess proton transport mechanism or 

Pathway I (see Figure 6.1) dominates the ESPT dynamics of 7HQ and Im in CD3OD solvent, 

as proton/deuteron transport takes place via the N* → A* route, forming A* and ImD+. 

 At later pulse delays, i.e. 100 ps, the transient IR signal of A* vibrational mode observed 

at the 1351 cm-1 frequency loses ~25% of its amplitude for the 4.0 mol*L-1 Im solution , whereas 

a small transient population build-up is already observed at the characteristic frequency of Z* 

vibrational mode at the 1530 cm-1 frequency (Figure 6.6 (c)). This fraction of A* molecules can 

eventually convert into Z*, where a second Im molecule may have released its proton to the 

quinoline nitrogen lone pair of 7HQ. This scenario in which an imidazole (Im) reacts with 7HQ 

is more probable given that Im is slightly more acidic (pKa of Im ⇄ Im- is 15.42 in 

CD3OD146,200) than CD3OD (pKa of CD3OD ⇄ CD3O- is 1657) and deuteron pick up by 7HQ (A*) 

from CD3OD typically occurs with an ensemble-averaged time constant of ~600 ps56.  

Simultaneously, we observe a transient IR signal rising in its amplitude at 1377 cm-1. 

Given that in the frequency region of 1366 – 1382 cm-1 no IR-active vibrational modes of 7HQ 

were measured or calculated in CD3OD56,58 or water-methanol solvent mixtures57, we tentatively 

assign the band at 1377 cm-1 to the protonated imidazole (ImD+) molecule, which appears upon a 

deuteron transfer from 7HQ (N*) to Im. No transient population build-up is observed at this 

frequency positon for 7HQ stock solution. Quantum chemical DFT calculations have predicted 

the IR-active band of this species at 1379 cm-1 and assigned it to the C–H and N–D bending in-

plane vibrations coupled with C–N stretch vibration209,210. We measured the linear FT-IR spectra 

of imidazolium bromide (ImH+Br) in CD3OD and show it in Figure 6.6, panel (g). The isotope 

H/D exchange of ImH+ and the –OD group of CD3OD solvent occurs instantaneously, leading to 

the formation of ImD+ (in which the N–H is exchanged with N–D, while the C–H bonds do not 

undergo H/D isotope exchange at room temperature conditions). The blue FT-IR spectrum of 

ImD+ shows two IR-active transitions at 1367 cm-1 and 1395 cm-1. A deviation of 10 cm-1 from 

the band observed in the transient IR spectra is therefore noted, whereas a deviation of 2 cm-1 is 

determined when the experimental observation is compared with the theoretical calculations209. 

Since we remark that the transient population build-up of ImD+ species at 1377 cm-1 increases 

with imidazole (Im) concentration, we infer that this originates from more Im molecules reacting 

with the acidic –OH group of 7HQ (N*). 

Additional changes in the femtosecond UV-pump/IR-probe spectra are observed at later 

probe pulse delays, from 250 ps pulse delay (Figure 6.6, panel (d)) onwards. The band observed 

at 1422 cm-1 show an increase in its amplitude signal with Im concentration. Observing this band 

is persistent up to 1 nanosecond (ns) pulse delays, we assign it to the fraction of generated A* of 

Trans–7HQ. This is because the –OH group is pointing away relative to quinoline nitrogen lone 

pair. 
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Appearance of A* directly correlates to an appearance of ImD+, since N* is transformed 

into A* according to the following equilibrium equation: N* + Im   A* + ImD+. Therefore, it is 

more appropriate to assign the 1422 cm-1 band to the photoproduct A*⋯ImD+. Our findings are in 

perfect agreement with the time-resolved UV-pump/IR-probe study of Amoruso et al. on the 

Hydroxycoumarin (CouOH) photoacid and 1-Methylimidazole (MI) acceptor211. They observed 

a transient IR band at 1421 cm-1 and attributed it to the CouO-*⋯HMI+ photoproduct, resulting 

from proton transfer from CouOH* to the nitrogen lone pair of MI. This band is characterized by 

an in-phase C–C ring breathing mode of phenol of CouOH coupled to MI ring breathing mode 

and shows an increase in its signal amplitude when MI concentration is increased. We associate 

the CouO-* to A* of 7HQ and consider that both CouOH and 7HQ photoacids are characterized by 

similar –OH acidities when photoexcited: the pKa
* of –OH of 7HQ is 4.6 in CD3OD57,58, while the 

pKa
* of the –OH of CouOH* is 4.4 in CH3OH212, hence about 4.9 in CD3OD146. This makes 

CouOH and 7HQ comparable and hence, the assignment of the transient IR band at 1422 cm-1. 

At 1 ns pulse delay, we note that the transient IR signal amplitude of the vibrational 

band at 1377 cm-1 frequency becomes more prominent and the band of Z* at 1530 cm-1 gains 

more amplitude as concentration of Im is increased (Figure 6.6, panel (f)), appearing with an 

ensemble-averaged time constant of 147 + 4 ps. Based on these observations, we infer that Im 

plays an important and thus, an efficient role in mediating the ESPT dynamics of 7HQ, by 

speeding N* → A* → Z* (Pathway I, see Figure 6.1). Also, a small transient population build-up 

is observed at 1454 cm-1 that may be assigned to the fraction of Im molecules that have donated 

a proton/deuteron to the quinoline nitrogen lone pair, forming deprotonated imidazole Im-. We 

make this assignment given that the frequency position of Im- bands in the time-resolved spectra 

correspond well with the frequency position of Im- in the linear FT-IR spectra (Figure 6.6, (g)). 

Therefore, Im molecules can mediate ESPT via multiple intermolecular proton/deuteron 

transfer events, according to von Grotthuss mechanism103-107. This would involve Im and CD3OD 

interacting via intermolecular hydrogen bonds along the excess proton/deuteron is transported 

from the –OH group to the quinoline nitrogen lone pair of 7HQ, generating Z*. In the same time, 

after a proton/deuteron is transferred from 7HQ to one Im, a second Im molecule can react with 

the quinoline nitrogen reactive atom by releasing a proton/deuteron (Figure 6.3). We now want to 

observe if a temporal correlation exists between the IR-active vibrational modes of N* and Z*.  

Figure 6.7 shows the correlated ultrafast reaction dynamics of N* and Z* at the selected 

pulse frequencies of 1470-1 and 1530 cm-1, respectively. For 7HQ stock solution, the transient 

IR band of N* decays with an ensemble-averaged time constant of 355 + 9 ps, while Z* rises 

with a time constant of 357 + 9 ps. This correlated ESPT dynamics of N* and Z*, with the 

associated ensemble-averaged time scales are indeed consistent with the previous findings56,57. 

 From low (0.5 mol*L-1) to the highest (4.0 mol*L-1) concentration of Im added to 7HQ 

solutions in CD3OD, the transient IR vibrational band of N* decays with ensemble-averaged 

time constants ranging from 315 + 7 ps to 145 + 4 ps (Table 6.1). Most importantly, the Z* 

band increases in tandem with the decrease of N*, which means that the overall dynamics of the 

ESPT, specifically N* transforming into Z* via the excited intermediate channel A*, i.e. Pathway 

I or the excess proton transport mechanism (Figure 6.1), is efficiently accomplished when the 

concentration of Im is elevated. Z* rises on ensemble-averaged time scales from 314 + 8 ps (for 

0.5 mol*L-1) to 147 + 4 ps (for 4.0 mol*L-1). 

 Excitation of the sample (including the solvent) with UV laser radiation can lead to free 

electrons in the studied solutions, which consequently influences the time-resolved IR spectra, i.e. 
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the “zero” on the x-axis is above the “real zero”. Therefore, the average baseline of 0.25 mOD 

(black) was subtracted from the measured (raw) data in Figure 6.7. 

 

 

Figure 6.7 Transient infrared kinetics showing the correlated ESPT dynamics of N* (1470 cm-1), 

and photoproducts A*⋯ImD+ (1422 cm-1) and Z* (1530 cm-1) species as a function of Imidazole 

(Im) concentration. Black plots correspond to 7HQ stock solution, while red, green and blue plots 

correspond to 7HQ solutions with 0.5 mol*L-1, 2.0 mol*L-1 and 4.0 mol*L-1 of Im added. Solid 

lines are single and bi-exponential (for 4.0 mol*L-1 solution) used to fit experimental data (dots).  

 

The behavior of the transient infrared kinetics of the A*⋯ImD+ photoproduct formation 

at the 1422 cm-1 frequency is also shown as a function of imidazole (Im) concentration. It can 

be observed that when the amount of Im added to 7HQ solutions is increased, this band shows 

an increase in its amplitude signal by ~35% for the 4.0 mol*L-1 compared to the 0.5 mol*L-1 

solution. We note that the ESPT dynamics is dominated by both a fast and a slower component. 

Using bi-exponential functions to fit the IR kinetics curves, we determine ensemble-averaged 

time constants ranging from 8 + 1 ps to 2 + 0.2 ps for the fast components and ensemble-

averaged time constants ranging from 196 + 14 ps to 63 + 3 ps for the slower components of 0.5 

mol*L-1 and 4.0 mol*L-1 solutions, respectively. All time constants are shown in Table 6.1. 

 

Table 6.1 Ensemble-averaged time constants for deuteron transport involving 7HQ and Im 

Imidazole 

(mol*L-1) 

N* (1473 cm-1) 

(ps) 

A*⋯ImD+(1422 cm-1) 

(ps) 

Z* (1530 cm-1) 

(ps) 

0 (stock) 355 + 9 - 357 + 10 

0.5  315 + 7 8 + 0.6 / 196 + 10 314 + 8 

2.0 211 + 6 2 + 0.1 / 137 + 3 213 + 7 

4.0 1 + 0.1 / 145 + 5 2 + 0.2 / 63 + 3 147 + 4 
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Observing that N* conversion into Z* takes place at a 2.4 times faster rate for the highly 

concentrated Im solution (4.0 mol*L-1) compared to 7HQ stock solution, we conclude that the 

barrier for proton/deuteron transfer reaction is lowered when this amount of Im is added to the 

7HQ solution in CD3OD. Due to its amphoteric nature, imidazole in principle can catalyze the 

ESPT reaction. Here, we examine the ultrafast dynamics proton transfer reaction of molecules in 

solution, where the reactions time scales are governed by the continuous breaking and formation 

of intermolecular hydrogen bonds. As a result of hydrogen bond dynamics, charged intermediate 

species (i.e. species A* of 7HQ) emerge exhibiting higher energies compared to reactants. This 

implies that the associated transition state will be characterized by even higher energy. By using 

imidazole (Im) in the photoinduced proton transfer reaction of 7HQ, the negative charges on A* 

are stabilized. Then, the proton transfer reaction is catalyzed following a decrease in energy of 

the transition state by these emerging charges. This is in contrast to the previous ESPT dynamics 

of 7HQ and formate HCOO-, where we remarked that increasing HCOO-Cs+ leads to slower 

proton transfer reaction dynamics and, in addition, the transient population of Z* is smaller58.  

 

6.3 Discussion  
 

In this section, the femtosecond UV-pump/IR-probe results obtained for the 7HQ-Imidazole 

system will be compared with those of the 7HQ-Formate system in terms of H+ transfer reaction 

rates. Further, we analyze the spatial distribution functions (SDFs) of molecules, from which we 

can determine the probabilities of finding distinct particles in certain positions in space around a 

fixed reference system and hence, hydrogen bonding interactions. Here, we examine the relative 

positions of imidazole (Im) and methanol (MeOH) molecules around the Cis–7HQ and Trans–

7HQ photoacid configurations. By projecting the SDFs on the molecular plane of Cis–7HQ and 

Trans–7HQ, we were able to determine the average orientation of reacting nitrogen lone pair and 

N–H covalent bond of Im molecules and the hydroxy O–H bond vector of MeOH. By analyzing 

the combined distribution functions (CDFs), we will compare what reaction pathway ((1) or (2) 

from Figure 6.3) has the highest probability to occur in “loose” solvent-separated ion pairs. 

Free-energy relationships of molecules were used to derive proton (H+) transfer reaction 

rates in these solvent-separated (“loose”) ion pairs and, hence, determine the directionality of H+ 

transport reaction for these reactive complexes.  

 

6.3.1 Early and Later Time Proton Transport Reaction Dynamics 
 

Figure 6.8 shows the femtosecond UV/IR pump-probe spectra recorded at the pulse delays of 1 

ps, 10 ps and 1 ns for the 7HQ solutions with sub-molar and molar concentrations of cesium 

formate (HCOO-Cs+) and imidazole (Im) in deuterated methanol (CD3OD) as solvent.  

We now determine the fraction of “tight” (contact) and “loose” (solvent-separated) ion 

pairs for the 7HQ-Im system. This fraction has been derived before for the 7HQ-HCOO-Cs+ 

system in CD3OD solutions (see Table 5.1). The transient population build-up of N* is detected 

at the 1473 cm-1 frequency position and its signal amplitude decreases within the pump-probe 

time resolution of ~0.45 ps when the concentration of Im is increased (see below Figure 6.8). 

These are the spectra recorded at 1 ps pulse delay and are correlated with the deuteron transfer 

from the photoexcited 7HQ to Im via the 7HQ ⋯ Im “tight” (contact) acid-base reaction pair. At 

10 ps pulse delays, we determine the fraction of “loose” (solvent-separated) ion pairs, where the 
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deuteron transport takes place from 7HQ to Im via one CD3OD solvent molecule, in the 7HQ ⋯ 

CD3OD ⋯ Im molecular complex.  

 

 

Figure 6.8 Femtosecond UV-pump/IR-probe spectra revealing the transient IR-active C–O–D 

bending and C–O stretching vibrational modes of the N*, A* and Z* species of the photoexcited 

7HQand in CD3OD solutions, as a function of cesium formate (HCOO-Cs+) and imidazole (Im) 

concentration, at selected probe pulse delays of 1 ps and 10 ps and at 1 ns. Concentration of 

7HQ photoacid is 50 mmol*L-1 (the stock solution is shown with black), while HCOO-Cs+ / Im 

concentrations are gradually increased from 0.5 mol*L-1 (red) to 4.0 mol*L-1 (blue). 

 

The fraction of “tight” (contact) reaction pairs (N*
TIGHT) can be determined by dividing 

the transient signal amplitude of 7HQ (with a chosen concentration of Im) with that of the 7HQ 

stock solution (black spectrum) at 1 ps probe pulse delay, according to the general relation in Eq. 

5.3. The total amount of N*
TIGHT, N*

LOOSE and N*
REMOTE is equal to unity (shown in Eq. 5.4). 

 

The fraction of N*
TIGHT for 7HQ with 0.5 mol*L-1 of Im is then calculated using Eq. 5.3: 

 

                          X𝑛 =
𝑁∗(0.5 mol ∗ L−1)

𝑁∗(stock)
=

2.7

2.9
= 0.9 𝑜𝑟 90%                   (6.1) 

 

Given the relation Eq. 5.4, we determine that the fraction of N*
TIGHT is 0.05 or 5%. The 

fraction of N*
REMOTE can be determined in a similar manner as for N*

TIGHT, but at 10 ps probe 

pulse delay, using Eq. 5.3. For example, the fraction of N*
REMOTE for 0.5 mol*L-1 Im solution is: 

 

                       X𝑛 =
𝑁∗(0.5 mol ∗ L−1)

𝑁∗(stock)
=

2.9

3.1
= 0.9 𝑜𝑟 90%                      (6.2) 
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Using Eq. 5.4 and knowing that N*
TIGHT = 5%, the fraction of “loose” (solvent-separated) 

reaction pairs (N*
LOOSE) is ~5% for the 7HQ solution with 0.5 mol*L-1 of Im. This procedure is 

now straightforward for all Im concentrations. All the derived values are shown in Table 6.2.  

 

Table 6.2 N*
REMOTE, N*

TIGHT and N*
LOOSE fractions derived from the kinetics of the N* marker 

mode detected at 1473 cm-1 frequency. The errors margins represent the standard deviation of 

experimental data measured for the decay of N* at 1473 cm-1 at the pulse delays of 0.5, 1, 5 and 

10 ps and plotted against the 7HQ solutions with different amounts of imidazole (Im). 

Imidazole 
(mol*L-1) 

N*REMOTE  

(Error +10%) 

N*TIGHT  

(Error +10%) 

N*LOOSE  

(Error +10%) 

0 (stock) 100 - - 

0.5  90 5 5 

1.0 80  10 10 

2.0 55 30 15 

4.0 40 40 20 

 

At 1 ns pulse delay, it can be noted that the transient IR signal amplitude Z* at 1530 cm-1 

gains more signal amplitude when Im concentration is increased, while for the formate (HCOO-

Cs+) solutions the transient population of Z* at this frequency position is decreased (Figure 6.8). 

By dividing the transient IR signal amplitude of N* (1473 cm-1) recorded at 1 ns with that at 1 ps 

for all measured 7HQ solutions (stock and Im/HCOO-Cs+), we obtain the transient population 

of the final photoproducts, while the remaining part accounts for N* species which do not react 

on a time scale of 1 ns. For the 7HQ stock solution, all the reacting N* convert into Z* via the 

proton vacancy transport mechanism (N* → C* → Z*), while for 7HQ with Im/HCOO-Cs+, all the 

reacting N* transform into Z* species via the excess proton transport mechanism (N* → A* → Z*). 

For the HCOO-Cs+ solutions, we have noticed that the transient IR signal amplitude Z* 

at the 1530 cm-1 frequency position is decreased by ~65 %. This result is obtained by dividing the 

signal amplitude of Z* of 7HQ stock solution (0.45 + 0.05 mOD) with that of the 7HQ solution 

with 4.0 mol*L-1 of HCOO-Cs+ added (0.15 + 0.05 mOD). On the contrary, the gradual addition 

of Im to 7HQ solutions leads to an increase in the signal amplitude of Z* at the same 1530 cm-1 

frequency position. For the 7HQ solution with 4.0 mol*L-1 of Im solution (0.84 + 0.05 mOD), an 

increase of ~23 % compared to 7HQ as stock solution (0.65 + 0.05 mOD) can be derived. The 

contributions of A*⋯ImD+ (1422 cm-1) and Z* (1530 cm-1) are shown in Table 6.3. 

 

Table 6.3 Fraction of generated photoproducts at 1 ns probe pulse delay 

Imidazole 

(mol*L-1) 

Reacting N*  

(1473 cm-1) 

A*⋯ImD+  

(1422 cm-1) 

Z* generated  

 (1530 cm-1) 

Remaining N* 
(1473 cm-1)  

                                  (Error + 10%)  

0 (stock) 65 - 65 35 

0.5  75 3 72 25 

1.0 80 5 75 20 

2.0 90  10 80 10 

4.0 100  15 85 0 
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6.3.2 Probabilities of Hydrogen Bonding Interactions  
 

The spatial distribution functions (SDFs) of Cis–7HQ and Trans–7HQ for the 7HQ solution with 

4.0 mol*L-1 of Imidazole (Im) added are shown in Figure 6.9.  

 

Figure 6.9 Spatial distribution functions (SDFs) of Cis–7HQ and Trans–7HQ with 4.0 mol*L-1, 

where the orange isosurface is the distribution of N–H bond of Imidazole (Im), while the blue 

isosurface is the distribution of the nitrogen lone pair of Im. Green and yellow isosurfaces are 

the isosurfaces of hydrogen (H) and oxygen (O) atoms of methanol (MeOH) solvent. 

 

SDFs reveal the probability of hydrogen bond interactions between 7HQ photoacid and 

Im/MeOH solvent. We note that Im is predominantly located nearby the –OH group of 7HQ (as 

indicated with the blue isosurface corresponding to the nitrogen (N) lone pair of Im) and in the 

proximity of the quinoline N lone pair of 7HQ (as indicated by the probability distribution of 

the hydrogen (H) atom in the N–H bond of Im, marked with orange). In the same time, the O 

atom in O–H of methanol (MeOH) solvent interacts via hydrogen bonds with the –OH group of 

7HQ. This is noted for both Cis–7HQ and Trans–7HQ configurations.  

 Next, we quantify and compare the contributions of Cis–7HQ and Trans–7HQ isomers 

for the lowest (0.5 mol*L-1) and the highest (4.0 mol*L-1) concentrated solutions by analyzing 

the dihedral angle distribution functions (DDFs) and then calculating the integrals over these 

DDFs. Figure 6.10 shows that Cis–7HQ configuration accounts for ~63% for the 0.5 mol*L-1 

solution and ~61.5% for the 4.0 mol*L-1 solution, whereas Trans–7HQ shows a contribution of 

~37% for the 0.5 mol*L-1 solution and slightly increases to ~38.5% when Im concentration is 

increased up to 4.0 mol*L-1. These findings clearly indicate that increasing concentration of Im 

has only a minor effect to how the –OH group is oriented relative to the quinoline N lone pair of 

7HQ. However, we note that Cis–7HQ molecular configuration is favored with respect to that 

of Trans–7HQ, which suggests that a von Grotthuss-like proton transport from the –OH group 

of 7HQ to the quinoline N lone pair (where both imidazole and methanol solvent molecules are 

involved) has a very high probability. In the same time, given the amphoteric feature of Im, two 

Im molecules can react with the reactive sites of 7HQ, irrespective of Cis–7HQ or Trans–7HQ



6.3 Discussion 
 

- 115 - 
 

 

Figure 6.10 Calculated dihedral angle distribution functions (DDFs) of the –OH group of 7HQ 

for the 7HQ solutions with (a) 0.5 mol*L-1 and (b) 4.0 mol*L-1 of imidazole (Im). Contributions 

of Cis–7HQ and Trans–7HQ are shown on the graphs. The red line represents the calculated 

integral over the DDFs, from which we derived the ratio between Cis–7HQ and Trans–7HQ. 

 

Figure 6.11 ((a) to (d)) provides a quantitative understanding of the preferred binding 

directions of the N–H bond vector and of nitrogen (N) lone pair of Imidazole (Im) with respect 

to 7HQ photoacid. In these simulations, the SDFs are projected on the molecular planes of both 

Cis–7HQ and Trans–7HQ. The N–H bond vector points on average towards the quinoline N 

atom of 7HQ, irrespective of how the –OH group of 7HQ is oriented. The highest particle density 

of N–H is found at distances ~200-220 pm relative to quinoline N atom of 7HQ. A weaker 

interaction is also observed at ~550-600 pm, where the N–H bond vector of Im points in the 

opposite direction relative to both N atom and the –OH group of 7HQ (Figure 6.11 (a) and (b)).  

Figure 6.11 (c) and (d) shows the interactions between the N lone pair of Im and –OH 

group of 7HQ. Interestingly, this interaction occurs at distances ~180-200 pm relative to the 

–OH group of 7HQ and is at least two times stronger compared to the N–H bond interaction with 

the quinoline N atom, as the color scale indicates. Based on these observations, we understand 

that O–H⋯N hydrogen bonding interactions of 7HQ and Im have a larger probability distribution 

compared to N–H⋯N interaction. Indeed, this is consistent with the observed transient IR-active 

vibrational bands of the A* at 1 ps pulse delay in the femtosecond UV-pump/IR-probe spectra 

(recalling Figure 6.6), which appear as a result of proton/deuteron transfer from 7HQ to Im via 

this O–H⋯N hydrogen bond. Hydrogen bond interactions of the O–H bond vector of methanol 

(MeOH) with both –OH group and quinoline N atom of 7HQ are shown in Figure 6.11 (e) and 

(f). The O–H bond vector of MeOH is oriented in the opposite direction, which means the H 

atom in –OH of 7HQ interacts only with the O atom of MeOH through hydrogen bonding. The 

highest particle density of the O–H bond of MeOH is found at ~200-220 pm relative to the 

hydroxy –OH group of 7HQ, whereas a lower distribution of particle density of this O–H bond 

is found at ~170-190 pm in the proximity of quinoline N atom. 

Again, we notice that the relative occurrence (interaction) of the O–H is at least two time 

stronger with the –OH group of 7HQ than it occurs with the quinoline N atom. In addition, an 

interesting remark is that when the average orientations (guided through arrows) of N lone pair 

of imidazole (Im) (Figure 6.11 (c) and (d)) and O–H bond of MeOH (Figure 6.11 (e) and (f)). 

We understand that the 7HQ photoacid can form an O–H⋯N hydrogen bond with Im, while this 

Im can react with an adjacent MeOH molecule via an N–H⋯O hydrogen bonding interaction. 
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Figure 6.11 Average particle density of the N–H bond vector of Imidazole (Im) in (a) 

and (b), of the nitrogen (N) lone pair of Im in (c) and (d) and of O–H bond vector of methanol 

(MeOH) in (e) and (f) relative to Cis–7HQ (left column) and Trans–7HQ (right column). The 

color scale indicates the average particle density or the relative occurrence. The arrows shows 

the average orientation of N–H bond, N lone pair of Im and O–H bond of MeOH in a force field 

molecular dynamics simulation of 7HQ and 4.0 mol*L-1 of Im dissolved in MeOH. 
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Intermolecular Hydrogen Bonding Interactions of Imidazole Molecules 
 

Considering their capability to accept and donate intermolecular hydrogen bonds, imidazole 

(Im) molecules can form extended hydrogen-bonded chains in protic solvents such as water201 

or methanol, when Im concentration is significantly elevated. The excess charge defect (proton 

H+) could migrate along this long-range intermolecular hydrogen bond network103-107 according 

to a von Grotthuss mechanism, similar to the prototropic mobility of H+ in liquid water85,86,90,93.  

The optimized structure of the protonated imidazole ImH+- Im complex is shown in 

Figure 6.12. From AIMD simulations, the average N⋯N distance in hydrogen-bonded imidazole 

chains has been determined to be ~2.9 Å, whereas the presence of an excess proton H+ in this 

network reduces this distance to ~2.6 Å103. This has been calculated for Im chains in crystalline 

phase. In our protic methanol CH3OH solutions, molecular dynamics simulations reveal that 

this the N–H+⋯N hydrogen bond is ~2.5 Å. The shorter average distance in a protic liquid such 

as CH3OH is due to additional electric fields induced by CH3OH on the Im molecules, hence 

stabilizing the positive and negative charges on reacting Im, which further reduces the average 

distance between the two nitrogen (N) atoms. 

 

Figure 6.12 Optimized hydrogen bond geometry for the protonated imidazole dimer ImH+- Im. 

 

The probability distribution of hydrogen-bonded Im dimers is found from the molecular 

dynamics simulations, through the radial distribution functions (RDFs) of imidazole-imidazole 

interactions. Figure 6.13 shows the distribution of N–H⋯N hydrogen bond interactions of two 

Im molecules in CH3OH solutions, as a function of Im concentration. The highest probability of 

these interactions to occur is found at ~200 pm and shows an increase in g(r) intensity with Im 

concentration. By comparing the intensities for the 0.5 mol*L-1 and 4.0 mol*L-1 solutions, we 

derive an increase of ~15% when Im concentration is increased. Therefore, this accounts for the 

amount of imidazole hydrogen-bonded dimers formed in CH3OH solutions. 

We recall the transient IR-active vibrational band observed at the 1422 cm-1 frequency 

position (Figure 6.6) that we assigned it to the photoproduct A*⋯ImD+. The ImD+- Im complex 

may be formed following a deuteron transfer from 7HQ to a hydrogen bonded imidazole chain, 

when the concentration of imidazole (Im) is sufficiently increased. The reason for what we did 

not observe a transient population build-up of the ImD+- Im species is due to a smaller absorption 

cross section when compared to larger transient absorbance changes contributions of N*, A* and 

Z* molecular species of 7HQ.  

So what is the probability of the proton/deuteron to move freely between two imidazole 

molecules, as it happens in the well-known Zundel cation complex in water17,93,118? This can be, 

in principle, determined through the analysis of the shape of potential energy from the relaxed 

potential energy surface (PES). It was shown that the PES for ImH+-Im shapes in a double-well 

potential with a small energy barrier for proton transfer in this complex, thus allowing the proton 

to “oscillate” between the two imdiazole molecules, at room temperature conditions209. This has 

been determined from quantum chemical calculations for isolated ImH+-Im complexes, where no 
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interaction with a protic solvent takes place. When it comes to CH3OH, electrical fields induced 

by the surrounding solvent on solute will modulate the ultrafast motions of the proton/deuteron 

transfer mode between the two nitrogen (N) atoms of imidazole, therefore affecting the shape of 

PES119. As well, long range interactions between imidazole hydrogen-bonded chains and solvent 

molecules can be explained based on the fact that electrostatic repulsion (from Coulomb’s law) 

will determine the overall properties of the solution. 

 

 

Figure 6.13 Radial distribution functions (RDFs) of imidazole-imidazole interactions through 

the N–H⋯N hydrogen bond as a function of imidazole (Im) concentration. At 4.0 mol*L-1 of Im 

concentrations in CH3OH, the amount of hydrogen-bonded imidazole dimers accounts for ~15%. 

The spatial distribution function (SDF) corresponding to N–H⋯N hydrogen bond interaction is 

also shown here for a solution prepared with 4.0 mol*L-1 in methanol CH3OH solvent. 

 

6.3.3 Solvent-Mediated Proton Transport. Free-Energy Relationships 

 
Next, we explore the possibilities of finding “loose” or solvent-separated ion pairs formed with 

7HQ and methanol (MeOH) as well as imidazole (Im). Figure 6.14 (a) represents the combined 

distribution function (CDF) of the radial distribution function (RDF) of the hydrogen (H) atom 

in the –OH group of 7HQ and oxygen (O) atom in the –OH group of methanol (MeOH) solvent 

(shown with r1) and, simultaneously, the RDF of the H atom of MeOH and nitrogen (N) atom in 

Im (shown with r2). This links to high probability to form “loose” 7HQ⋯CH3OH⋯Im ion pairs 

at the –OH reactive site of 7HQ, being consistent with the representations in Figure 6.2 (d). 

Hydrogen bond interactions between O atom of MeOH and H atom in –OH of 7HQ (r1) 

are shown on the horizontal axis, while the vertical axis stands for hydrogen bond interactions 

of H atom in MeOH and N atom in Im (r2). The probability of these interactions is denoted with 

the color scale. We observe that the highest maximum is at a distance of ~180 pm on both axes, 

including both distances r1 and r2. This corresponds to the “loose” (solvent-separated) ion pairs. 

We also noticed that hydrogen bond interactions between the H atom in MeOH and N atom in 

Im are likely to occur on larger r2 distances as well, with maxima spanning from ~500 to ~1000 

pm and even further. On the other hand, the probability of hydrogen bond interactions of MeOH 
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and Im at the quinoline N atom site of 7HQ is shown to be two times smaller (as depicted by the 

color scale), while both r1 and r2 are confined at a maximum of ~200 pm (see Figure 6.14 (b)).  

 

 

Figure 6.14 Combined distribution functions (CDFs) showing the relative distance of hydrogen 

bond interactions between the –OH group of 7HQ with methanol (MeOH) and nitrogen (N) lone 

pair of imidazole (Im) in a “loose” (solvent-separated) ion pair (a). Hydrogen bond interactions 

of N–H bond of Im and MeOH with the quinoline N lone pair of 7HQ are shown in (b). These 

MD simulations were performed for 7HQ and 4.0 mol*L-1 of Im dissolved in MeOH. 

   

Based on these findings, we conclude that methanol (MeOH) molecules can “bridge” 

7HQ and imidazole (Im) even in the case of highly concentrated solutions, i.e. 4.0 mol*L-1. This 

can be seen for both cases, when Im acts a hydrogen bond donor through its N–H and also when 

Im acts as a hydrogen bond acceptor via its N lone pair, with the latter case being much more 

common. In principle, this facilitates the von Grotthuss-like proton H+ transfer, in which MeOH 

receives and gives away the H+ to the adjacent Im, hence remaining neutral after this reaction. A 

similar idea was developed by Bekçioǧlu et al. based on results obtained from the first-principles 

molecular dynamics (AIMD) simulations of 7HQ in water213. In this picture, the intermolecular 

H+ transport takes place on extended hydrogen-bonded water networks (named “water wires”). 

“Water wires” and the von Grotthuss mechanism basically mean the same thing: intermolecular 

hydrogen bonds breaking and forming occur continuously, thus facilitating H+ transport along 

these hydrogen bonds. In the present case, the specific interactions between the hydrogen bond 
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networks of Im with the solvated compounds (7HQ solvated by MeOH) can influence the whole 

reaction mechanism, where Im stabilizes the electric charges on the intermediates and products, 

therefore lowering the energy barrier for H+ transfer reaction from the –OH to the quinoline N 

atom of 7HQ via a von Grotthuss mechanism of proton H+ transport. 

The discussion here is based on force-field MD simulations in the electronic ground state 

S0 of 7HQ. However, the ESPT products observed in the time-resolved UV-pump/IR-probe 

experiments originate from preformed “tight” and “loose” ion pairs in the S0 state. Increasing the 

concentration of Im only yields a larger fraction of such reactive complexes in solution before 

electronic excitation (leading to S0 → S1 transition) takes place and therefore has no effect on the 

actual ESPT mechanism. 

 

Free-Energy Relationships of 7HQ and Imidazole in CD3OD as a Solvent 

   

In the free-energy and reactivity framework31,32,41, the excited state lifetimes of photoacids and 

their conjugate photobase forms are much longer compared to the proton H+ transfer rates, which 

involves that the time constants corresponding to the H+ dissociation of photoexcited 7HQ to Im 

(observed in time-resolved experiments) are linked to an installment of a new equilibrium, which 

is governed by the pKa
* in the electronic excited state S1, which is several units lower than the 

pKa  in electronic ground state S0. In conclusion, using this approach we determine, in principle, 

the directionality of H+ transport in the photoinduced reaction of 7HQ and imidazole in CD3OD. 

We use now the free-energy relationships31,41,55,57,142-146 to predict deuteron transport 

reaction time constant in the photoinduced reaction of N* (7HQ) and imidazole (Im) as a 

function of CD3OD solvent medium. This means one CD3OD solvent molecule bridges the 

7HQ photoacid and Im molecule via two hydrogen bonds, leading to formation of “loose” 

(solvent-separated) ion pairs 7HQ⋯CD3OD⋯Im. Additionally, we can determine the 

directionality of the proton/deuteron transport in deuterated methanol CD3OD solvent solutions, 

from which we conclude which of the two H+ transport mechanism (Figure 6.1) is predominant. 

 We used the reported thermodynamic pKa
* values57,58 of N* converting into A* (N* ⇄ A*) 

and of N* converting into C* (N* ⇄ C*) and the pKa values assigned to imidazole (Im) undergoing 

protonation (Im ⇄ ImH+ / Im ⇄ ImD+; in protic deuterated solvents, the N–H of Im is exchanged 

via H/D isotope substitution with N–D)202 and deprotonation (Im ⇄ Im-)199,200 in different protic 

solvent media: H2O, CH3OH and CD3OD. Then, the pKa
* value of N* ⇄ A* is 0.4 units in H2O, 

4.1 units in CH3OH and 4.6 units in CD3OD57,58, while Im ⇄ ImH+ occurs at pKa of 7.05 in 

H2O197, 7.02 in CH3OH199 and at about 7.52 units in CD3OD146. Next, using ΔpKa
* = pKa

* 

(donor) − pKa (protonated acceptor) relation, we calculate the difference in acidity for reaction 

pathway N* + Im  ⇄ A* + ImH+ to be –6.65 in H2O and –2.92 in CH3OH/CD3OD (Table 6.4). 

According to Marcus’ bond-energy bond-order (BEBO) relationships61-63, the variations in 

thermodynamic free energies (ΔpKa
*) can be linked to the proton/deuteron transfer reaction 

rates using the negative logarithm of first-order rate constants (−log10[kr]): 

 

−𝑙𝑜𝑔10[𝑘r] = 11.465 →  𝑘r =  1011.465 →  𝜏 = 1
1011.465⁄  

                         = 3.427 ∗  10−12 𝑠   ≅ 3.43 𝑝𝑠 (𝐻2𝑂)                                      (6.3) 

 

−𝑙𝑜𝑔10[𝑘r] = 11.22 →  𝑘r =  1011.22 →  𝜏 = 1
1011.22⁄  

                         = 6.02 ∗  10−12 𝑠   ≅ 6 𝑝𝑠 (𝐶𝐻3𝑂𝐻/𝐶𝐷3𝑂𝐷)                        (6.4) 
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Table 6.4 Acidity pKa
* values for 7HQ in different solvent media: H2O, CH3OH and CD3OD. 

The calculated ΔpKa
* = pKa

* (donor) − pKa (protonated acceptor) for solvent-mediated Pathways 

I and II proton transfer reactions of 7HQ in S1 and Imidazole (Im) in S0 state are presented. 

 

Species / Equilibrium  H2O CH3OH CD3OD 

Im ⇄ ImH+ / Im ⇄ ImD+ pKa 7.05 [1] 7.02 [2] 7.52 

Im ⇄ Im- pKa 14.52 [1] 14.9 [3] 15.4 

Pathway I. N* ⇄ A*  pKa
* 0.4 4.1 4.6 

 

N* + Im  ⇄ A* + ImH+ 

 

 

ΔpKa
* 

 

−6.65 

 

−2.92 

 

−2.92 

Marcus BEBO → −log10[kr] 11.465 11.22 11.22 

 τ (ps) 3.4 6 6 

Pathway II. C* ⇄ N* pKa
* 11.1 15.65 16.15 

 

C* + Im-  ⇄ N* + Im 

 

 

ΔpKa
* 

 

−3.42 

 

−0.75 

 

−0.75 

Marcus BEBO → −log10[kr] 11.285 10.65 10.65 

 τ (ps) 5.2 22.3 22.3 

H2O vs CH3OH : δpKa
* = 3.73 (N* ⇄ A*) and 4.17 (C* ⇄ N*) 

 

           ΔpKa
* = pKa

* (donor) − pKa (protonated acceptor) 

Pathway I. A* ⇄ Z* pKa
* 13.4 14.4 14.9 

 

ImH+ + A*  ⇄ Im + Z*   

 

 

ΔpKa
* 

 

−6.35 

 

−7.38 

 

−7.38 

Marcus BEBO → −log10[kr] 11.459 11.476 11.476 

 τ (ps) 3.47 3.34 3.34 

 

Im + A*  ⇄ Im- + Z* 

 

 

ΔpKa
* 

 

1.1 

 

0.5 

 

0.5 

Marcus BEBO → −log10[kr] 9.7 10.05 10.05 

 τ (ps) 199 89 89 

     

Pathway II. C* ⇄ Z* pKa
* −2.0 −1.32 −1.32 

 

C* + Im-  ⇄ Z* + Im 

 

 

ΔpKa
* 

 

−16.52 

 

−16.22 

 

−16.22 

Marcus BEBO → −log10[kr] out of range 

 τ (ps) - - - 

 

C* + Im  ⇄ Z* + ImH+ 

 

 

ΔpKa
* 

 

−9.05 

 

−8.34 

 

−8.34 

Marcus BEBO → −log10[kr] 11.49 11.487 11.487 

 τ (ps) 3.23 3.26 3.26 

H2O vs CH3OH : δpKa
* = 1.03 (A* ⇄ Z*) and 0.68 (C* ⇄ N*) 
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This means solvent-mediated proton/deuteron transfer from N* (7HQ) to Im, generating 

N* (7HQ) and ImH+ (in CH3OH) / ImD+ (in CD3OD) takes place in ~6 ps. Performing similar 

calculations for N* + Im  ⇄ C* + Im- reaction pathway, we determine the ΔpKa
* of 0.75 units with 

an associated solvent-mediated proton/deuteron transfer time constant of 22.3 in CH3OH and 

CD3OD. The calculation method is now straightforward for all reaction pathways (Table 6.4). 

We notice that the derived time constant of ~6 ps related to the N* + Im  ⇄ A* + ImH+ 

reaction pathway is close in value with the experimentally determined ensemble-averaged time 

constant (fast component) of 7.5 + 0.6 for the 7HQ solution with 0.5 mol*L-1 Im (Table 6.1). 

This corresponds to the appearance of A*⋯ImD+ photoproduct and given this low concentration 

of Im, we assume the concentration of CD3OD is much higher relative to that of Im, for which 

these two time constants are comparable. Also, proton/deuteron transfer via the reaction pathway 

N* + Im  ⇄ C* + Im- is almost four times slower compared to N* + Im  ⇄ A* + ImH+. In addition, 

if we compare the ΔpKa
* of –6.65 in H2O and –2.92 in CH3OH/CD3OD, the difference when 

the solvent is exchanged accounts for δpKa
* = 3.73 units (see Figure 6.15). For phenol-like 

acids, such as the 2-Naphthol photoacid (which is directly related to the reactive –OH group 

of 7HQ), δpKa typically ranges from 3.5 to 5 units, whereas for protonated nitrogen bases (like 

quinoline or amines) δpKa spans from 0.5 to 1 units144,145. Bases on these empirical data and on 

our findings, we conclude that solvent-mediated proton/deuteron transport in the photoinduced 

reaction of 7HQ and Im in CD3OD takes place predominantly according to a Grotthuss-like 

excess proton transport mechanism or Pathway I (Figure 6.1).  

 

 

Figure 6.15 Free-energy-reactivity correlations of the photoexcited charged molecules of 7HQ 

in different protic solvent media: H2O, CH3OH and CD3OD. When the solvent water (H2O) is 

exchanged by methanol (CH3OH) and ΔpKa
* values are compared (see Table 6.4), a difference of 

3.73 units was derived and this is denoted by δpKa
*. 
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In the context of a prevailing excess proton transport mechanism, generation of Z* proceeds 

according to two possible scenarios: 

 

→ First scenario: the ImH+ / ImD+ interacts via hydrogen bonding with CH3OH / CD3OD that 

simultaneously interacts via one hydrogen bond with the quinoline nitrogen (N) atom of 

7HQ. In this case, the characteristic reaction pathway is ImH+ + A*  ⇄ Im + Z* and occurs at 

ΔpKa
* –6.35 in H2O and –7.38 in CH3OH/CD3OD (see Table 6.4). The corresponding time 

constants are 3.47 ps in H2O and 3.34 ps in CH3OH/CD3OD. 

 

→ Second scenario: the proton/deuteron is transferred from 7HQ to one imidazole (Im) and 

forms ImH+ / ImD+. Here, it is not relevant whether this transfer takes place in a “tight” 

(contact) or a “loose” (solvent-separated) ion pair. Now, another Im with a distinct identity 

will react with the quinoline reactive N atom of 7HQ. In this case, the characteristic reaction 

pathway is Im + A*  ⇄ Im- + Z* and occurs at ΔpKa
* 1.1 in H2O and 0.5 in CH3OH/CD3OD. 

The time constants are 199 ps in H2O and 89 ps in CH3OH/CD3OD (Table 6.4). 

 

We remark that the first scenario takes place at a much faster rate and infer that this reaction 

pathway may be preferred. When H2O solvent is exchanged with CH3OH/CD3OD, the δpKa is 

1.03 units and therefore satisfies the reported empirical data144,145. 
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In this thesis, a combined experimental and theoretical approach has been employed to examine 

the photoinduced intermolecular proton H+ transfer dynamics of the bifunctional photoacid 7HQ 

(in the first electronic excited singlet state (S1)) in deuterated methanol (CD3OD) solutions, where 

sub-molar and molar concentrations of cesium formate (HCOO-Cs+) and imidazole (Im) have 

been added.   

 

ESPT of 7HQ–Formate (Chapter 5): 

 

Using the formate anion (HCOO-) as H+ acceptor, we managed to quantitatively change the H+ 

transport mechanism of 7HQ from proton vacancy (Pathway II) – previously understood to be 

dominant for 7HQ solutions in neat solvent CD3OD56 or CD3OD–D2O solvent mixtures57 – to 

that of an excess proton transport mechanism (Pathway I) (Figure 5.1, (a)). 

At sub-molar concentrations of HCOO-Cs+, only ~27% of N* species convert into the A* 

species, while for high concentrations of HCOO-Cs+, Pathway I prevails, with ~82% of N* 

converted into A*, unequivocally implying the same amount of HCOO- will transform into the 

conjugate formic acid (HCOOD). We find that H+ transport rates are governed by “tight” 

(contact) ion pairs, such as 7HQ⋯-OOCH and by “loose” (solvent-separated) ion pairs, such as 

7HQ⋯CH3OH⋯-OOCH ion pairs (Figure 5.1, (b)).  

A closer look on the temporal characteristics of 7HQ photoexcited species and HCOOD 

suggests that a fraction of HCOOD molecules may be involved as an “intermediate” in the H+ 

transport dynamics from –OH group to the quinoline reactive nitrogen atom of 7HQ. Still, due to 

a slow diffusional motion and reorientation, we found that the newly generated HCOOD will 

not rapidly mediate the transport of H+ from the −OH group to quinoline nitrogen (N) lone pair, 

resulting in a rather small overall yield of N*→ A*→ Z* conversion, i.e. net H+ transport occurs 

on an ensemble-averaged timescale of ~550-650 ps. However, we suggest that future ab initio 

molecular dynamics (AIMD) simulations could provide more accurate information linked to the 

mechanistic details underlying intermolecular proton transport from 7HQ to HCOO- and may, 

as well, supplement our experimental findings. 

Another interesting observation is related to the double-frequency component of carbonyl 

C=O stretching vibrational mode. Regardless of whether the observed frequency shifts and peak 

splitting are caused by differences in hydrogen bonding interactions, in (local) electrical field 

interactions of A*, by distinct positions in space relative to 7HQ of Cs+ cations as well as the 

formate anions, or a variation in ratio of Cis–HCOOD (“Syn–”) and Trans–HCOOD (“Anti– “), 

we suggest that this would be an intriguing topic for further research. 
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ESPT of 7HQ–Imidazole (Chapter 6): 

 

We show that imidazole (Im) molecules can mediate the photoinduced intermolecular proton 

transport reaction dynamics of the bifunctional photoacid 7HQ in CD3OD solvent. Compelling 

evidence from the measured femtosecond UV-pump/IR-probe spectra reveals that the overall 

yield of N*→ A*→ Z* is substantially higher compared to 7HQ solution prepared in neat CD3OD 

solvent. Intermolecular proton (H+) transfer takes place from 7HQ to Im, following electronic 

excitation of 7HQ, both directly via “tight” (7HQ ⋯Im) ion pairs on a time scale < 1 ps, and also 

via “loose” or solvent-separated (7HQ⋯CD3OD⋯Im) complexes on time scales of a few ps. 

The N*→ A*→ Z* reaction pathway is completed by a second Im molecule that releases the H+ via 

its N–H covalent bond, to the quinoline reactive N atom of 7HQ, but also according to a von 

Grotthuss mechanism (via multiple intermolecular hydrogen bonds formed with Im and CD3OD) 

from the –OH to quinoline N atom of 7HQ. This is because imidazole (Im) can act both as a 

hydrogen bond (HB) donor and acceptor, allowing proton H+ transfer to occur via these HBs. 

 Particularly, the overall yield of N*→ A*→ Z* is substantially increased as it is compared 

to both HCOO- solutions (H+ transport occurs at a four times higher rate, Figure 7.1) and neat 

CD3OD solvent solutions (H+ transport occurs at 2.4 times higher rate)  

 

 

Figure 7.1 Comparison between the ESPT mechanisms of photoexcited 7HQ with imidazole (Im) 

in (a) and 7HQ with formate (HCOO-) in (b), both in CD3OD solutions. 

 

Understanding the microscopic details of H+ transport via solvent molecules (mostly via 

a von Grotthuss mechanism) in direct interaction with the negatively charged carboxylate ionic 

functionalities, as well as acids with –OH or protonated nitrogen functionalities, might be useful 

for studying H+ transport in transmembrane proteins and proton-exchange membrane fuel cells 

(PEMFCs). In PEMFCs, for example, these involve the roles of ionic Coulomb electric fields of 

sulfonate anions or particular very strong acids like sulfonic acids, but also heterocyclic organic 

amine bases like imidazole. Of course, PEMFCs are highly complex systems, where other several 

degrees of freedom affect the final fuel-to-electricity conversion efficiency. This thesis contributes 

to the molecular level understanding of H+ transport in a protic solvent and highlights the role of 

imidazole as an alternative H+ transport carrier in PEMFCs, but equally in other confined systems 

where the start and end points for H+ transport are well established. 
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Computational Details: Molecular Dynamics (MD) Simulations 
 

The MD simulations were carried out in the theory research group of Prof. Dr. Daniel Sebastiani 

at Martin-Luther-Universität Halle-Wittenberg. 

Five force-field molecular dynamics (MD) simulations of one 7HQ molecule solvated in 

494 methanol (CH3OH) molecules and cesium formate (HCOO-Cs+) ion pairs / imidazole (Im), 

corresponding to values in Table A1, have been performed using the LAMMPS program package 
214. The initial configurations were prepared by PACKMOL 215. For methanol and the Cs+ ions, 

OPLS-aa (Optimized Potentials for Liquid Simulations all-atom) force-field216 was used whereas, 

for 7HQ and HCOO- ions / Im molecules, all-bonded interactions and Lennard-Jones parameters 

were adapted from OPLS-aa. The partial charges have been obtained from quantum mechanical 

calculations using the restrained electrostatic potential (RESP) methodology 217. All charges in the 

system were scaled down by a factor of 0.8 to account for screening effects218. The simulation step 

was set to 0.5 femtosecond (fs) in all cases. Neither bonds nor angles were constrained. Lennard-

Jones interactions and short-range Coulomb interactions were computed up to a cutoff distance of 

0.8 nanometer (nm). Long-range Coulomb interactions were computed using the particle-particle-

particle-mash approach as implemented in LAMMPS. 

 

Table 1: Parameters used for the simulated 7HQ systems including: concentration of HCOO-Cs+ 

or Imidazole (Im), number of HCOO-Cs+ ion pairs / imidazole (Im) molecules, simulation box 

lengths in Ångström (Å), and simulation box densities in grams/milliliter (g/mL) . 

Concentration 

(mol*L-1) 

Ion Pairs  

(#) 

Box Length  

(Å) 

Box Density  

(g/mL) 

0 (stock) 0 33.10 0.73 

0.5  10  33.43 0.79 

1.0 20  33.77 0.84 

2.0 40  34.46 0.94 

4.0 80  35.80 1.09 

 

In order to equilibrate the system most efficiently regarding particle density and molar 

distribution, we have applied an equilibrium protocol with multiple consecutive steps, prior to 

starting the production run. The velocities were initialized to 500 K according to the Maxwell-

Boltzmann distribution. After an initial equilibration run in the NVT ensemble for 25 ps with 

temperature rescaling, the temperature was reduced to 300 K during a 100 ps run, in which the 

temperature was controlled by a Nosé -Hoover chain thermostat219-221 using a coupling constant of 

100 fs. The next step was to change the ensemble from NVT to NpT. The pressure was controlled 

by a Nosé-Hoover barostat with a coupling constant of 2 ps. After an NpT run of 100 ps, a 

Langevin dynamics run 2 ns followed to damp acoustic shock waves that resulted from the system 

size change. Subsequently, a NpT run of 5 ns was computed and the system density was averaged 

over the simulation. In another step, the ensemble was switched back to NVT and the simulation 

cell has been resized to match the average density from the prior NpT run. After another Langevin 

dynamics run for 1 ns, a last equilibration of 1 ns followed. In the last step, a production run in 

total of 85 ns was performed. All trajectory analyses were performed by the TRAVIS program 

package222,223. The radial distribution functions (RDFs) plots in figures were created using 

Xmgrace while the combined distribution functions plots (CDFs) by Gnuplot. The molecules and 

spatial distribution functions (SDFs) were provided by VMD 224 and Tachyon 225. 

https://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
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