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ABSTRACT 

 

Kinetic Isotope Effect in the Excited State Intramolecular Proton Transfer in  

Isolated Jet-Cooled Indigo Dye 

 

by 

 

Krystal Thanh Vo 

 

 Excited state intramolecular proton transfer (ESIPT). To elucidate the mechanism of 

ESIPT and reaction barrier of tunneling mechanism in indigo, a combination of laser 

desorption, jet cooling, resonance enhanced multiphoton ionization (REMPI), time-of-flight 

mass spectrometry is employed to produce vibronically resolved spectra of deuterium 

substituted indigo. The picosecond two color REMPI spectrum of indigo displayed a red 

shift and peak splitting upon deuterium substitution on and above the barrier, as well as no 

shift or blue shift below the barrier, where the barrier corresponds to the separation of the 

proton transfer and hydrogen transfer forms of the keto-enol tautomer in the S1 state. In 

pump probe measurements, deuterium substitution induces a longer excited state lifetime 

with a kh/kd ratio of 2.5, indicating that tunnel effect takes place in the ESIPT of the non-

deuterated system.   
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I. Introduction 

A. Unraveling the Mechanism Behind Excited State Intramolecular Proton Transfer 

Excited state intramolecular proton transfer (ESIPT) forms the basis of many important 

biological and chemical processes, but the physical chemistry of the reaction is still not fully 

understood. It was proposed by Weller who observed a dual fluorescence in methyl 

salicylate attributing to a three-energy level system in containing the ground state, a normal 

excited state, and a tautomer excited state (1). ESIPT has since attracted attention in a 

plethora of applications such as lasers (2), fluorescent molecular probes (3), white light-

emitting materials (4) (5), and optical devices (6). When a molecule with a suitable 

chromophore absorbs a photon and undergoes a π-π* transition to the S1 state, it can 

experience a redistribution of electronic charge in which the proton donating and accepting 

groups increase in acidity and basicity, respectively, in the excited state. One can describe 

the proton as wanting to “catch up” with a new electron distribution in the excited state. Two 

delocalized n-electrons become localized on the two carbon atoms which bear the groups 

forming the intramolecular hydrogen bond. In many systems investigated, the proton is 

transferred along the hydrogen bond between from the nitrogen atom to oxygen. This 

process is ultrafast and occurs in the order of femtoseconds (7). Following ESIPT are 

significant changes in dipole moments and molecular geometry, resulting in strongly Stokes-

shifted fluorescence of the tautomer in which the formation can range from the femtosecond 

to microsecond time domain depending on the system (8). Relaxation may be radiative or 

non-radiative, but in either cases usually involve reverse isomerization or back proton 

transfer to the ground state. It is also important to consider the distinction between excited 
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state proton transfer and hydrogen transfer, both of which involves tautomerization. It was 

first proposed that in proton transfer, the zwitterionic tautomer is formed whereas in 

hydrogen transfer, a keto tautomer is formed as opposed to the enol form in the ground state.  

The fundamental difference is the distribution of electron density, where only the proton 

moves in proton transfer and the electron is translocated synchronously with the proton in 

hydrogen transfer. For the keto tautomer to be stabilized in hydrogen transfer, internal 

electronic and nuclear rearrangements must take place (9). It is not to confuse with proton 

coupled electron transfer, in which proton transfer and electron transfer occur stepwise. 

Hence, it is important to understand the charge redistribution along the reaction path to 

properly describe the reaction, as the differences in dynamics and relaxation pathways of the 

tautomer could be used as a tool in spectroscopy.  

ESIPT can be solvent assisted and called pseudo-intramolecular. Gas phase studies will 

be discussed to investigate the intrinsic molecular properties unencumbered by 

environmental couplings that obscure the true dynamics of the natural phenomenon. ESIPT 

mechanism varies by systems and may occur by thermal and/or photoinduced activation, in 

a barrierless process or through a barrier, which is referred as quantum mechanical proton 

tunneling. Unlike classical particles that must go over energy barrier, hydrogen can be 

described as a wave packet and can therefore penetrate through potential energy barrier. 

This implies that the nucleus may pass from reactants to products, remaining below the top 

of the barrier because the mass of a hydrogen (or deuterium) is small enough that it is not 

necessary for the particle to climb over the barrier (10). The rate of tunneling is dependent on 

deuterium isotope effect, vibrational excess energy, dependence on barrier height and width. 

Substitution of the hydrogen for a deuterium isotope is a method for probing the barrier on a 
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potential energy surface (PES) as tunneling is sensitive to mass effects. The rate of the two-

dimensional tunneling model through a double minimum potential barrier (for hydrogen H 

or deuterium D) can be described by the following equation given by Bell (11):  

 𝑘 𝐻.𝐷= 𝑣𝐻.𝐷 −(
𝜋𝑎0

ℏ
)(2𝑚𝑈0)1/2

 Eq (1) 

where vH.D is the O-H vibrational frequency, m is the effective mass, a0 is the barrier half 

width, and U0 is the barrier height (12) (13). Hence, deuteration can reduce the transfer rate by 

reducing frequency v, doubling the effective mass m, and reducing the zero-point energy by 

a factor of √2. The equation can be rearranged to obtain the effect of deuterium substitution 

on proton tunneling: 

 
𝑘ℎ

𝑘𝑑
= (

𝑣ℎ

𝑣𝑑
)0.38𝑎0√𝑣0(√𝜇𝑑− √𝜇ℎ) Eq (2) 

where a0 is in angstroms, v0 is in cm-1, and u is m1m2/(m1+m2) in Daltons. In the case of 

tunneling, the probability will increase with an increase in kh/kd since the probability for 

hydrogen to tunnel is greater than deuterium. In the two-dimensional model, the PES 

minima may be symmetric with a high energy barrier or asymmetric with a low energy 

barrier as an exit channel to non-radiative transition. Several studies have studied ESIPT 

using deuterium substitution of the hydrogen atom to investigate the two-dimensional 

tunneling model by comparing proton and deuteron transfers. Vibronically resolved 

spectroscopic studies in absence of solvent observed splitting in the spectra in symmetric 

hydrogen transfer molecules due to hydrogen atom tunneling on sub picosecond time scales, 

with the splitting being sensitive to the degree of deuteration (14).  

Time resolved spectroscopy of kinetic isotope effects in conjunction with theoretical 

calculations can elucidate information on PES and barrier. Strandjord et al. demonstrated 
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that the proton-transfer process has a fast and a slow kinetic component in 3-hydroxyflavone 

(15). To elucidate tunneling and mass effects on the excited potential surface, real-time 

probing of methyl salicylate (MS) under collision-less conditions tested deuterium 

substitution effects on ESIPT (16). A delayed femtosecond pulse depleted the initial enol and 

final keto tautomer populations, probing the PES of the internal H-atom motion, which was 

observed to take place within 60 femtoseconds. Isotope effects were not observed in 

deuterium substitution of MS, indicating a barrierless reaction and hence, absence of 

tunneling. In a study on jet-cooled isolated 2-(2'-hydroxyphenyl)-5-phenyloxazole (HPPO) 

and deuterated form, deuteration resulted in drastic narrowing of fluorescence bands and 

decrease in rate constant (17). This deuteration effect is a signature of the tunneling 

mechanism and the existence of two PES minima. In addition, it was determined that the 

PES was largely asymmetric due to the absence of any resonant fluorescence from the enol 

form and a blue shift in the excitation spectrum. The rate constant was determined with the 

full width at half maximum (FWHM) intensity of the vibronic band expressed as: 

  FWHM = 
1

2𝜋𝑐𝜏
 Eq (3) 

where c is the speed of light and 𝜏 is lifetime of a given vibronic state of the isolated 

molecule. The upper limit of the rate constant of ESIPT reaction of the main vibronic bands 

in the excitation spectra could be determined by:  

 kESIPT = 
1

𝜏
 Eq (4) 

resulting in a significantly reduced rate constant (about six times smaller) for the deuterated 

form, indicating a tunneling mechanism. The energy barrier height was calculated for 

deuterated and non-deuterated HPPO using kESIPT in a mono-dimensional simplified model, 
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which provided a lower energy barrier height in the deuterated form. This contradicts Bell’s 

rate constant given in equation 1, which would predict a higher energy barrier height and 

width in deuterated HPPO due to an increased mass and induced change in zero-point 

energies. In another study of jet-cooled isolated 1-hydroxy-2-acetonaphthone (HAN) which 

exhibits a dual fluorescence character with a double PES minimum in the ground state and 

an asymmetric double well PES in the excited state. (18) Interestingly, deuteration of HAN 

completely eliminates the short wavelength part of the fluorescence emission (enol 

fluorescence) while the long wavelength part (keto fluorescence) remains unchanged, 

establishing the presence of tunneling through a small energy barrier. This may be due to a 

large intramolecular electronic redistribution leading to ESIPT. In agreement with Bell’s 

tunneling rate constant equation, it was observed that the lifetime for deuterated HAN (13ns) 

was longer than the non-deuterated form (9.4ns). These contrasting results highlight the 

opportunity isolated gas phase studies provide in elucidating tunneling effects in ESIPT 

dynamics and the complexity in contrasting mechanisms.   

B. Investigation of Excited State Intramolecular Proton Transfer in Indigo Dye 

 Hydrogen bonding is fundamental in biology and chemistry. However, the role of 

hydrogen bonding in energy deactivation is not fully understood. Indigo is an organic blue 

dye that has been used for centuries due to its longevity, which is contributed by its two 

intramolecular hydrogen bonds between the two adjacent pairs of carbonyl and NH groups 

owing intrinsic photo-stabilizing mechanism: excited state intramolecular proton transfer 

(ESIPT). Indigo can serve as a model to elucidate energy dissipation via rapid radiation-less 

deactivation channel for complex hydrogen bonding systems. Due to its intrinsic 
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photochemical properties, it has been used in a variety of applications such as textiles (blue 

jeans), transistors (19), solar cells (20), diodes (21), memory storage (22), biosensors (23), and more 

(24). A thorough computational study by Yamazaki et al. describes the molecular 

mechanisms of the photostability of indigo. When indigo is irradiated with light and absorbs 

a photon, it goes from the ground state S0 to the excited electronic state singlet S1 in a π-π* 

transition. ESIPT in indigo occurs when the hydrogen atom is transferred from the nitrogen 

atom of the amine group to the oxygen atom of the carbonyl group, exhibiting a single 

proton transfer. When both hydrogen atoms are transferred on both nitrogen groups to 

oxygen groups, this is double proton transfer. Double proton transfer, along with 

photoisomerization, are excited state deactivation channels with high reaction barriers and 

are not discussed here (25). The intrinsic photostability of indigo is due to the tautomerization 

from the di-keto to mono-enol form during ESIPT after irradiation and occurs in the 

femtosecond timescale. Following ESIPT, there is a fast non-radiative decay on the S1 PES 

minimum with a planar conical intersection to the S0 states that involves deformation of the 

aromatic rings, providing an internal conversion pathway (25; 26). Therefore, the keto 

conformation can be observed when the molecule returns to the ground state in the 

picosecond timescale. The fast non-radiative decay may be due to tunneling effects, which 

has been investigated by deuterium substitution effects to obtain an understanding of the 

reaction barrier.   
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Figure 1. Diagram representing the potential-energy profile of the SPT tunneling 

reaction of indigo connecting the S1 minimum with conical intersection (CI).  

An ultrafast femtosecond study by Izumi et al. investigating the ESIPT of indigo 

carmine provided direct evidence that single proton transfer is a stepwise pathway resulting 

in a mono-enol structure, ultrafast return to the keto structure, and a back reaction in the 

order of picoseconds, all of which provide photostability. Following photoexcitation the 

stretching modes of the two identical carbonyl groups (vC=O) were observed. The electron 

density in one of these acceptor groups in the first proton transfer decreases by π-electron 

delocalization extending to the transferred proton. This results in the red shift of vC=O. The 

electron density increases in the C-O bond that does not participate in PT by loss of 

intramolecular hydrogen bonding between N–H and C=O, resulting in a blue shift of vC=O
 

(27). Several groups have studied the ESIPT reaction barrier and tunneling mechanism in 

indigo and substituted indigo derivatives by the deuterium substitution method. Table 1  in 
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appendix summarizes the results of kinetic isotope studies discussed in this section. In a 

pump probe femtosecond transient absorption spectroscopy experiment by Nagasawa et al., 

indigo carmine was deuterated, resulting in a recovery signal ten times slower than the 

undetuerated form and suggesting the influence of hydrogen bonding in the ultrafast 

deactivation process (28).  In a study by de Melo et al. on deuterated indigo and its derivatives 

with di-, tetra-, and hexa-substitution displayed a threefold increase in the fluorescence 

quantum yield upon deuteration, supporting the idea that proton transfer plays a crucial role 

in the radiation-less internal conversion pathway and that radiation-less process dominates 

over radiative rate process. Substitution did not affect highly efficient internal conversion 

and the decay was observed to be biexponential, indicating two excited species exist: the 

keto and enol form of indigo (29). In another study by de Melo et al. the rate constant was 

probed on the picosecond timescale and observed to be 8.4 × 1010 s-1 for indigo and 1.6 × 

1011 s-1 for deuterated indigo in a non-polar aprotic solvent, with a kH/kD ratio of 0.53. The 

kH/kD ratio of less than 1 is a consequence of the reverse isotope effect. In the reverse 

isotope effect, the PES for the heavier atom is smaller because the force constant at the 

transition state (the enol form) becomes larger than that in the initial state (keto form). In 

this case, the force constant for the enol form is 1006 kcal/(mol Å2) for the O-H bond and 

914 kcal/(mol Å2) for the N-H bond (30). This reversal in trend is typically the case for ionic 

bonds where the bridging hydrogen is weakened when replaced by deuterium, as opposed to 

strengthened in pair of neutral molecules. Note that the energy of the system is not changed, 

but the zero point energy for the heavier atom is reduced (10).  
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Figure 2. Zero-point vibrational levels for H and D in the case of an isolated species, on 

the left, and an ionic H-bond on the right, observed in a reversal trend (10). 

In another femtosecond study by Iwakura et al., kinetic isotope effects were investigated 

in indigodisulfonate salt in solution and observed a red shift for the C=O stretching mode in 

deuterated form. kd was observed to be 2 x 1012 s-1 and 3 x 1012 s-1 for kh with a kh/kd ratio of 

1.7 indicating that tunneling takes place in proton transfer (31). Iwakura et al. also 

investigated indigo carmine in solution in femtosecond experiments and similarly observed 

kh to be 3 x 1012 s-1 and kd to be 2 x 1012 s-1 with a kh/kd ratio of 1.5 in the early transition 

state, corresponding to a 44% decrease in deuterated rate constant. A red shift for the C=O 

stretching mode in deuterated form was also observed in early transition, followed by a blue 

shift and then a red shift again. This oscillatory feature was not observed in the non-

deuterated form as the proton transfer rate is much faster than molecular vibrations. The 

transition state of the recovery process is faster than the transition state of mono-alcohol 

generation, which may be attributed to the instability and higher activation energy of the 

mono-alcohol form (32). Huber et al. also observed an increase in fluorescence quantum yield 

in various indigo derivatives and increased cis-trans photoisomerization, a high barrier 

relaxation pathway, in deuterated indigo in solvent due to reduction/elimination of ESIPT 

(33). In a femtosecond study by Roy et al., differences in kinetic isotope effects for indigo 

carmine were observed between protic and aprotic solvents in which excited state decay 
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upon deuteration was faster in protic solvents than in aprotic solvents. This may be 

attributed to significant changes in dipole moment in protic solvents in which intermolecular 

hydrogen bonds influences the rapid nonradiative S1 → S0 transition via the mono-enol 

intermediate (34).  Most notably within our research group, Haggmark et al. mapped ESIPT 

relaxation pathway of isolated indigo in a molecular beam using resonance enhance 

multiphoton ionization (REMPI), allowing for probing excited state lifetimes of vibronic 

bands using pump probe spectroscopy in the picosecond and nanosecond range (35). Two 

excited state lifetimes at lower excitation energies of the mono-enol intermediate 

deactivation channels were observed in the order of one and ten nanosecond (ns) timescale. 

In the higher excitation energies, the longer-lived lifetime was absent as seen in Figure 3.  

 

Figure 3. 2C-R2PI spectra collected using ps excitation followed by ionization with 

nanosecond pulses (top panel) and picosecond pulses (bottom panel). Squares represent 

the lifetimes as recorded from pump-probe measurements in the ns range (green) and 

ps range (blue). Excess energy at approximately 700cm-1 depicts a barrier where the 

short lived picosecond component is absent (35).  
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In conjunction with computational methods, a two-barrier excited state reaction path was 

observed corresponding to competing proton and hydrogen transfer which depends on 

vibrational modes, as well as opposite character in the ground state trajectories. The contrast 

in polarity between ground state and excited state intramolecular proton or hydrogen transfer 

suggests effects of stabilization by different polar solvents or chemical modifications (35). 

Although further evidence is needed, hydrogen transfer might be associated with the faster 

decay channel and that the probability of internal conversion is greater at higher excitation 

energies. It is also possible that proton transfer and hydrogen transfer processes can 

interconvert via intramolecular vibrational energy redistribution (IVR), but further evidence 

is needed. This study further supports that gas phase experiments provides a bottom-up 

approach can provide a comprehensive framework for studying the dynamical behavior of 

complex systems. Molecular spectroscopy is a powerful tool to bridge our understanding of 

ESIPT and its dynamics. To expand this study using this technique, the effects of deuterium 

substitution will be observed to elucidate the effects of tunneling on the relaxation pathways 

of the mono-enol tautomer in the S1 state. 
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Figure 4. ESIPT reaction PES of indigo with geometries of ground state in the center, 

inter-ring twist of diketo tautomer on the left, and mono-enol tautomer on the right. 

Solid lines denote minimum-energy profiles of the S1 state. Dashed lines denote 

vertical-energy profiles of the ground state computed at the geometry of the S1 state. X 

form represents PT tautomer and corresponds to square and red lines. Y form 

represents HT tautomer and corresponds to triangles and green lines. Inset illustrates 

the barrier which separates the two tautomeric forms computed along the Linear 

Synchronous Transit (LST) reaction path connecting the S1-state optimized geometries 

of the X (left) and Y (right) conformers (35). 
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II. Spectroscopic Technique 

A. Method Overview  

The study of biomolecules often involves the use of solvents, which blurs fundamental 

intrinsic properties of a molecule due to a myriad of intramolecular interactions. Hence, to 

capture the nature of an isolated molecule, considerable analytical progress has improved 

conditions of gas phase studies, allowing sensitive and controlled studies of ultrafast 

photochemistry of biomolecules. Gas phase spectroscopy offers sensitive probing of 

structural features, such as isomer selectivity. By examining a biomolecule independently of 

solvents, a bottom-up approach provides a better context of more complex interactions. This 

section will detail a home-built combined instrumental technique consisting of (a) laser 

desorption, (b) jet cooling, (c) photoionization, and (d) mass detection via time-of-flight 

mass spectrometry (LD-JC-REMPI-MS). The experiments were carried out in a well-

defined clean ultra-high-vacuum environment provided by two diffusion pumps operating at 

2 x 10-5 torr by a diffusion pump (Edwards Diffstak 250, 2000 L/s) for the chamber housing 

and 2 x 10-6 torr (Diffstak 100, 280 L/s) for the time-of-flight tube. This technique provides 

exceptionally well resolved vibronic spectroscopy and fragment-free spectroscopy for 

molecules of interest by combining multiphoton ionization with mass spectrometry. Each 

component of these experiments serves a vital role in providing highly resolved spectra of 

discrete energy states of molecules and the basis will be described in detail in the sections 

below. The combination of laser spectroscopy and mass spectrometry provides analytical 

information in two dimensions: wavelength and mass. Two-dimensional spectroscopy 

allows for identification of molecules not only by their mass but also by their typical optical 
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molecular spectrum. By separation of the two lasers used for desorption and ionization in 

space and time, low fragmentation of the parent species is achieved. One of the challenges in 

analyzing biomolecules is its degradability at high temperatures and low vapor pressure. 

Using a high energy and fast pulsed laser to desorb the molecules into the gas phase, avoids 

fragmentation. The desorbed molecules stay in their neutral form and do not undergo any 

photochemical interactions at this wavelength. The molecules are entrained in a molecular 

beam, a pulsed supersonic jet expansion of argon that efficiently lowers internal 

temperatures to several tens of degrees Kelvin or below which provides high resolution 

REMPI spectra. By studying neutral cooled gas phase species, noncovalent interactions such 

as hydrogen bonding, base stacking, and charge transfer can be studied through this 

technique. Downstream, the molecules are carried to the extraction field of a time-of-flight 

mass spectrometer. The molecule is intersected by multiple photons, where it is resonantly 

excited and ionized. A first photon, tuned to a resonant vibronic transition, excites the 

molecule to an excited electronic state. This step utilizes wavelength selectivity, allowing 

for ionization of the analyte of interest irrespective of the matrix and complexity of the 

sample and hence, minimizing sample preparation and purification steps. Next, a second 

photon ionizes the excited molecule, and the ions are detected in the TOF mass 

spectrometer. By using two different lasers we can independently optimize the excitation 

and ionization steps for maximum detection efficiency without sacrificing selectivity. We 

have demonstrated near unity two-step photoionization efficiency, leading to attomole 

detection efficiency. Thus, this technique requires minimal sample size, making it an ideal 

analytical method for projects such as archelogy, art preservation, and analysis of 

extraterrestrial samples. Resonant ionization not only selects for a specific compound; it can 
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also select for specific isomers. We employ spectral hole burning coupled with REMPI to 

obtain an IR spectrum of individual isomers. In this approach a tunable IR pulse resonantly 

modifies a specific population in the molecular beam before excitation, which we detect as a 

change in the ion signal. The resulting isomer selected IR spectrum allows for structural 

identification. Our technique is specifically designed to study aromatic molecules. This 

combined approach is a powerful technique that can achieve structural resolution for 

isomeric specificity, minimize sample size and processing, and provide background 

discrimination against a matrix of compounds. This technique has been used for analytical 

applications and the study of UV photochemistry. Parameters have been extensively 

optimized. A schematic is shown below.  

 

Figure 5. Schematic of technique. 1) Laser desorption: a) Sample on a translating 

graphite bar is laser desorbed by a focused Nd:YAG pulse (1064 nm, ∼1 mJ/pulse) 

operating at 10 Hz, b) volatilizing low vapor pressure molecules without fragmentation 
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or degradation. Dark and light yellow represents different conformations of a single 

molecule. 2) Neutral molecules are entrained in a supersonic expansion from a piezo 

pulse valve ((8 atm backing pressure, 30 μs pulse width), which entrains the gaseous 

molecules and lowers the internal temperature to several tens of degrees Kelvin or 

below. 3) Cold gaseous molecules are selectively ionized by wavelength using REMPI 

techniques and is then 4) detected by a reflectron time-of-flight mass spectrometer.  

B. Laser Desorption 

For these experiments, it is essential to conduct them in gas phase, as the goal of the 

study is to elucidate the intrinsic photochemical properties of a molecule. Solution phase 

studies complicates experiments as solvent interactions contributes to spectroscopy. There 

are many ways to volatilize a solid sample. A simple approach would be a direct heating 

method using a hot pulsed or continuous oven. This technique is limited to molecules with 

low volatility which can be heated into gas phase. This presents a problem for molecules 

that are nonvolatile and thermally labile, as they will decompose upon heating. A way to 

circumvent this limitation to include nonvolatile molecules is by chemical derivatization of 

polar groups to produce molecules with higher vapor pressures. The consequence is a large 

increase in molecular weight, proportional to the number of polar groups. For the nature of 

our experiments, the approach should consider fragile high molecular weight samples, 

keeping the molecule intact and in its original chemical form. In addition, the need for a 

direct, facile detection of the molecule in heterogenous sample with little to minimal sample 

preparation.  

Laser induced desorption of surface bound gases was reported as early as 1967 by 

Levine and coworkers (36). In the late 1970s, Posthumus et al. were the first to volatilize 

polar, nonvolatile organic molecules, producing intact gas phase molecule using laser 

induced desorption technique. They used a sub microsecond laser pulse to volatize 

oligosaccharides, which are notorious for their nonvolatility and thermal lability, from a thin 
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layer of sample coated on a metal surface and detected by mass spectrometer. However, 

during the laser desorption process, cationized species were produced rather than neutral 

species (37). Several groups have since studied laser desorption of organic molecules from 

surfaces (38). A decade later, Levy et al. were able to observe high resolution gas phase 

electronic spectra of peptides seeded in a supersonic molecular beam by laser desorption (39). 

Continued efforts by Lubman coupled pulsed laser desorption with jet cooling to  produce 

sharp spectral features of nonvolatile thermally labile molecules such as amino acids, probed 

by resonant two-photon ionization spectroscopy in a time-of-flight mass spectrometer (40) (41). 

Continued efforts by Meijer et al. studied the cooling characteristics and detection sensitivity 

of laser desorption jet-cooling of organic molecules and were able to detect as little as 30 

picograms of materials by wavelength and mass. This highlights wavelength-selective as 

well as mass-selective detection of molecules desorbed from a surface without 

fragmentation. (42) (43) (44). The emergence of matrix assisted laser desorption/ionization 

(MALDI) and electrospray ionization (ESI) as a powerful technique for producing intact 

ions extended the application of mass spectrometry to large fragile biomolecules including 

oligonucleotides and proteins (45).  

Laser desorption can take place in different ways such electron stimulated desorption 

(ESD) which is a nonthermal process, and laser induced thermal desorption (LITD) (46). The 

latter will be used in the experiments. ESD is based on local electronic excitation at the 

surface, that can be described by the Menzel-Gomer-Redhead's (MGR) model (47). First the 

adsorbate is excited into an antibonding electronic state, then quenching or delocalization of 

the excitation leads to desorption. LITD is widely used for a variety of applications, such as 

annealing surfaces (48), to study adsorbates on surfaces (49), and to desorb and ionize large 
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organic molecules that easily decomposes (50). The mechanism of LITD is not fully 

understood but has been described as a thermal model. LITD is a technique where a high-

powered pulsed infrared laser is used to induce a rapid heating that gently but rapidly 

vaporizes the sample from a surface. The adsorbate molecule does not receive energy 

directly from the laser radiation. Instead, intramolecular vibrational energy transfer flows 

from the hot surface to the cold adsorbate species, breaking weak van der Waals bond 

between molecule and surface. The bonds holding the adsorbed species are put into such 

high vibrational states that they break (51). This occurrence can be described by the 

bottleneck effect, which was recognized by Lucchese and Tully who carried out quantitative 

calculation using stochastic trajectory technique to study desorption of nitric oxide molecule 

bound to LiF. The bottleneck effect can be described as energy flow from the adsorbate-

surface bond to the chemical bonds in the adsorbate (52). In other words, the physisorption 

bond serves as a bottleneck for energy transfer from a rapidly heated surface to the internal 

degrees of freedom of the adsorbed molecule. The frequency mismatch in which the low 

frequency surface mode coupled to high frequency molecular modes allows for the rapid 

heating rates, thereby achieving desorption (53). Neutral species are the major product of the 

desorption event, which is key for the technique as described in the next section describing 

spectroscopic detection. LITD depends a great deal upon the temperature or heating rate, 

which needs to compete against vibrational excitation that is responsible for fragmentation. 

Reactions will dominate at slow heating rates and desorption at rapid heating rates (54). LITD 

allows the surface to be heated at rates up to 1011 K/s with nanosecond laser pulses, whereas 

conventional heating and electron bombardment can only achieve heating rates up to 10K/s 

and 103 K/s, respectively. This rapid heating rate induced by a laser can favor desorption 
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over decomposition and is key to desorption (55). Deckert and coworkers describes the 

relationship between surface heating rates and the yields for desorption and reaction as a 1:1 

ratio. One limitation to this method is the maximum temperature of the surface before 

melting of the surface occurs. Hence, selection of substrate will be limited to the material 

that has a melting point greater than the required peak temperature on the surface. (56). 

Parameters that influence desorption yields include but are not limited to laser pulse length 

and shape, kinetic parameters, and peak temperature reached on the surface (57) (58). Choice of 

substrate can influence desorption efficiency, as the material can range from glass, graphite, 

gold plated copper, stainless steel and more (59). 

In these experiments, the desorption laser is focused on the surface of a graphite bar. 

Graphite absorbs at 1064 nm which does not overlap with the absorption spectrum of the 

adsorbate. Therefore, we were able to perform laser desorption experiments using the 

fundamental of a Continuum Minilite YAG laser. The laser is attenuated, and levels of 

attenuation is optimized based on signal intensity. The beam is focused and directed onto the 

graphite sample bar, which is placed on a motorized translating sample holder in order to 

expose fresh sample between successive laser shots. The desorbed neutral molecules are 

entrained in a supersonic jet expansion as described next. 

C. Supersonic Jet Cooling 

Once the molecules are in neutral gas phase, the next step is to cool them. Cooling 

reduces the number of populated molecular rotational and vibrational modes for highly 

resolved resolution in spectroscopy. Large molecules at room temperature can occupy 

millions of states will have a large density of states, resulting in a spectrum with broad 

diffuse features that is difficult to resolve, interpret, and assign. The broad bands are due to 
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hot band absorptions, transitions originating from thermally populated vibrational and 

rotational levels which are dependent on the temperature of the sample. By lowering 

temperatures, electronic absorption and emission spectra consist of sharp lines rather than 

broad bands. Hence, producing internally cold molecular species is an essential step in 

exploiting molecular ‘fingerprints’ in chemical analysis. 

Temperatures much below the freezing point of the sample will be necessary for 

producing low internal temperatures and thus, traditional methods of freezing will not 

suffice. Supersonic jet cooling is a cooling technique that produces cold, isolated, gas phase 

molecules without matrix or collisional perturbations and condensation, providing narrow 

bandwidth character of a spectrum. It produces translational and rotational temperatures 

below a few Kelvin. Supersonic molecular beams were introduced theoretically by 

Kantrowitz and Grey, and experimentally by Kistiakowsky and Slichter in 1951 (60) (61). In 

1975, Levy and coworkers coupled supersonic jet cooling with high resolution spectroscopy, 

which revolutionized molecular spectroscopy. (62) 

The principle of jet cooling is to convert random molecular motion into directed mass 

flow along the beam axis, in which rapid expansion adiabatically cools the sample to 

produce a beam internally cold molecules with high forward supersonic velocities. This is 

established when a relatively high-pressure gas is expanded from a reservoir into a vacuum 

through a small orifice. (63) The reservoir contains high pressure inert gas of random 

molecular motion represented by a Maxwellian distribution at the equilibrium reservoir 

temperature. The molecular mean free path between collisions is much smaller than the 

orifice diameter, allowing the orifice to act as a supersonic nozzle or jet. (64) Of the many 

collisions in the vicinity of the jet orifice, only those which have achieved a large velocity 
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component in the axial direction are able to escape the reservoir. This results in directed 

mass flow of the gas, a supersonic jet, outside the orifice in which the expansion proceeds 

faster than the speed of sound in the vacuum. (65) This relationship can be described by the 

Mach number M, which increases as flow velocity, u, increases and the speed of sound, a, 

decreases in the expression M = u/a. Supersonic expansion is achieved when M = 1 near the 

nozzle and M > 1 downstream from the nozzle. This speed produces a shock wave called the 

Mach disc, which protects region of the beam from interaction with background gases and 

pressure changes. (66) At the core of the jet, density and collisions are decreased and the 

system may be in a highly nonequilibrium state. As a result, rotational and vibrational 

energy distributions are decreased and essentially ‘freeze’ when collisions are negligible. 

The gas is then cooled by providing energy to the conversion of directed mass flow from 

random motion requires energy. The width of the velocity distribution determines cooling 

efficiency. Large molecules can be rotationally cooled to below 1K while vibrational and 

translational energy can be cooled to 10 to 20K. width of the velocity distribution. 

Condensation does not occur because it is a much slower process than rotational and 

vibrational relaxation. Significant analytical power is unleashed by combining laser 

desorption and jet cooling. In these experiments, high purity argon gas with a backing 

pressure of 6 x 103 torr flows through a conical shaped pulsed nozzle (Amsterdam Cantilever 

Piezo Valve ACPV2), entraining freshly desorbed gas phase species in a high vacuum 

chamber with a pressure of 2 x 10-5 torr. This low pressure is maintained by large diffusion 

pump (Edwards Diffstak 250, pumping speed: 2000 L/s).  In addition, the pulsed piezo valve 

operating at 10 Hz repetition rate prevents gas overload on the diffusion pumps. Conditions 

such as timing between laser desorption and pulsed valve opening, pulse width, and pressure 
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are optimized as clusters can sometimes be formed in the expansion. The cooled gaseous 

sample is skimmed by a 3mm skimmer and enters the source where it is then ready for 

ionization and detection. 

 

Figure 6. Schematic diagram of supersonic jet cooling. First, high pressure gas 

expanded through a pulsed nozzle into a region of ultra-low pressure. Random thermal 

motion of the gas molecules (pink arrow) is converted into directed kinetic motion 

(blue arrow). The zone of silence in dotted orange lines is the region of expansion 

where the Mach number (M) >> 1 and this is the collision free region. The dotted green 

lines are the outer limits of zone of silence and separate this region from the barrel-

shock region containing pressure shock waves. The result is a narrow velocity 

distribution, providing low translational temperature. 

D. Photoionization 

In selecting a spectroscopic technique for ionization in this application, the method must 

a) be highly sensitive due to low density of molecules in the molecular beam, b) enable the 

elucidation of photochemical properties of the molecule of interest and c) result in ionization 
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without fragmentation for detection. Photoionization is the process of ionizing molecules 

when the molecule absorbs a photon or photons that has energy greater than the ionization 

potential of the molecule. The energy of the photon E can be represented by the equation 

 E = hv Eq (5) 

where h (2𝜋ℏ) is the Planck constant, 𝜈 = c∕𝜆 is the photon frequency; 𝜆 is its wavelength, 

and c is the speed of light. When a molecule absorbs light, it undergoes a transition from an 

initial state to a final state with the energy difference E. The transition can be radiative or 

non-radiative transitions. This work will focus on non-radiative transitions, which occur 

through intersection of the potential energy surfaces of the electronic states involved in the 

transition. Energy transfer processes can be monitored on potential energy surfaces, a 

multidimensional topology that is a function of molecular potential energy and internuclear 

distance. In the Born–Oppenheimer approximation the nuclear and electronic part of the 

wavefunction can be separated and approximated, allowing for calculation of the adiabatic 

potential energy surface of a fixed nuclei at defined positions. The Franck-Codon principle 

states electronic transitions are much faster than nuclear rearrangement, making electronic 

transitions instantaneous and therefore, the vibrational state of the upper electronic level that 

has the greatest overlap with the original state vibrational wavefunction will be occupied as 

indicated by a vertical arrow. The relative intensity of each transition depends on the 

absorption strength, often referred to as the oscillator strength, which describes the 

probability of the transition between the initial and final states. The interaction strength 

between light and the molecule is dependent on the magnitude of the transition dipole 

moment of the initial and final states which is dependent on the charge distribution during 

transition, the overlap between the vibrational states of initial and final electronic states.  
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Most organic molecules have an ionization potential between 7 and 13 eV. In these 

experiments, a form of photoionization called resonance enhanced multi-photon ionization 

(REMPI) is used. REMPI is a highly effective and sensitive spectroscopic method used to 

study the quantum states of free molecules. In REMPI, a molecule absorbs multiple photons 

that excite the molecule through allowed vibronic transitions (M → M*) and is then ionized 

from real excited states (M* → M+) (67). Vibronic transitions in turn induce rotational 

transitions, resulting in multiple absorption lines. Thus, a requirement of this technique is 

that the analyte must have a chromophore, a part of the molecule that can absorb light. It is 

important to note that REMPI is a form of action spectroscopy, in that it does not directly 

measure the photoabsorbance of the molecule but rather the effect of light on the molecule. 

The types of REMPI techniques discussed in this section are illustrated in Figure 7.  

 

Figure 7. Jablonski diagram of non-resonant ionization and REMPI techniques 

including one color R2PI, two color R2PI, and pump probe that allows for transition 

S0→S1 and ionization at the ionization potential (IP). 
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Resonance ionization spectroscopy was first performed in a gas cell by Johnson in the 

mid-1970s (68) (69). Rapid advances in this technique allowed for the investigation of 

previously inaccessible electronic transitions and vibronic states of diatomic and polyatomic 

molecules with the advent of wavelength tunable lasers (70) (71). REMPI was combined with 

the supersonic beam in the late 1970s and in the 1980s was investigated with laser desorbed 

neutral molecules, both of which provided for the isomer and isotopic isomers selectivity. In 

the mid-1980s, the wavelength tunable picosecond laser unleashed the power of probing fast 

nonradiative processes. Picosecond chemical timescale corresponds to intramolecular energy 

redistribution which is faster at higher internal energies and time between collisions in the 

gas phase. At the intramolecular timescale, rotational motion is slower for large molecules 

with large moments of inertia in the picosecond range. Nanosecond timescales typically 

corresponds to radiative decay from electronically excited states. This suggests the laser 

pulse requirements should be short enough to localize the motion within the range of 

distances that is to be probed. 

REMPI is a powerful spectroscopic technique that allows sensitivity down to the ppb 

and ppt level, providing comprehensive knowledge for analytical applications. Resonant 

ionization has many spectroscopic advantages as opposed to non-resonant ionization. In 

non-resonant ionization the molecule is excited to an extremely short-lived virtual state by a 

photon and ionized by another photon. These virtual states are difficult to access and has 

less molecular specificity. In resonant ionization, the intermediate state can be selected so 

that a broad range of original rovibronic levels in the ground state can be reduced a limited 

number of intermediate states. Since the molecular beam contains a low molecular density, 

high ionization efficiency is critical. Ionization efficiency depends on the energy match 
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between photon and intermediate states and photon density. REMPI is enhanced with 

molecular cooling and thus reducing congestion. Ionization can involve molecular 

absorption of one photon, which is a form of non-resonant ionization methods or two 

photons, which is resonant ionization technique. With resonant two-photon ionization or 

R2PI, one photon electronically excites the molecule of interest from the ground state and a 

second photon to ionize that excited molecule. Although the requirement is that the first 

photon is resonant, the second photon does not need to be resonant since the photoelectron 

can remove excess energy during the ionization. One advantage of this technique is that the 

resonant state is often in a more favorable Franck-Condon regime to ionization than the 

ground state. The ionization potential is reduced, minimizing available excess energy to the 

molecule and fragmentation making this technique a soft ionization process. On the other 

hand, one photon ionization, will require significant energy to cross the target ionization 

potential since it is one step ionization process and may result in fragmentation of the 

molecule. The energy of the photons is typically in the vacuum ultraviolet region of < 200 

nm. This poses a problem for studying conjugated systems that serve as chromophore. 

However, an advantage of one photon ionization is that it does not require knowledge of the 

molecule’s potential energy surface since it does not have to be tuned to an energy level, 

which may be useful in simplifying analytical studies.  

R2PI can be one color or two color. One color R2PI utilizes one wavelength for 

excitation and ionization, whereas two colors R2PI uses different wavelengths for excitation 

and ionization. Since one color R2PI utilizes one wavelength for both excitation and 

ionization, they can come from the same laser and therefore do not need to be spatially and 

temporally overlapped, whereas in two colors R2PI this step is necessary. A problem with 
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using one color R2PI may arise when second photon is not sufficient to reach ionization 

potential which varies by analyte. Another issue with one color R2PI is that because Since 

ionization efficiency is dependent on the photon energy available in ionization, excitation 

may become saturated because ionization has a smaller cross section than excitation (72) (73). 

In two color R2PI, each step can be fine-tuned to avoid spectral broadening due to 

saturation. Broadening can be due to several effects such as doppler broadening. Doppler 

broadening is contributed to a spread of frequencies absorbed by molecules moving in 

different directions, as absorption is different for a stationary molecule and a moving 

molecule. 

The studies mentioned here utilize two colors R2PI combining laser desorption and jet 

cooling to achieve a resolved spectrum containing many bands that are attributed to 

transitions from the ground state to excited electronic states and to vibrational states within 

an excited electronic state. The pulse arranges the molecule in a defined excited electronic 

state but in a range of final vibrational states. The collision free region of the molecular 

beam at the source is intersected with lasers to probe by wavelength using two color R2PI, 

then detected by mass.  

In these experiments, the excitation laser is scanned in the region of interest while 

monitoring the ion signal produced by a fixed ionization laser. Two ultraviolet (UV) photons 

are sufficient to cross the ionization potential for most organic molecules and therefore, both 

photons are in the UV range. The highly resolved mass spectrum provides information on 

the electronic energy level of a molecule. When analyzing the spectrum, the transition from 

the lowest vibrational state in the ground state to the lowest vibrational state in the first 

electronic state is called the ‘origin’. This is the S1  S0 transition, or the singlet ground 
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state to the singlet first excited state which is the lowest energy transition. Vibronic 

transitions within the excited state are well resolved in the spectrum due to the coupling of 

laser desorption and jet cooling. These transitions provide high specificity, unique 

characteristics of individual isomers that can be used to gain extensive knowledge of their 

electronic properties. R2PI can be used as a double resonance technique called UV-UV and 

IR-UV double resonance spectroscopy, which provide structural information and can be 

used to obtain signatures for distinguishing between isomers, tautomers, and conformers. 

When combined with pump probe experiments, the lifetimes of individual isomers can be 

determined. These techniques are not utilized in these experiments and will not be further 

discussed as they are described elsewhere, although they contribute significantly to the 

research of the de Vries group (74; 75; 76).  

Ultrafast laser pulses allow probing of electronic transitions on their natural timescale, 

which are much faster than atomic motion on molecular scales. When a molecule is excited, 

an initially localized nuclear wave packet can be prepared via coherent excitation of several 

vibrational eigenstates. The time evolution of the wave packet on the global potential energy 

surface (PES) is governed by the system's molecular Hamiltonian and reflects the underlying 

dynamics, either reactive or nonreactive. Zewail's group was the first to observe the coherent 

evolution of matter wave packets as a single-molecule trajectory with a femtosecond laser, 

earning the Nobel Prize in 1999 (77). Typically, electronic state lifetimes and molecular 

rotations are in the nanosecond timescale and Nd: YAG/excimer lasers could be used. A 

femtosecond laser pulse such as Ti: Sapphire laser would be used to probe molecular 

vibrations, and an attosecond laser such as can probe valence band electrons. To measure the 

excited state lifetimes, the time between the two photons is varied. This method captures the 
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evolution of the populated S1 (ππ*) state by a time-delayed probe. The excitation laser 

(pump) is fixed on a wavelength of resonant transition, while the ionization laser (probe) is 

gradually delayed in time. This results in a ion signal decrease, or a decay trace.  Once the 

decay trace is obtained from pump probe experiments, it must be fitted using pre-

exponential factors to derive a lifetime. The time varied in these experiments are in the 

picosecond and nanosecond time regime. A limitation on lifetime measurement is the 

dependence on the laser pulse width. Therefore, nanosecond laser system may be blind to 

nanosecond lifetimes. A key difference between picosecond and nanosecond experiment is 

the trade-off between time resolution and frequency bandwidth which are inversely related 

(78).   

In resonant excitation, the strength of the optical transition is related to the absorption 

cross section, which is approximately 10−9 cm2 in the visible transition, which correlates to a 

lifetime in the order of 10 ns. Therefore, the probability of achieving a transition requires a 

photon flux of approximately 1017 photons cm-2 sec-1 (79). This is obtainable for the lasers 

used in this experiments which includes a picosecond laser system, EKSPLA PL2441, a 

Nd:YAG laser operating at 10 Hz. The laser fundamental wavelength (1064nm) can be 

frequency doubled (532nm), tripled(355nm) and quadrupled(266nm) by inserting into 

corresponding temperature stabilized nonlinear crystals in the beam path. To produce 

tunable wavelengths for excitation, this laser pumps 8mJ of vertically polarized 355nm into 

EKSPLA PG401-SH, an optical parametric generator (OPG). The OPG can produce 

wavelengths ranging from 210nm to 2300nm with a spectral width of 6cm-1. To produce the 

second photon for ionization in two color R2PI experiments, excess frequency doubled 

harmonic is used to generate 266nm in the pump laser. Exterior of the pump laser, it is 
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frequency mixed with excess fundamental by a fifth harmonic BBO crystal to produce 

213nm, which is used as the probe beam. It is important to note that for picosecond 

experiments, both photons for excitation and ionization are being generated from the same 

pump laser but have different paths and optics. For picosecond pump probe experiments, the 

delay ionization is achieved by mechanically increasing the beam path during the 

experiment. This is performed by a Thorlabs LTS300 stepper-motor driven long travel 

stages with ranges of 150mm and 300mm with a stepping accuracy of less than 0.5 um. In 

these pump probe experiments, the motor steps 1mm, in which 1mm correlates to 6.67 

picoseconds with 1800 picoseconds maximum, which is limited by the length of the delay 

stage. A UV coated, broadband retroreflector is mounted on the delay stage, doubling the 

path length of the ionization beam. After the delay stage, the ionization laser is collimated 

with the excitation laser. Along the path of the 213nm ionization path are 213nm dichroic, 

whereas the excitation laser path involves broadband dichroic. In nanosecond pump probe 

experiments, the delay of the ionization laser is achieved by electronically using a digital 

delay generator, (Stanford Research Systems, DG645) which provides a range up to 5 ns 

resolution.  
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Figure 8. Schematic of laser set-up for the beam machine. EKSPLA PL2441 produces 

1st, 2nd, and 3rd harmonic, to externally produce 4th and 5th harmonic and pump 

EKSPLA PG401-SH (OPG), which produces a tunable wavelength between 420nm-

2300nm. This excitation laser is spatially and temporally overlapped with the 

ionization laser, produced by the 5th harmonic, and delayed in pump probe 

experiments with a delay stage. 1064nm is produced from Nd:YAG for desorption.  

E. Time of Flight Mass Spectrometry  

Mass spectrometers are one of the most universal and important tools in scientific 

research. The first functional mass spectrometer was built in 1919 by Aston who received a 

Nobel Prize for this work (80). Mass spectrometry allows for highly accurate mass 

assignment but provides limited information on its own. Its broad range of applications was 

recognized as tremendous improvements were made on analyzers, ion sources, and ion 

detection techniques. Several methods of the mass spectrometers were developed, such as 

time-of-flight mass spectrometer (TOF-MS), which measures an ion’s time of flight to 

determine its mass to charge ratio. (81; 82; 83) Many scientific achievements have been made 

possible by applications the TOF-MS, especially through the improvements made by Wiley-
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McLaren (84). In 1988, Tanaka was able to ionize proteins as large as approximately 34,000 

Da using laser desorption ionization time-of-flight mass spectrometry and received a Nobel 

Prize for this work (85). TOF-MS has several operational modes to such as magnetic sector, 

quadrupole, tandem TOF-MS, matrix assisted laser desorption ionization (MALDI) TOF-

MS, and the reflectron TOF-MS (re-TOF-MS) (86).  The re-TOF-MS technique will be 

explained in detail as it is used in these experiments. Generally, in re-TOF-MS ions are 

formed in a region called the source, where they are accelerated out from towards a 

continuously applied electric field. All ions slightly different kinetic energies due to their 

spatial distribution, which is compensated by a reflectron. The ions travel through a free 

flight path, and the velocity is determined by the ratio of the charge, q, to their mass, m. 

When re-TOF-MS is combined with REMPI techniques, the ion signal reflects the 

absorption cross section of the resonant intermediate state. Combining detection by mass 

and wavelength provides unambiguous identification in this approach. This section will 

detail the four main parts of the re-TOF-MS, comprising of a) the ion source, b) the flight 

tube, c) the reflectron, and d) the detector (87).  

 The ion source is the area where the cold desorbed molecules intersect with the 

ionization laser, gets positively charged, and repelled out of the source and into the TOF 

tube. The source region is cooled by liquid nitrogen in a baffle to reduce noise. The ion 

source consists of three planar and one perpendicular electrodes: repeller plate, extraction 

grid, acceleration grid, and steering plates, respectively. In this setup, the ion source is a dual 

stage because there are two regions that accelerates the ion: the extraction region and the 

acceleration region. These separate regions serve to configure the position in time with 

which the ions are formed to achieve the same kinetic energy. The extraction region is 
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nestled between the repeller plate and the extraction grid, and the acceleration region is 

between the extraction grid and the acceleration grid.  The positively charged ion gets 

repelled away from the positive electrode, the repeller, and passes through the extraction 

grid. It enters the acceleration region where the field is stronger and is accelerated with the 

correct velocity for entry into the flight tube. Ions in motion during extraction can drift off 

the path to the TOF tube, which can be avoided by steering plates. These perpendicular 

plates include a positive and negative charged plate, which keeps the ions on path. Since a 

pulsed laser is used, the ions are pulsed in packets into the TOF tube. 

 The TOF tube is pumped down to 2 x 10-6 torr with a small diffusion pump (Edwards 

Diffstak 100, pumping speed: 535 L/s). This vacuum enclosure does not have an electric 

field, making it a ‘field free drift region’ where there are no external interactions with the 

ion packets. All ions entering the TOF tube have the same kinetic energy Ek regardless of 

mass. The relationship is given by: 

 𝐸𝑘 =
𝑚𝑣2

2
= 𝑧𝑒𝐸 Eq (6) 

where ‘m’ is mass, ‘v’ is velocity, ‘z’ is number of charges on an ion, ‘e’ is charge on an 

electron, and ‘E’ is electric field. Since velocity is a factor of distance and time, the equation 

and be rearranged to determine the ‘time of flight’ t of the ion given as: 

 t = √
𝑚

𝑧

𝑑

√2𝑒𝐸
  Eq (7) 

‘d’ is the fixed distance of the flight tube measuring 150cm. ‘e’, and ‘E’ are constant 

throughout the experiments and therefore, these values can be negligible. Therefore, the time 

of flight is directly proportional to the square root of mass over charge. Given that the time 

of flight is dependent on mass, heavier ion packets will fly slower than lighter ones if both 

ions have the same charge. This results in separation of ion packets by mass, in which the 
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lighter ion packets will reach the detector before the heavier ones. The pulsing of ionization 

provides a time zero and is essential for this technique to be effective.  

An issue encountered is that ions will have slightly different initial velocities due to 

their spatial distribution in the source where they are ionized. For instance, the ion created 

closest to the acceleration grid will eject faster than the ion further from the acceleration 

grid. In addition to their spatial distributions, there are time variations from which the ions 

are ejected from the source depending on their position. The ions within an ion packet closer 

to the extraction grid will be ejected first whereas the ions further from the extraction grid 

will be ejected later. The velocity distribution results in an increased ion packet width and 

hindered mass resolution. The slower ions will eventually get caught up with the faster ions 

since they are ejected first, converging at a point called the ‘primary focal point’. It seems 

sensible to place the detector at this point to reduce the ion packet width and improve mass 

resolution. Consider the mass resolution in full width half maximum (FWHM) expressed as: 

 Resolution = 
𝑚

∆𝑚
=  

𝑡

∆𝑡
 Eq (8) 

Stationing the detector at the primary focal point consequently reduces the path length and 

ultimately, time ions are spent in flight. Since the time ions are spent in flight is proportional 

to resolution, this contradicts the solution. A practical solution is to create another focal 

point without compensating flight time using a reflectron. A reflectron acts as an 

electrostatic ion mirror that ‘reflects’ the ions back towards the detector, correcting for 

initial velocity differences (88). First, the ions would pass the primary focal point, reflect off a 

reflectron by a linear electric field, then converge at a secondary focal point where the 

detector is stationed. The reflectron accomplishes a secondary focal point when faster ions 

penetrate deeper into the relatively weak electric field of the reflectron whereas slower ions 
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do not penetrate as deep. As a result, faster ions travel a longer path whereas slower ions 

travel a shorter path, creating a secondary focal point where both ions converge. In addition, 

the reflectron increases the signal to noise ratio and since it increases the overall flight time, 

resolution is further improved.  

 Finally, the ions collide into a dual microchannel plate (MCP) detector (89). The MCP 

is 2mm thick with an array of tiny tubes, or microchannels, that range from 10-100 μm in 

diameter. When an electric field is applied to the plates, the microchannel become small 

electron multipliers. When an ion collides into the MCP, an electron is ejected from the plate 

surface, resulting in a cascading effect of more electrons ejecting, resulting in large gains. 

The electrons are measured by a clean plate that acts as an anode and measures the electrical 

current. A baseline is monitored to compensate for any fluctuations observed during the 

experiment. Most mass spectra are fragment-free and display a prominent molecular ion 

peak. This ion signal is a function of flight time, which are in the microsecond range and can 

be used to determine the mass to charge ratio of the molecule. Theoretically, TOF-MS has 

an unlimited mass range. The ion signal is amplified by an order of magnitude by means of a 

pre-amplifier and displayed on an oscilloscope (LeCroy 9350A) or digitizer. LabVIEW 

software is used to store oscilloscope data. In R2PI experiments, LabVIEW is programmed 

to collect mass signal as a function of a scanning excitation wavelength. In pump probe 

experiments, LabVIEW is programmed to collect mass signal as a function of time. As 

mentioned earlier, the pulsing of lasers is a criterion for the TOF technique. Thus, timing 

between laser desorption, jet cooling, excitation laser, and ionization laser must be 

synchronized in order to produce a mass signal. A delay generator (Stanford Research 
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Systems Inc., DG-645) facilitates the timing between all the events to run experiments at 

10Hz repetition rate.  

 

Figure 9. Reflectron time-of-flight mass spectrometer. The sample is ionized at the 

ionization chamber by lasers and extracted into the free drift region where it is 

separated by mass and charge. The molecule with the lightest mass in pink arrives at 

the detector, followed by the molecule in blue and the largest molecule in pink arrives 

last.  A reflectron placed before the detector is used to correct for kinetic energy 

differences and extend the path length as seen in the two paths taken by both molecules 

in purple.  
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III. Isotope Effects on the Excited State Intramolecular Proton Transfer of 

Indigo 

A. Deuteration of Indigo Dye 

Deuteration of indigo dye was prepared in collaboration with Joseph R. A. Kincaid. 

Indigo, NaOH, and sodium dithionite were added to a vial and purged with argon. Degassed 

D2O was added, and the mixture was stirred and heated to 80 °C with until a transparent 

yellow solution was obtained. The reaction was allowed to cool to room temperature and O2 

was bubbled through the solution. The product was a dark blue precipitate that was via 

centrifugation and washed several times with D2O. Product was then dried on vacuum 

overnight. 

 

Figure 10. Three forms of indigo studied in the molecular beam: a) indigo, b) mono-

deuterated indigo and d) di-deuterated indigo 

B. Resonance Two-Photon Ionization Spectra of Deuterated Indigo 

The two-color resonance two photon ionization (2C-R2PI) spectra of non-deuterated 

indigo was previously collected by Haggmark et al. in 2018 (35). Here, 2C-R2PI spectra is 

collected for non-deuterated, mono-deuterated, and di-deuterated indigo. These three species 

were confirmed by the mass spectra displaying three resolved peaks. Each signal was gated 
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to avoid saturation of the detector and most importantly, to simultaneous monitor the excited 

state evolution of three systems. The instrument and experimental setup have been described 

in the previous section. re-TOF-MS voltages and events timing were optimized, resulting in 

a 20 nanosecond FWHM mass peak of indigo on the oscilloscope. EKSPLA PG-401 optical 

parametric generator (OPG) produced tunable excitation from 500nm to 560nm (~500uJ 

output) in 0.1nm increments and ionization wavelength of 213nm (180uJ output) 

simultaneously generated by the picosecond pump system at 54% amplification to produce 

the R2PI spectrum of non-deuterated, mono-deuterated, and di-deuterated indigo. In each 

scan, 30 laser shots were acquired and averaged to produce each data point to minimize the 

effect of background noise and shot-to-shot laser instability. 3 scans were collected and 

averaged in the 2C-R2PI spectra in Figure 11.  

 

Figure 11. Two-color resonant two-photon picosecond ionization spectrum of jet-

cooled non-deuterated indigo in the yellow trace (I-HH), mono-deuterated indigo in the 

pink trace (I-HD), and di-deuterated indigo in the blue trace (I-DD) 
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C. Pump Probe Measurements 

 Pump probe experiments were performed by delaying the ionization pulse, which is 

mechanically performed by a delay stage (Thorlabs LTS300) that gradually increases the 

path length, correlating to delayed ionization. By fixing the excitation wavelength at 

549.2nm, its lifetime can be monitored by a decay in ion signal. The setup has been 

thoroughly described in the methods section. Pump–probe data are collected at 351.2cm-1 

(549.2nm) and probed with 213nm wavelength. In each scan, the motor steps 1mm 

correlating to approximately 6.67 picoseconds up to approximately 1800 ps. 10 scans were 

collected and averaged, each consisting of 30 laser shots that were averaged to produce each 

data point to minimize the effect of background noise and shot-to-shot laser instability. 

Decay curves were fitted with a Gaussian fitting model using the following mono-

exponential decay function: 

 f(t) = f0 e
-t/t (9) 

Lifetimes were derived from kinetic equations and solving ordinary differential equations, 

involving the instrument response function (IRF), a Gaussian function centered around t0. 

811ps was extracted for non-deuterated indigo and 1994ps for mono-deuterated indigo. 

Mathematical fitting was only performed by Mathematica 10 package on decay traces, 

although these measurements are in continued works. Note that fitting may significantly 

vary depending on pre-exponential factors, which predicts the decay and would vary 

between users.  
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Figure 12. Monoexponential fitting method at 549.2nm or 351.2cm-1 for non-deuterated 

indigo yields an excited state lifetime of 811ps. The IRF is plotted in green. 

 

Figure 13. Monoexponential fitting method at 549.2nm or 351.2cm-1 for mono-

deuterated indigo yields an excited state lifetime of 1994ps. The IRF is plotted in green.  
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IV. Discussion and Outlook 

This work represents an incomplete collection of data in the following areas: nanosecond 

pump probe, and picosecond pump probe for all major vibronic bands. Only picosecond 

pump probe for one vibronic band was performed and fitted monoexponentially which lacks 

characteristics of a dual relaxation channel. Additionally, only three R2PI spectra were 

collected for an average whereas typically, more scans would provide more accurate details. 

This work is being continued along with computational work through international 

collaboration. The following conclusions can be made based on partial data of this project 

and will be discussed: 1) in the picosecond 2C-R2PI spectrum of indigo, a red shift and peak 

splitting is induced upon deuterium substitution on and above the barrier, as well as no shift 

or blue shift below the barrier, where the barrier corresponds to the separation of the proton 

transfer and hydrogen transfer forms of the keto-enol tautomer in the S1 state. 2) In pump 

probe measurements, deuterium substitution induces a longer excited state lifetime with a 

kh/kd ratio of 2.5. 

Table 1 provides major vibronic peaks and their shifts due to deuterium substitution 

effects relative to non-deuterated indigo. The 2C-R2PI spectrum of non-deuterated indigo 

matches with the 2C-R2PI picosecond spectrum collected from Haggmark et al. using the 

same technique (35). The 2C-R2PI spectra of deuterated and non-deuterated indigo have the 

following differences: a blue shift below the barrier, no shift approaching the barrier, and a 

red shift at and above the barrier, as well as splitting of peaks above the barrier. In previous 

fs solvent phase studies of indigo derivatives, the shift induced by deuteration corresponded 

to coupling of C=O mode with low frequency modes which involves scissoring modes due 

to bond angle changes associated with deuteron transfer, whereas this feature was not found 
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in the non-deuterated system (31). Additionally, this scissoring mode in deuterated system is a 

slower process than proton transfer in non-deuterated systems. Vibrational-mode-specific 

tunneling splitting were also observed by Mengesha et al. in isotope effects of proton 

tunneling in jet cooled porphycenes which exhibits double hydrogen transfer. It was 

concluded that isotope substitution affects hydrogen transfer even when the weak structural 

modifications are far from the reaction center, highlighting the strongly multidimensional 

nature of the tunneling process (90). This process is entirely dependent on the symmetry of the 

molecule and may explain why splitting is observed at higher excitation energies in mono-

deuterated substitutions in our results.   

 The rates determined in this experiment reflects the transition state of the recovery 

process and not the ESIPT directly, as ESIPT occurs in the femtosecond timescale and the 

lifetimes measured here are in the picosecond timescale. Pump probe experiments allows 

monitoring lifetimes as a function of excitation energy to understand the excited state 

dynamics involved in deactivation. Using equation 4 (k = 1/t), we can derive the rate of non-

deuterated indigo and mono-deuterated indigo from their lifetimes of 811ps and 1994ps 

respectively, resulting in 1.2 x 109 s-1 and 5.0 x 108 s-1. The ratio of kh/kd is 2.5, indicating a 

strong isotope effect. In a femtosecond solution phase study, a rate slow down upon 

deuteration were observed in fs studies of indigo derivatives, with a kh/kd ratio of 1.5 

whereas our pump probe studies result in a kh/kd ratio of 2.5 (32). However, it has been found 

that ESIPT is sensitive to solvent and intermolecular interaction and may attribute to 

stronger isotope effects observed in gas phase results (34). The strong isotope effect found in 

this study indicates that the tunnel effect takes place in the ESIPT of the non-deuterated 

system.  
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Table 1. Vibronic peaks and their shifts in response to the deuterium substation effect, 

where below, on, and above the barrier corresponds to the separation between proton 

transfer and hydrogen transfer mono=enol tautomer product in the S1 state. 

 Wavelength 

(nm) 

Wavenumber 

(cm-1) 
Relative 

wavenumber 

(cm-1) 

Mono 

deuterated 

Di 

Deuterated 

Below 

the 

barrier 

  

551.6 1812.9 271.9 Blue shift Blue shift 

549.2 1820.8 351.2 No shift Blue shift 

544.8 1835.5 498.2 No shift No shift 

544.1 1837.9 521.8 No shift No shift 

On the 

barrier 

532.1 1879.4 936.3 Red shift Red shift 

Above 

the 

barrier 

528.7 1891.4 1057.2 Splitting Red shit 

524.8 1905.5 1197.7 Splitting Red shift 

521.2 1918.7 1329.3 Splitting Red shift * 
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Appendix 

Table 2. Summary of discussed kinetic isotope studies of indigo and its derivatives 

Year/Author/Citation Species Method Result 

2004/ Nagasawa/28 Indigo carmine Solution phase: femtosecond 

transient absorption spectroscopy 

and steady-state Raman 

spectroscopy 

Slower recovery 

upon deuteration 

2006/de Melo/29 Indigo and 

derivatives 

Solution phase: emission spectra, 

quantum yields of fluorescence, 

singlet oxygen formation, 

fluorescence lifetimes 

biexponential decay 

2006/ de Melo/30 Indigo/ 

Cibalackrot 

Solution phase: absorption spectra, 

fluorescence, pulse radiolysis 

Reverse isotope 

effect: kH/kD <1 

2004/Iwakura/31 Indigodisulfonate 

salt 

Solution phase: fs pump probe 

time-resolved difference 

transmittance 

Isotope effect: 

kH/kD = 1.7 

2010/Iwakura/32 Indigo carmine Solution phase: fs pump probe 

time-resolved difference 

transmittance 

Isotope effect: 

kH/kD = 1.5 

2020/Roy/34 Indigo carmine Solution phase: visible pump–

infrared probe and two-

dimensional electronic–vibrational 

(2DEV) spectroscopy 

Faster decay upon 

deuteration 

 




