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Abstract 

A new instrument has been constructed for studying the dynamics of photochemical 

reactions at or near the surface of a liquid. In this apparatus, a liquid microjet is used to deliver 

a fresh and continuously flowing liquid surface into a high vacuum chamber. This system has 

been coupled with a laser pump-probe to produce and detect radicals. By using laser-induced 

fluorescence (LIF) spectroscopy, both the velocity distribution and the population of internal 

quantum states in the ejected molecules can be determined.  

Designing and building the apparatus required considerable attention with several 

significant adjustments being implemented to allow its operation. For instance, a series of 

traps were required to attain a vacuum in the low 10-5 mbar range. Using Fraunhofer 

diffraction the stability of the microjet has been demonstrated and the diameter has been 

confirmed to be 20 µm.  

To test the pump-probe procedure, a continuous microjet of a toluene/ethanol mixture has 

been subjected to laser photo-ejection using nanosecond pulses of 266 nm laser light. The 

time-of-flight distribution of toluene molecules ejected into the gas phase has been measured 

using time-resolved LIF spectroscopy. The velocity measurement indicated that the laser phot-

ejection process generated two groups of ejected molecules: (i) a collection of hyperthermal 

toluene molecules, which are assumed to be derived from molecules originally at or near the 

liquid surface and (ii) a group of slower, hotter molecules that most likely emanate from the 

liquid interior.  

Concise studies of the other liquid system namely aniline, benzene and acetyl acetone has 

also been made and are discussed in this thesis. 
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1.1 Introduction 

The nature of the chemical reactions that occur on liquid surfaces constitutes an active area 

of research that impacts upon many diverse fields such as atmospheric chemistry, catalysis, 

biology and geology.1 In spite of a considerable number of studies of reactions taking place at 

the gas-liquid interface having been undertaken, much remains to be understood. These 

reactions also play an important role in industrial applications (e.g., bleaching and 

photography) in biological systems2 or photochemical reactions at the gas-liquid interface. 

Many photochemical processes in the atmosphere involve molecules adsorbed on small water 

droplets with a typical example being the destruction of the ozone layer.3,4 

The surface region of a liquid may have substantially different properties from the bulk due 

to the strong asymmetry in the intermolecular forces between the molecules. A lower effective 

density is expected, and other properties may also differ including the dielectric constant and 

the extent and strength of hydrogen-bonding. The interfacial region not only provides the 

initial environment for reaction but also for the other processes such as interface-bulk 

exchange or solvation.5 The distribution of energy amongst the gas molecules liberated from 

the liquid surface provides information about the dynamics of the reaction at the surface. 

However, fathoming the liquid surface has proven difficult as it is generally partially hidden 

behind a gas phase. Siegbahn, who was awarded the Nobel prize in 1981, developed different 

approaches to lower the vapour pressure and to determine the chemical composition of the 

surface of water.  

In the first part of this opening chapter, an introduction of the gas-liquid interface studies 

will be given (1.2.1). After a brief account of other techniques in section 1.2.2, the discussion 

will switch to the technique employed in the work that forms the basis for this thesis, the 

liquid microjet. The different analytical techniques, spectrometric (1.3) and spectroscopic 

(1.4) combined with liquid microjets will be described. A summary of published works in 

previous liquid microjet studies will be given in section (1.5). The aims of the current project 

are described in section 1.6 and summary of all liquid microjet experiments reported to date 

are provided (1.7). The second part of the chapter is dedicated to the properties of the liquid 

microjet i.e., formation of the liquid microjet (1.9), parameters specific to certain liquids 

(1.10), and the design of the liquid microjet sources (1.11). 
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1.2 From gas-liquid interface studies to liquid microjets 

1.2.1 Gas-liquid interface studies 

In contrast with solid surfaces, which have been intensely investigated, the surfaces of 

liquids are relatively unexplored, mainly due to practical difficulties in probing the structure 

and properties of these surfaces.6 The main obstacle is that most liquids possess a relatively 

high vapour pressure at vacuum temperature, which results in a layer of gas directly above the 

liquid surface and capable of interfering with the analytical techniques employed. Until 

recently, the vast majority of experimental works on the structure of liquid surfaces has 

therefore been restricted to studies of non-volatile liquids.7 

When probing the surface, using some form of particle impact or particle ejection 

technique, both the incoming particle beam (e.g., an ion beam or an electron beam) and/or the 

outgoing particles can collide with the vapour molecules. Due to the high vapour pressure 

often, these collisions are almost inevitable and impede significantly the extraction of any 

useful information on the liquid surface using many of the standard surface-sensitive 

analytical techniques. Several technique have been employed to explore the properties and 

dynamics of gas-liquid interfaces i.e., molecular beam scattering,5,8 X-ray and electron 

spectroscopy9 or non-linear optical spectroscopy technique such as sum frequency generation 

(SGF).10,11  

The molecular beam scattering technique allows to access information about the energy 

transfers and the corresponding elementary steps at gas-liquid interfaces. A molecular beam, 

directed towards a liquid surface, can result in different processes happening either at the 

surface or in the bulk of the liquid. Upon the detection of the scattered beam, the adsorbed 

reaction products or the adsorbed species, several distinct reaction pathways can be 

distinguished depending on the interaction between the molecules of the beam and that of the 

liquid (see Figure 1.1). The different reactions (i.e., inelastic scattering, trapping-desorption, 

desorption after interfacial exchanges and desorption after bulk exchanges) have been 

identified by Nathanson et al.5 using a molecular beam formed of deuterated and non 

deuterated hydrochloric acid on liquid glycerol. The initial impact induces inelastic scattering 

(IS), the short-time interaction where the incoming molecule after a few collisions scatters 

almost directly away. Molecules leave the surface with a relatively high kinetic energy related 

to their initial energy. In trapping-desorption (TD), molecules dissipate their excess energy 
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through at least one bounce and bind momentarily to interfacial molecules. Their trajectories 

of ejection are solely correlated to the temperature and their interactions with the liquid while 

all the information before the ejection is lost. They may be propelled back into the gas phase 

by thermal motions of the surface molecules through desorption. Alternatively, molecules 

after the trapping (I) the molecules can be further solvated in the interfacial region where it 

can react (II) with solvent molecule before being desorbed. An alternative pathway is the 

migration of the molecule deeper into the bulk of the liquid, where it can react (III), migrate 

back to the interfacial region (IV) and be desorbed.5 Finally, the molecule can undergo 

reactions with other molecules in the bulk without being desorbed (V). 

 

Figure 1.1 Gas-liquid interface interaction (I – solvation in the interface, II– reaction with 

interfacial molecule, III- reaction with bulk molecules IV – migration to interfacial region, V 

– solvation and further reaction). Scheme adapted from Nathanson5 
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Inelastic scattering of noble gases from liquid surfaces has been investigated using atomic 

and molecular beams combined with time-of-flight (TOF) or laser induced fluorescence (LIF) 

detection.12,13 Particular attention have been paid to the influence of the nature of the noble gas 

employed, the energy and angle of impact and the liquid temperature to access information on 

the mechanism of the inelastic scattering. 

Orientation of the molecules at a liquid surface can be studied by ion scattering and 

recoiling spectroscopy. The analysis of the kinetic energy of scattered noble gas ions and 

ejected recoil atoms reveals the identity of the atoms in the topmost atomic surface layer.14,15  

Another technique employed for studying the details of molecular structure and the 

dynamics at surfaces and interfaces is sum frequency generation (SFG) spectroscopy. The 

high surface selectivity of SFG spectroscopy permits the determination of a liquid surface 

composition, the molecular orientation and conformation, and the surface structure at a 

microscopic level. This is achieved by performing the measurement with different 

polarizations of the two incoming beams, and the generated SFG signal beam that can be 

detected. The advantage of SFG spectroscopy is that it can be applied to all types of liquid 

interfaces.10,11  

The elemental composition of liquid surfaces can be characterized by X-ray photoelectron 

spectroscopy (XPS). The technique is based on energy measurement of electrons emitted from 

liquid surfaces in order to determine their binding energies. For a long period of time 

photoelectron spectroscopy was hardly applicable to highly volatile liquids due to the 

difficulty of transferring electrons from the liquid surface through the vapour phase to an 

electron detector. However, numerous sampling techniques have been tried and adapted to 

form suitable conditions for analysis, as will be discussed later in following section. 9,16-18  

 Most of the techniques described above require samples to be placed in a vacuum for 

analysis. Section 1.2.2 gives an overview of these sampling techniques.16,17  

1.2.2 Techniques for introducing a liquid into a vacuum chamber 

Among the earliest and most significant studies of the surface of liquids were those 

reported by Siegbahn et al. using the well-known technique of X-ray photoelectron 

spectroscopy for chemical analysis (XPS also referred to as ESCA) to study the energy levels 

of atomic core electrons. The core electrons have small chemical shifts depending on the 

chemical environment of the atom which is ionized, allowing chemical structure to be 
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determined. For the first time the water O1s binding energy of liquid water was reported 

(538.0 eV) in 7 M aqueous LiCl.18 Additives were employed (e.g., LiCl, DMF or ethylene 

glycol) to lower the freezing point of water thus enabling an acceptable vacuum to be 

obtained. Siegbahn also provided a number of sampling techniques such as a liquid beam9, a 

wetted wire system,19 and a rotating stainless steel cone16 to study the properties of the 

solution (e.g., solute-solute, solute-solvent, solvent-solvent interactions).  

A first attempt at generating a liquid beam, so as to introduce liquid samples into a chamber 

under vacuum conditions, was also reported by Siegbahn. In this arrangement, the liquid is 

continuously circulated in the system by a centrifugal pump. The aim was to couple the liquid 

beam with XPS. Partial success was achieved by obtaining an electronic spectrum of 

formamide, in which the liquid beam was adjusted to achieve a complete separation between 

the signals from the liquid and the vapour. However, the large size of the beam (a diameter of 

about 0.2 mm) caused some practical limitations since the residual high vapour pressure of the 

liquids was found to compromise the XPS studies. Several other limitations were found with 

this technique; in particular a large volume of liquid was required. There were also difficulties 

in adjusting and reproducing the liquid beam to a minimum diameter. In addition it was found 

that the resulting highly viscous samples were less suited for the experiment. 

To address the limitations of the previous technique an alternative method, a wetted wire 

system, was employed to produce a well-defined layer of liquid of suitable dimensions for 

XPS. This method was developed to explore the kinetics of the reactions at the liquid surface. 

The technique consisted of a fine wire (0.3 mm diameter) coated with the liquid formed by 

dipping it first into a reservoir of liquid. By applying reactive constituents onto a wire and 

changing its rotation speed, liquid surface reactions kinetics were in principle accessible to 

study.  

In addition to the previous sampling techniques, another method in which a rotating cone 

(Figure 1.2 a) is partially submerged into a cooled tank of the liquid sample was devised. 

During the rotation of the metal cone, a thin film of the liquid sample covers the metal surface 

and can be analysed by photoelectron excitation. Under those conditions, the vapor pressure 

decreased sufficiently to diminish the contribution of the vapour to the photoelectron signal. 

This allowed Siegbahn and co-workers to record photoelectron spectra of a variety of liquids. 
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In the mid-1990s an alternative sampling technique was developed by Nathanson5,8 and co-

workers to explore the influence of microscopic surface corrugation on collision dynamics 

using molecular beams. A rotating disk was employed as a sampling device to form a fresh 

and continuously renewed liquid film of a non-volatile liquid around 0.2 mm in thickness on 

the disk. This essentially substitutes the metal cone used by Siegbahn and co-workers by a 

metal disk. The rotating disk (Figure 1.2 b) technique was further developed by several 

groups. For example, Furlan has observed the photoejection of molecules into the gas phase 

from within a few µm of the liquid surface using this approach.20,21 Watson and co-workers 

developed a rotating wheel technique (Figure 1.2 c) which exploited the scattering of inert gas 

ions from liquid surfaces to probe surface composition and the orientation of molecules. The 

rotating wheel drags a layer of liquid past a knife edge that leaves a fresh liquid film on the 

wheel of about 0.2 mm in thickness.14,15 

In all of the cases above a small area of refreshed liquid surface is produced by the 

movement of some appropriate object, enclosed in a vacuum chamber. These techniques are 

suitable for the study of involatile liquids such as siloxanes and glycerol.14 This arrangement 

(sampling techniques Figure 1.2) minimizes contamination by adsorption and optimizes the 

sample charging by continuously creating a fresh liquid surface.14,15 Recently, Nathanson’s 

technique (a rotating stainless steel wheel) has been used by McKendrick and co-workers to 

investigate the dynamics of collisions at the gas-liquid interface. Their studies have focused on 

inelastic scattering of OH radicals from reactive (liquid hydrocarbon) and inert (perfluorinated 

polyether) liquid surfaces. The radicals were detected by laser induced fluorescence (LIF) 

spectroscopy.22-24 However, comparable studies of volatile liquids, such as water and light 

alcohols, require the introduction of new a technique. The breakthrough came with the 

development of the liquid microjet by Faubel et al.25  
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Figure 1.2 Liquid surface sampling techniques based on (a) a rotating cone (b) a rotating 

disk (c) a rotating wheel (the black thicker arrow shows the direction of the 

beam (i.e., laser or ion source) 

1.2.3 The introduction of the liquid microjet  

In 1988 Faubel et al.25 showed that it was possible to introduce a continuously refreshed 

liquid surface in a high vacuum chamber even for relatively volatile liquids. The procedure 

requires the injection of pressurized liquid through a narrow aperture at relatively high speed 

into a vacuum (see section 1.8 for full details). The combination of a sufficiently small 

aperture (generally a few microns) with sufficient pumping allows a good vacuum (~10-5 

mbar) to be maintained, provided the jet is terminated in a way which does not release large 

amounts of vapour into the vacuum chamber. This condition is satisfied by using a cold trap or 

some other liquid collection device. The small jet size (smaller than the free molecular path) 

results in nearly collisionless evaporation.26 

 The clean and continuously replenished liquid surface available from a microjet is suitable 

for use with various analytical techniques. It offers many advantages, namely by minimizing 

contamination and by reducing the interference of vapour with the detecting devices (e.g., 

optical spectroscopy or by mass spectrometry). Consequently, it has the potential to allow 

unprecedented insight into the electronic structure of volatile liquids and their molecular 

dynamics at the gas-liquid interface. Over the past two decades, the methodology of the liquid 

microjet has been applied to several different liquid substrates and has been coupled with 

several different probing techniques, as will be detailed shortly. 
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1.2.4 Conceptual outline of the liquid microjet experiment  

The conceptual elements involved in the liquid microjet experiment are represented in 

Figure 1.3. The gas-liquid interface is generated by using pressure to force a liquid beam into 

a vacuum chamber. A clean surface is always presented because of the continuously flowing 

liquid sample, as mentioned in the previous section. The liquid surface can then be probed, for 

example, by laser illumination. If this results in a species being ejected from the liquid surface, 

such as an ion or a neutral photofragments, these can be potentially monitored by means of a 

second laser, coupled to either an optical detector or a mass spectrometer. The detection 

techniques that have actually been used are described in the next two sections.  

 

Figure 1.3 Basic elements of a liquid microjet pump-probe experiment 
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1.3 Mass spectrometric probing 

One efficient way of probing species ejected from the surface of a liquid microjet is via 

mass spectrometry. The species ejected from the liquid surface may already be charged or they 

may be neutral and be subsequently ionized. All such experiments to date on liquid microjets 

have employed laser photoionization in one form or another, although it is possible in 

principle, to employ other means of ion generation, e.g., ion bombardment (which would give 

a liquid version of secondary ion mass spectrometry (SIMS)). The most popular analyzer 

combined with a liquid microjet is a time-of-flight mass spectrometer (TOF-MS), due in part 

to its simplicity of use and its high sensitivity to different substrates.7 A major advantage of a 

TOF-MS is that it is a multichannel device that collects data in all mass channels 

simultaneously. In addition it has a fast response time and it is applicable to ionization 

methods that produce ions in pulses, e.g., pulsed lasers.27  

The liquid microjet also provides a convenient means of getting ions of large biomolecules 

(e.g., proteins, peptides or DNA nucleotide fragments) into the gas phase from an aqueous 

solution. Brutschy and co-workers have developed a method called Laser-induced Liquid 

Beam Ionization/Desorption (LILBID) that allows mass analysis of large biomolecules. In this 

method, the ions are desorbed from a liquid microjet by an infrared (IR) laser pulse and then 

extracted perpendicularly into a mass spectrometer. In Brutschy’s group this mass 

spectrometer is a reflectron TOF-MS.28-30 To bring about efficient thermal desorption, the IR 

laser is tuned to a vibrational resonance of the solvent. The laser induces very fast transitions 

of the irradiated liquid into a supercritical state followed by an explosive expansion of the 

highly compressed gas. Of all the desorbed species (i.e., neutral molecules and ions) that 

escape into vacuum only the ions are drawn into the mass analyzer. During the desorption 

process, non-covalent interactions and some solvation characteristics can be preserved. This 

approach offers a combination of sensitivity and flexibility and can be used for a range of 

different substrates including low-charged macro- and bio- molecules. LILBID studies offer 

the potential to (a) gain insight into ion-ion and ion-solvent interactions in electrolyte 

solutions, (b) to desorb thermally unstable bio- and macro-molecules without fragmentation 

and detect them in a low charge state (cf. electrospray ionization), and (c) to study non-

covalent complexes of ions and molecules present in the liquid phase.31 LILBID has been 

shown to exhibit good sensitivity in detecting species in the concentration range 10-3-10-5 M.31 
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1.4 Optical spectroscopic probing of molecules in or on a liquid microjet  

1.4.1 Photoelectron spectroscopy 

 In Photoelectron Spectroscopy (PES) a high energy photon source ionizes a molecule and 

the kinetic energies of recoiling photoelectrons are analyzed, revealing the energy levels of the 

corresponding ion.32 PES, when combined with the liquid microjet technique, enables the 

direct probing of the electronic structure of the surface of a liquid. PES provides information 

such as electron binding energies, surface states, and adsorbate structure.33 PES has been 

proved to be surface sensitive at appropriate photon energies (e.g., 100 eV), which makes it an 

attractive tool for studying surfaces in detail, including the surface of water.34,35 Depending on 

the source of the photons, the application of PES can be adjusted to the requirement of the 

experiments. When a monochromatic source of soft (low energy) X-rays is used the focus is 

on core electrons and the technique is often referred to as X-ray-photoelectron spectroscopy 

(XPS). This technique is particularly useful for chemical analysis. On the other hand, vacuum 

ultraviolet radiation has sufficient energy to remove only valence electrons, giving rise to 

ultraviolet photoelectron spectroscopy (UPS).36 In the case of both XPS and UPS, information 

is provided mainly on the surface and near-surface layers because electrons are able to escape 

into the gas phase only from a relatively shallow region (within < 5 nm on the surface) without 

significant inelastic collisions.  

1.4.2 X- ray absorption spectroscopy (XAS) 

Recently, X-ray absorption spectroscopy (XAS) has been combined with liquid microjets to 

investigate volatile liquid surfaces.1,37 XAS comprises of an array of powerful techniques for 

probing the electronic and geometric structures of metals, semiconductors, insulators and 

adsorbents. Related techniques such as near-edge X-ray absorption fine structure NEXAFS 

and extended X-ray absorption fine structure EXAFS38 have been used to study liquid 

surfaces, as detailed in the next section. 

1.5 An overview of liquid microjet applications 

1.5.1 Water 

Water was the first substrate investigated in a liquid microjet and has been essential in the 

development of the microjet technique. Both mass spectrometric39-41 and spectroscopic 

techniques (e.g., XAS,42,43 Raman spectroscopy44 and PES45,46) have been employed to access 

information about specific properties such as the solvation of solute ions,33 hydrogen 
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bonding,45 and the electronic structure of the solvent.42 The aim of this subsection is to give a 

concise overview of the most significant work done on water via the liquid microjet approach. 

Faubel and co-workers initiated the first liquid microjet investigations on water; they have 

contributed to the development of this area by employing both TOF-MS and PES for analysis. 
6,25,46 In their earliest studies TOF-MS was used to measure the velocity distribution of H2O 

molecules vaporizing from thin jets of pure liquid water, i.e., simple thermal evaporation 

without any laser excitation. From the measured velocity distribution it was determined that an 

aqueous liquid microjet is supercooled (i.e., below 210 K) at its surface.25 In a separate piece 

of work, a PES study of a microjet of pure water showed an alignment of the dipole moments 

of the water molecule at the liquid surface.6 On the basis of this finding it was proposed that 

the water molecules at the surface are preferentially oriented in such a manner that the H 

atoms are pointing away from the bulk.6 Winter and Faubel have also attempted to probe 

hydrogen bonds in a liquid water microjet using XPS.45,47,48 By appropriate adjustment of the 

soft X-ray photon energy (600-1200 eV) the electron probing depth could be altered to access 

molecules either at the surface or in the bulk. Two distinctive components were seen in the 

oxygen (O1s) core-electron spectrum, with significantly different binding energies at and 

below the surface. The dominant contribution, at a vertical binding energy of 538.1 eV, was 

found in both bulk and surface sensitive spectra. A weaker component at 536.6 eV binding 

energy appears to be present only in bulk. Consequently, the 538.1 eV peak is attributed to 

surface water molecules.  

Kondow et al. have studied the laser excitation of OH stretching vibrational modes of the 

liquid water with a view to investigating the local structure of liquid water. The Mid-IR laser 

excitation results in ejection of OH- (H2O)n in the vacuum chamber while ion pair (H+…OH-) 

is induced exclusively by a Near-IR laser and their detecting is accomplished by TOF-MS. 

They concluded that ions are produced in two distinct regions, the surface and the interior of 

the water beam. The surface and the inside ions are shown to be selectively produced in the 

gas phase by controlling the delay time between the two lasers.39-41  

Saykally et al. have studied the local electronic structure of water in a microjet using XAS, 

NEXAFS and EXAFS.42-44 In their studies they obtained both total ion yield (TIY- XAS) and 

total electron yield (TEY-XAS) measurements. TEY-XAS is a bulk probe and TIY-XAS is 

generally thought to provide a measure of the electronic structure of the surface. 
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Computational predictions indicate that the surface of liquid water should exhibit a TIY-XAS 

that is fundamentally distinguishable from the bulk liquid XAS. New experimental results 

however, suggest that the observable TIY-XAS is nearly identical in appearance to the TEY-

XAS, which is bulk probe.  

1.5.2 Inorganic solutes in water and other solvents 

A number of inorganic solutes (e.g., salts, metal clusters) have been characterized by 

microjet techniques within liquid water or other polar solvent. Aqueous salt solutions have 

been extensively studied, with particular interest being paid to the distribution of ions, both in 

the bulk and the near surface region. The existence of ions at the solution surface is important 

for the physics and chemistry of electrolytes and is likely to have a crucial effect on surface 

chemistry at liquid-vapour interfaces. 

The electronic structure of interfaces of aqueous NaI and surface-active 

tetrabutylammonium iodine (TBAI) was investigated by Winter and Faubel using extreme 

ultraviolet (EUV) photoelectron spectroscopy.33 In their study, the completion of the 

segregation monolayer at the surface was monitored by following the change of the iodide 

photoemission signal with salt concentration. In addition, their experimental observations 

were strongly supported by the results of a molecular dynamics simulation. The simulation 

also allowed characterization of the thermally averaged geometries of the surface active 

cations, in particular the orientations of the butyl chains with respect to the water surface.34,49 

Photoemission from aqueous alkali-metal-iodide salt solutions using EUV photoelectron 

spectroscopy was employed by Winter et al. The focus was on the determination of the 

electron binding energies of solvated anions and cations. The effect of different counter-ions 

(Li +, Na+, K+ and Cs+) and salt concentrations was systematically investigated. The electron 

binding energies of solvated ions were found to differ considerably from those in the gas 

phase, but the energies did not depend on the salt concentrations.35  

The structure of NaI on and near the surface of ethanol was investigated by Kondow et al. 

using several techniques (i.e., liquid beam with TOF-MS and also via PES).50,51 In both 

studies, solutions of NaI in ethanol were introduced into the vacuum chamber as a 

continuously flowing microjet. The liquid was irradiated with an ultraviolet laser beam to eject 

ions into the gas phase for analysis by a TOF-MS. The presumption here is that the ions are 

produced by multiphoton ionization of the liquid near the surface, although other mechanisms 
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could be in operation here including some thermal ejection of ions. Their first study revealed 

mass spectra consistent with the presence of two cationic clusters: Na+ (EtOH)m (m = 0-6) and 

Na+(NaI)n-(EtOH)m (n = 1-7).50 The cluster formation was explained by unimolecular 

dissociation of nascent cluster ions present on the surface and composed of Na+ solvated with 

ethanol and/or (NaI)n. The dependence of the ion intensities on the NaI concentration 

suggested the formation of NaI aggregates on the liquid beam surface across the entire NaI 

concentration range studied. In a subsequent study, the kinetic energies of photoelectrons 

emitted from the surface were measured as a function of NaI concentration in the solution.51 

The resulting photoelectron spectra exhibit peaks attributed to I- and (NaI)n, solvated by 

ethanol. It was concluded that NaI on the surface of the ethanol solution aggregates into 

clusters, (NaI)n, in agreement with previous photo-ion mass spectrometry studies.51 Kondow 

and co-workers have also developed droplet beam laser ablation TOF-MS to study NaI 

molecules in an aqueous solution after obtaining a beam of droplets of this solution. They 

reported that the Na+(H2O)n ions, produced by UV laser irradiation of a liquid droplet, were 

almost identical to those produced from a liquid water beam.52  

Cluster ions of sodium and calcium solvated in ethanol were characterized by Kondow et 

al.53 They used multiphoton ionization to form and TOF-MS to detect the ejected cluster ions, 

CaOEt+ (EtOH)m (m = 2-9), CaI+(EtOH)m (m = 1-7) and H+(EtOH)m (m = 3-5) from a liquid 

beam. The measurement of the velocities of the ions indicated that two types of ejection 

mechanisms were operating simultaneously. Firstly, ions formed on the liquid surface were 

ejected with accompanying solvent molecules. Secondly the other ions were generated by 

Coulomb explosion of a divalent cluster ion, Ca2
+(EtOH)m. These ions gain a sizable 

translational energy because of Columbic repulsion.53-55  

The gas–liquid interface of aqueous sodium halide solutions was examined by Orlando et 

al. using multiphoton ionization combined with TOF-MS.56 Laser excitation at 193 nm 

produced cations of the form H+(H2O)n and Na+(H2O)m from a liquid jet containing NaCl, 

NaBr or NaI. These cations yields, when correlated with concentration, laser power and anion 

identity, showed that the protonated water cluster yield varied inversely with increasing salt 

concentration, while the solvated sodium ion cluster yield was proportional to concentration.56  

The clathrate-like structures of cation, drawn from alkali metal of organic have been 

investigated with LILBID-MS by Brutschy et al. The LILBID process implies desorption of 
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the ions from a jet of supercooled water using an IR laser beam. The aqueous clusters 

M+(H2O)n in which M+ = K+, Cs+, NH4
+ and n = 18, 20, 22, 24, 27, 29,… were observed in the 

cation mass spectra. Predominant cluster sizes for K+(H2O)n are n = 16, 20, 25, 27, and for 

Cs+(H2O)n n = 18, 20, 22, 24, 27, 29, In both cases, the highest signal intensity was measured 

for n = 20. This particular size corresponds to a deformed dodecahedral cage structure (e.g., a 

clathrate) with a cation in the cavity.57  

1.5.3 Organic and bioorganic molecules in water 

 Various organic substrates such as biomolecules, amino acids, alcohols and aromatic 

compounds have been characterized using a liquid microjet. The conformation and reactivity 

of proteins is significantly influenced by non-covalent interaction of the amino acid side 

chains, such as hydrogen bonding, hydrophobic interactions and ionic interactions. Liquid 

microjet method in combination with different spectrometry techniques (e.g., LILBID-MS, 

IR-TOF-MS) offers the possibility of transferring large charged biomolecules into the gas-

phase without significant fragmentation.  

Brutschy et al. have applied LILBID for isolation of biological molecules (i.e., proteins, 

gramicidin, lysozyme, and synthetic ionophores) from aqueous or alcohol solution into the gas 

phase for mass-spectrometric investigation. Their work shows mass spectroscopic evidence 

that IR laser desorption of several different protein solutions preserves the non-covalent 

interaction within and between the solvent. This method was applied to the detection of non-

covalent complexes such as the diglycyl-histidin-complex in and the human hemoglobin 

complex aqueous solution.29-31,58,59 

A study of the hydration structure of arginine in aqueous solution by using a liquid microjet 

in combination with IR laser ablation has been reported by Kondow and co-workers.60 

Hydrated arginine clusters ions ejected from the liquid surface were analyzed by TOF-MS to 

determine the local composition of the solution. It was assumed that, by IR laser absorption, 

the removal of a small enough fraction of the solution containing a core ion can be conducted 

without modifying the composition of the solution. The IR irradiation at (3508 cm-1), which 

excites an OH stretching vibration, of the water, is a laser ablation process. Their results 

revealed that arginine aggregates are less hydrated than their monomeric counterparts. The 

main reasons given by the authors were the smaller dipole moment of the arginine monomer, 

and the formation of a hydrophobic hydration structure of water around an arginine aggregate 
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in the solution causing the arginine monomer to be less hydrated in a concentrated arginine 

solution than the aggregate.60 Adenine (A) salts in aqueous acidic and alkaline solution were 

also investigated. Neutral species ejected into vacuum by the IR laser pulse were ionized by a 

pulsed UV laser and ions were analyzed by TOF-MS. AH2 
2+.2Cl- and [A-iH] i-.iNa+ (where i = 

1-3) ions were observed and undergo four-photon ionization involving decomposition and 

proton transfer of the intermediate species under irradiation of the UV laser.61  

Further investigation of amino acids (e.g., glycine, lysine) was performed by Saykally et al. 

using total electron yield EXAFS and NEXAFS. The pH of the bulk solution was 

systematically varied while maintaining a constant amino acid concentration. Spectra were 

interpreted through comparisons with both previous studies and ab initio computed spectra of 

isolated glycine molecules and hydrated glycine clusters.62,63 LILBID–MS was used by 

Charvat et al. to study protonated amino acids (ornithine, citrulline, lysine, arginine) and their 

non-covalent clusters in the gas phase by desorption from water.64 It was suggested that, the 

desorption of a biomolecules could be understood as a single step process involving laser 

heating of the solvent above its supercritical temperature followed by a rapid expansion, the 

recombination of the ions and finally isolation and desorption of only a small fraction of pre-

formed ions and charged aggregates. The aqueous solution concentration and pH-dependence 

of the laser-induced desorption of protonated species (monomers and dimers) was also 

studied. It was reported that the desorption process depends critically upon the proton affinity 

of the molecules, the concentration of other ions, and of the pH of the solution. Crucially, 

Charvat et al. concluded that the ion concentrations measured in the gas phase are very likely 

to reflect the solution properties (equilibrium concentrations).28,64 The same technique was 

used to investigate biomolecules (e.g cytochrome c, bovine serum albumin).65-67 

1.5.4 Alcohols and others organics liquids 

A mixture of alcohols (e.g., ethanol, methanol) and water has been frequently used in liquid 

microjet studies (see Table 1.1) as a useful solvent in studies of chemical equilibrium as well 

as in various biological studies. Despite the similar properties of liquid water and methanol 

(e.g., abnormal heats of vaporization, boiling points, dipole moments, etc.,), experimental 

results show dramatic differences in the surface hydrogen bond structure, which is shown by 

the difference in surface tension of these liquids.37  
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Nishi and co-workers have developed a molecular beam technique for generating micro-

clusters and liquid droplets a vacuum. Molecular association in ethanol-water solutions with 

various ethanol concentrations was studied using mass spectrometry by isolating the clusters 

through adiabatic expansion of liquid jets under the vacuum. The isolation of hydrogen-

bonded clusters from the ethanol-water solution through adiabatic expansion of mist particles 

under vacuum revealed the following characteristic of the ethanol – water and ethanol-ethanol 

clustering in the solutions: (1) the hydrophobic hydration of the ethanol is so strong that pure 

water clusters are not detectable at (ethanol mole fraction) x > 0.04; (2) ethanol tends to form 

polymer chains with surrounding water molecules.68,69  

Saykally et al. combined X-ray absorption spectroscopy with a liquid microjet to observe 

and quantify the intermolecular surface relaxation of liquid water and methanol. Methanol can 

be considered as the simplest and weakest surfactant, showing positive absorption at the 

air/water interface of liquid water. Sum-frequency-generation (SFG) studies of 

methanol/water suggest that methanol accumulates at the liquid interface with evidence of 

polar ordering of the methyl group about the surface normal.1,43 

A new analytical and experimental method has been developed by Kaneda et al. for 

measurements of energy losses and the angular distribution of charged particles the trajectory 

will liquid targets. A liquid microjet of pure ethanol was targeted with an incident beam 

produced by a Van-de-Graaf accelerator. The energies of the transmitted incident particles 

were measured by a solid state detector (SSD). This method has the potential to become a 

reliable measurement technique for charged particles stopping in liquid targets and other 

collisions interactions (e.g., liquid-ion-collision interaction).70 

Kondow et al. used mutiphoton ionization and TOF-MS to explore ions ejected from liquid 

surfaces of wide a variety of liquids such as methanol, ethanol, 1-propanol71 and phenyl-

ketones.72,73 The same technique was used to investigate benzoic acid in alcohol solutions (i.e., 

ethanol and propanol).74 

Many papers have been published on liquid microjes and the investigation of aromatic 

compounds (e.g., phenol75-79, aniline80-85, resorcinol86,87, naphthalene88, benzene89 and 

hydroquinone90,91). 
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1.6 Project description and thesis contents 

The original aim of the work was to study photodissociation dynamics at the gas-liquid 

interface using a liquid microjet. The ability to combine a freshly flowing liquid-gas interface 

with high vacuum conditions means that fragments can be ejected into the gas phase by laser 

irradiation without being impeded by collisions with gas molecules. The intention, therefore, 

was to carry out a series of experiments that were analogous to the many laser pump-probe 

studies of molecular photodissociation that have already been carried out over the past two 

decades in the gas phase. An additional motivation stemmed from theoretical predictions of 

the photodissociation dynamics of molecules at liquid surfaces by Benjamin and co-workers. 

These theoretical predictions simulated the photodissociation dynamics of ICN at surface of 

liquid chloroform and could be use to compared with future experimental results.92,93 

In order to attempt these studies, it was first necessary to design, construct and test a new 

liquid microjet apparatus. Having completed this task, which was the major part of the work 

described in this thesis, attention then switched to exploring the combination of the liquid 

microjet with the laser pump-probe technique. Initial tests were made by attempting to 

photoeject intact molecules from solutions prior to investigating photodissociation products. 

This proved to be challenging and it became clear that further improvements in the 

instrumentation were necessary before the original aim of this work could be met, as will be 

described later. 
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1.7 Summary of all liquid microjet experiments  

Table 1.1 Summary of all liquid microjet experiments reported to date 

   Year    Group Detection a) Liquid medium Analyte 

2008 Kondow 39 TOF-MS Water Ions H+,OH- 

2008 Orlando et al.56 TOF-MS Water NaCl, NaBr, NaI 

2008 Saykally et al.42 XAS Water Water 

2008  Winter et al.94 
X-ray (Synchrotron 
radiation) 

Water NaOH solutions 

2008 Winter et al.95 PES Water Imidazole 

2008 Winter et al.96 
 X-ray (Synchrotron 
radiation) 

Water NaCl, LiCl 

2007 Winter et al.45 PES Water Water 

2007 Charvat et al.67 IR- MALDI-MS Water-alcohol mix Biomolecules 

2007 Winter et al.47 
Auger-electron 
spectroscopy 

Water Water 

2007 Kaneda et.al.70 Solid-State detector Ethanol Ethanol 

2006 Winter et al.33  PES Water NaCl, NaBr, NaI, NaF 

2006 Kondow et al.60 TOF-MS Water Arginine solution 

2006 Kondow et al.40 TOF-MS Water Ions H+,OH- 

2006 Buntine et al.89 TOF-MS Water Benzene 

2006  Saykally et al.44 Raman thermometry Water Water 

2006 Kondow et al.52 TOF-MS Water NaI 
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2006 Charvat et al.66 TOF-MS Water Biomolecuels 

2005 Winter et al.49 PES Water Tetrabutylammonium iodide 

2005 Saykally et al.62 NEXAFS Water Glycine 

2005 Saykally et al.63 NEXAFS Water Amino acids 

2005 Kondow et al.73 TOF-MS Water Phenyl ketones 

2005 Abel et al.65 LILBID-MS Water Biomolecules 

2004 Winter et al.48 EUV-PES Water Water 

2004 Winter et al.34 PES Water Tetrabutylammonium iodide 

2004 Winter et al.35 EUV-PES Water Alkali Metal (K+,Li+, Na+,Cs+) 

2004 Saykally et al.1 XAS Water Methanol, Ethanol 

2004 Kondow et al.51 TOF-MS Ethanol NaI 

2004 Kondow et al.79 TOF-MS Water Phenol 

2004 Kondow et al.41 TOF-MS Water OH-stretch vibration of water 

2003 Buntine et al.97 TOF-MS Water-ethanol Hydroquinone 

2003 Buntine et al.91 TOF-MS Ethanol Anisole 

2002  Saykally et al.37 XAS Water Methanol 

2002 Kondow et al.78 TOF-MS Water Phenol 

2002 Kondow et al.61 TOF-MS Water Adenine salt 

2002 Charvat et al.64 LILBID-TOF-MS Water Amino acids 
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2001 Saykally et al.43 XAS Water Water 

2001 Holstein et al.90 1+1 REMPI TOF-MS  Ethanol Hydroquinone 

2001 Kondow et al.77 TOF-MS Water Phenol 

2001 Kondow et al.55 TOF-MS Ethanol CaI2 

2000 Kondow et al.84 TOF-MS 
Ethanol and 

Propanol 
Aniline 

2000  Brutschy et al.58 LILBID_MS Water Protein complexes 

2000 Kondow et al.54 TOF-MS Ethanol CaCl2 

1999 Kondow et al.50 TOF-MS Ethanol NaI 

1999 Kondow et al.53 TOF-MS Ethanol CaI2 

1999 Holstein et al.98 TOF-MS Methanol Methanol 

1999 Kondow et al.83 TOF-MS Propanol Aniline 

1999 Kondow et al.99 TOF-MS Alcohol Benzotrichloride 

1999 Kondow et al.86 TOF-MS Water Resorcinol 

1999 Brutschy et al.59 LILBID-TOF-MS Water Biomolecules  

1999 Brutschy et al.57 LILBID-MS Water 
Metal ions (K+,Li+, Na+,Cs+), 

ammonia 

1998 Kondow et al.85 TOF-MS Alcohol p-haloaniline 

1998 Brutschy et al.31 LILBID-TOF-MS Water Biomolecules complexes 

1997 Brutschy et al.30 LILBID-TOF-MS Methanol Synthetic ionophores 

1997 Kondow et al.76 TOF-MS Water/ ammonia Phenol 
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1997 Kondow et al.100 TOF-MS Alcohol Benzotrichloride 

1997 Faubel et al.6 PES Water Benzyl alcohol, formamide 

1996 Kondow et al.74 TOF-MS Ethanol/Propanol Benzoic acid 

1996 Kondow et al.71 TOF-MS Alcohols Methanol,ethanol, propanol 

1996 Brutschy et al.29 LILBID-MS Methanol/Ethanol Gramicidin, lysozyme 

1996 Kondow et al.88 TOF-MS Ethanol Naphthalene 

1995 Kondow et al.101 TOF-MS Ethanol NaI 

1995 Kondow et al.82 TOF-MS Propanol Aniline 

1995 Kondow et al.75 TOF-MS Water Phenol 

1995 Kondow et al.72 TOF-MS Alcohol Phenyl-ketone 

1994 Kondow et al.81 TOF-MS Ethanol Aniline 

1994 Kondow et al.102 TOF-MS Anisole Ethanol 

1994 Kondow et al.103 TOF-MS Alcohols Aceto-phenone 

1994 Faubel et al.46 PES Water Water 

1992 Kondow et al.80 TOF-MS Ethanol Aniline 

1990 Nishi et al.104 MS Water Carboxylic acids  

1988 Nishi et al.69 MS Water Ethanol 

1988 Faubel et al.25 TOF-MS Water Water 
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1.8 Introduction/ Liquid microjet properties 

 The focus in this chapter now turns to the proprties of liquid microjets. The formation of a 

liquid microjet also referred to as a liquid beam is presented in section 1.9. Section 1.10 

examines the parameters specific to the liquid with special attention being paid to the choice 

of the liquid phase (1.10.1) and the conditions in the capillary tube (1.10.2) and in the vacuum 

chamber (1.10.3). In section 1.11 the designs of various microjet sources, which will be 

referred to as nozzles, and their use in different experiments are discussed.  

1.9 Formation of a liquid microjet  

A liquid microjet is formed by forcing a liquid through a small orifice, with a diameter 

typically in a range of 5-50 µm, at high pressure into a vacuum chamber (Figure 1.4). This 

technique generates a constantly replenished and clean liquid surface in a vacuum.25 Through 

the use of a sufficiently large pump and/or cryopump, it is possible to generate a liquid 

microjet under high vacuum conditions, i.e., 10-5 – 10-6 mbar. Since the reason for producing 

the microjet is to probe it in some manner e.g., via a focused laser beam, the stability of the 

microjet is essential for obtaining usable results. This in turn is dependent on the properties of 

the liquid (i.e., viscosity, surface tension) and those of the nozzle design and separating 

conditions (i.e., pressure, flow rate, inner diameter of the aperture). 

 

Figure 1.4 General scheme of liquid microjet 
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1.10 Parameters specific to the liquid 

1.10.1  Selection of the liquid 

 The choice of the solvent used must take into account a variety of demands to make an 

experiment successful. It must solubilize the substrate of interest, if any, and possess suitable 

properties for use as a microjet. 

Water has been the solvent most commonly employed in liquid microjet experiments,6,25,33 

although other solvents, either pure or mixed with water, such as ethanol, methanol and 

benzene have also been reported.1,6,33,90 Both water and liquid alcohols allow access to stable 

flows and are easy to handle. Water is usually preferred when the substrates of interest (i.e., 

ionic compounds) are insoluble in alcohol or when the aqueous compounds are specifically 

targeted. However, due to its high melting point, the formation of solid ice in the chamber can 

compromise the experiment, as will be discussed later. Two properties of the solvent, its 

viscosity and its surface tension, are of particular importance. 

In general terms, the viscosity can be defined as the resistance of a liquid to flow; higher 

viscosity results in a lower flow rate for a given applied pressure. This resistance acts between 

molecules of the fluid that are traveling at different velocities. The viscosity of a liquid is 

strongly dependent on its temperature. Its influence is important while the fluid is flowing in 

the capillary and upon going through the nozzle aperture. 

 Surface tension is the cohesive tension between liquid molecules that is responsible for the 

elasticity of its surface. Surface tension plays an important role in the stability of the jet and on 

the formation of droplets105 and will be discussed in the following subsection. Table 1.2 lists 

the viscosities and surface tensions of commonly used solvents.106 

 

Table 1.2 Values of the surface tension and viscosity 

Liquid Ethanol Methanol Benzene Water 

Surface tension (σ) / N m-1  0.0226  0.0227 0.028 0.0728 

Viscosity × 10-4 (η) / kg m-1 s-1  10.74 5.44  6.04 8.91 
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1.10.2 Parameters specific to the liquid within the capillary tube 

As mentioned earlier it is essential to keep the microjet as stable as possible. Consequently, 

turbulence needs to be avoided and so the flow of the liquid should be maintained in the 

laminar flow regime to allow coupling with analytical techniques. Turbulent and laminar 

regimes can be defined in terms of the so-called Reynolds number (R). The Reynolds number 

is a measure of the ratio of inertial forces to the viscous forces as a fluid flows through a tube 

of diameter d:107 

 

η
ρνd

R =  

  

where ρ, ν, d and η are the density, the flow velocity, the beam diameter and the viscosity of 

the liquid, respectively. For a microjet of a diameter d we have essentially a wall-less tube but 

equation (1) still applies. 

Laminar flow occurs for Reynolds numbers between 250 and 2000;107 under these 

conditions the viscous forces within the liquid are dominant over inertial forces. Lower values 

(i.e., R < 250) indicate that the flow rate is insufficient to form a beam and would result in 

single droplets. For R > 2000, turbulence appears and disintegrates the beam to form a spray. 

It is noteworthy that other parameters such as (e.g., fluctuation in pressure or velocity, air 

bubbles in fluid) can also favour turbulence.107 

Figure 1.5 shows the differences in the velocity distribution between turbulent and laminar 

flows. Laminar flow occurs when the velocity of the liquid gradually increases and reaches a 

maximum near the centre of the tube, with a roughly parabolic velocity distribution. 

Conversely, in a turbulent flow, the slower solvent molecules adjacent to the capillary wall 

mix with the high-speed molecules in the middle of the stream, creating a velocity distribution 

that is more uniform radially while following a logarithmic character on the side.  

  

 (1) 
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Figure 1.5 Velocity profiles of laminar and turbulent flow in cylindrical capillaries 

The flow velocity (ν) of the microjet depends on the flow rate of the liquid and microjet 

diameter (see Table 1.3). The flow velocity can be determined from equation 2:25,108  

 

ρ
ν P2=  

 

where P is the pressure (bars) acting behind the nozzle. Table 1.3 summarizes typical values 

of the flow rates, velocities and inner diameters of the nozzles from various experiments. 

 

Table 1.3 Flow rates and velocities of liquid microjets reported in the literature 

Microjet 

diameter/ µm 

Flow rate 

/ ml min-1 

Velocity 

 / m s-1 
Group 

5 - 45 Faubel25 

6 - 120 Winter-Faubel33 

10 0.4 30 Charvat28 

10 0.5 38 Saykally1 

10 - 50-150 Brutchy30 

20 0.2 10.6 Kondow7 

25 0.2-1.2 - Holstein98 

 (2) 
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1.10.3 Parameters specific to the liquid in the vacuum chamber 

Once the liquid enters the vacuum chamber, the laminar flow can only be maintained for a 

relatively small distance and the liquid beam eventually disintegrates to form droplets. If the 

aim is to probe the liquid microjet rather than droplets, then the length of the intact microjet is 

important since, if it is too short, it will make it more challenging to probe this portion of the 

liquid flow.  

1.10.3.1 Influence of surface tension on the microjet breakdown  

The process of liquid jet instability has been studied by Furlani105 and also by Mashayek 

and Ashgriz.109 Figure 1.6 illustrates the process of a microjet breaking into droplets. The 

thermal energy imparted to the jet is carried downstream by its velocity. Since the surface 

tension of the jet is temperature-dependent, the advection of the thermal energy gives rise to a 

time-dependent spatially periodic variation (or gradient) of surface tension along the free 

surface. This surface tension gradient gives rise to a shear stress at the free surface, which is 

balanced by inertial forces in the fluid. Consequently, a so-called Marangoni flow, the mass 

transfer of the liquid layer due to the surface tension differences, is induced towards regions of 

higher surface tension. This, in turn, produces a deformation of the free surface that ultimately 

leads to instability and droplet formation. In Figure 1.6 λj represents the period between 

microjet breakage and d represents the microjet diameter. Consequently, the surface of tension 

is critical in determining the length of a liquid microjet. 

1.10.3.2 The distance to droplet formation 

Regardless of the conditions, the liquid microjet is only stable for a finite distance, after 

which it fragments into droplets. The intact length of the microjet, L, can be calculated using 

the following equation 3:110 
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where σ is the surface tension and Cd is a constant on the order of 10. Table 1.4 contains the 

parameters used in equation (2) to obtain the velocity (ν) and equation (3) to calculate the 

droplet formation distance (L) for water and ethanol. As can be seen from the table, the 

 (3) 
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breakdown distance is significantly longer in the case of ethanol compared to water due to the 

difference in surface tensions.  

Table 1.4 Calculated breakdown distances (L) 

Liquid σ / N m-1  
10-4 η /  
kg m-1 

s-1  
ρ / kg m-3  d / µm  v / m s-1   L /mm * 

Water 0.0728 8.91 1000 25 14.4  2.1 

Ethanol 0.0226 10.74 789 25 16.2  4.2 

* Based on a flow rate of 0.25 ml/min through a 25 µm aperture 

1.10.3.3 Evaporative cooling 

Once the liquid beam is in the vacuum chamber, molecules will evaporate from its surface. 

As the heat of vapourization is transported away from the liquid core, the liquid jet will cool 

significantly. Furthermore, this cooling increases with the distance from the nozzle aperture.  

 Various studies have been carried out with the aim of determining the surface temperature 

of liquid beams. In the earliest report by Faubel et al.,7 the surface temperature for different 

liquid jet diameters was estimated by measuring the velocity distributions of molecules 

evaporating from the surface and fitting them to a floating Maxwellian distribution. A 5 µm 

diameter jet was reported to have a surface temperature as low as 210 K with an approximate 

cooling rate of ~ 1.7 x 105 K s-1.25 

For larger diameter jets the vapour density at the jet surface increases, indicating that 

evaporating molecules undergo many collisions and expand from the liquid surface. In order 

to obtain reliable surface temperatures for larger diameter jets, a skimmer was placed 

perpendicular to the liquid jet to reduce collisions in the expanding vapour;25 this allowed 

freezing of the translational degrees of freedom. For diameters between 20 and 50 µm only 

moderate evaporative cooling was reported, giving surface temperatures between 275 and 300 

K.  

Kondow et al.7 reported a cooling rate of 5 K mm-1 for the surface temperature of ethanol 

as the distance of the liquid jet from the nozzle exit was varied. A reduction in the cooling rate 

was observed when the distance from the nozzle exit was reduced due to a reduction in the 

vapour pressure as the surface temperature decreases.7 



 

 

 

Figure 1.6 Schematic diagram of microjet stability and droplet formation
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The cross-section of a liquid beam and its environment is shown in Figure 1.7. It consists of 

three separate regions. The first region comprises of the liquid core, the second region is a 

vapour-phase layer (atomic layer), and the third region is the free molecular flow field.25 

 

Figure 1.7 The structure of the microjet 

One of the main problems presented by evaporative cooling during operation of the 

microjet is freezing of the liquid jet. Ice formation can lead to nozzle damage and cause 

permanent distortion to the beam direction. Faubel et al. reported that frost deposits on the 

liquid trap and freezing of out flowing water can be avoided by running the liquid jet while the 

main chamber is being evacuated.25  

1.10.3.4 Gas atmosphere over the liquid microjet surface 

One of the main disturbances occurring on the early liquid sampling models was due to the 

presence of a layer of gas around the liquid beam as molecules evaporating from the liquid 

surface were forming a vapour layer. In spite of the density of this gas decreasing rapidly 

away from the surface, it could compromise the spectroscopic results.7 A schematic 

representation of the gas atmosphere over a typical liquid jet is shown in Figure 1.8. A dense 

liquid jet is surrounded by a collisional atmosphere, the size of which depends on the diameter 

of the liquid jet, and beyond which the number density of evaporating molecules drops by 1/r, 

where r is radial distance from the source aperture in a collision-free zone.1 



 

 

 

Figure 1.8 Schematic diagram of the gas atmosphere forming over the liquid microjet (The quantity of the r refers to the 

distance of the microjet from the source aperture) 
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Faubel et al. reported that by decreasing the diameter of a water liquid jet until it was 

smaller than or comparable to the mean free path in the equilibrium vapour, it is possible to 

satisfy the Knudsen condition, λ > d, for effusive flow, where λ is the mean free path and d is 

the diameter of the liquid jet.  

The mean free path in the vapour is given by:  

 

ν

λ
P

C=  

 

where C is a constant (5.3 × 10-3 torr cm for water), and Pv is the vapour pressure of the liquid. 

With the use of this equation, Faubel et al. calculated the mean free path for water to be 11.5 

µm at a temperature of 273 K, under an equilibrium vapour pressure of 4.58 torr. For liquid 

jets with diameters smaller than 11.5 µm, it was found that the surface temperature of the 

liquid jet was much less than larger diameter beams, as reported in an earlier section. As such, 

evaporating molecules from smaller diameter beams move directly from the liquid beam to the 

vacuum region with minimal collisions in the gas atmosphere.  

For larger diameter beams, d > λ, Faubel et al. observed a supersonic expansion of 

evaporated solvent, which indicated the existence of a collisional atmosphere above the liquid 

surface. The collisional atmosphere was shown to limit the evaporation of molecules from the 

liquid beam by requiring gas phase diffusion to occur. This was supported by observed lower 

evaporation rates and warmer temperatures of the liquid surface. For example, Saykally et al.1 

calculated the diameter of the gas atmosphere surrounding a 20 µm water liquid jet to be 5d. 

Molecules in this region make around six collisions with other molecules as they traverse 

through the vapour layer, beyond which the vapour density decreases as a reciprocal of the 

distance from the liquid jet. As the liquid beam diameter increases relative to the mean free 

path, the evaporation rate becomes limited by diffusion through the vapour layer and 

approaches an asymptotic value of steady-state evaporation comparable to that under 

atmospheric conditions.1 

Various methods have been employed to reduce the effect of collisions in the gas 

atmosphere such as higher vacuum conditions (better pumping speed), reduction of the 

distance the liquid beam travels from the nozzle exit, introducing a skimmer into the gas 

 (4) 
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atmosphere and reducing the size of the liquid beam diameter. Minimizing the size of the gas 

atmosphere is important for obtaining reliable information about the surface of the liquid 

beam, as it reduces the disturbing interference of the gas atmosphere with probe particles. 

1.11 Nozzle designs 

Regardless of the flow rate and the physical properties of the liquid employed, the quality 

of the liquid microjet depends strongly on the nozzle design. Several designs of microjet 

nozzles, with different shapes and materials, have been reported.1,7,25,28,91 Generally, the nozzle 

aperture diameter controls the diameter of the beam. Table 1.5 lists the various materials for 

the nozzle assembly construction used by different research groups. As indicated in Table 1.5 

two main materials are used in microjet nozzle assembly: (i) metal nozzles fabricated from 

electron microscopy apertures and (ii) glass capillaries. Compared to metal nozzles the glass 

capillaries offer more advantages (as discussed below). Several groups have reported 

improved stability of liquid microjets when a glass or silica capillary is employed. 

 

Table 1.5 Summary of the types of microjet nozzles 

Orifice diameter /µm Material  Group 

 6 Glass capillary Winter - Faubel33 

 10 Platinum-Iridium Brutchy30 

 10-15 Quartz glass Charvat28 

 20 Stainless steel Kondow7 

 25 Fused silica capillary Buntine98 

 0.5 - 50 Fused silica capillary Saykally1 

 5-50 Platinum-Iridium Faubel25 

 

The first experiment was carried out by Faubel et al. in 1988 using a series of platinum-

iridium nozzles (electron microscopy plates) of 5 to 50 µm in diameter.25 Kondow and co-

workers employed a platinum nozzle (i.d. of 20 µm),7,111while Saykally et al. followed 

Faubel’s approach and used Pt-Ir electron microscope apertures.1 Holstein et al. in their first 
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configuration used stainless steel apertures with a nozzle diameter between 5-40 µm.98 A 

stainless steel nozzle has a number of disadvantages such as electrochemical corrosion and 

degradation of the material over time and so most groups have now replaced metal nozzles 

with less corrosive materials such as glass or fused silica.  

Buntine and co-workers also employed a silica capillary for their liquid microjet assembly. 

The typical inner diameter of the capillary used was 25 µm, although in their most recent 

experiment a capillary with a 15 µm diameter has been reported. The significant point about 

the capillary used by Buntine and co-workers is that it makes use of off-the-shelf HPLC 

components, which can be easily replaced or repaired and are relatively cheap. The liquid 

microjet assembly described later in this thesis is an adaptation of the Buntine system.  

More recently fused silica capillaries, due to their inexpensiveness and readily availability, 

have been increasingly used with various inner diameters.90,91 Saykally et al. have reported 

standard fused silica capillaries (i.d. 100 µm) pulled to the desired final nozzle diameter (500 

nm- 50 µm) with a commercial CO2 laser micropipette puller.1 

In 2004, Charvat et al. reported a new type of quartz nozzle capable of improving the long 

time stability of the liquid beam. A convergent quartz glass nozzle was fabricated from a 

quartz capillary tube. The tube is pulled-out over an oxygen-hydrogen flame, and is then cut at 

the thinnest part and polished. Apertures range between 10 and 15 µm.28  
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2.1 General overview 

This chapter guides the reader through the overall experimental setup in detail by starting to 

discuss the ideas necessary to devise the instrument and by finishing with the optimization of 

the experiment. First section (2.2) is dedicated to the instrument design by explaining the 

stepwise process followed to reach the final configuration. Second section (2.3) is concerned 

with the optimization of the microjet instrument and the characterization of liquid generated 

(i.e., determination of the liquid microjet). To the best of our knowledge the construction of 

such an instrument is previously unreported in UK. 

2.2 Design history and configuration of the liquid microjet instrument 

The construction of the experimental apparatus progressed stepwise by setting up and 

assembling the five main components (i.e., Vacuum system (1), Liquid microjet assembly (2), 

Liquid trap (3), Light collection assembly (4) and Data acquisition unit (5) as shown in Figure 

2.1. and described in the following subsections. The particular detail, in regard of each 

component, will be discussed in separate subsections. 

The system has been constructed to allow laser pump-probe experiments on a continuously 

flowing liquid microjet using pulsed lasers. In particular, the pump laser pulse is intended to 

bring about the ejection of molecules into the gas phase and the probe laser pulse subsequently 

detects those ejected molecules. The delay between the pump and probe laser pulses provides 

a means of determining the speed of the ejected molecules; therefore by varying this delay it is 

possible to elucidate the distribution of speeds. This is achieved using an electronic delay 

system, as detailed later.  

The microjet is directed downwards and is aimed at the inlet of a liquid trap, which will be 

described later. The liquid microjet can be exposed to laser light, which enters the chamber via 

a window at the far end of the secondary vacuum chamber. Any molecules ejected into the gas 

phase by this laser, whether by photodissociation or by laser ablation, are then interrogated by 

a second laser beam using laser-induced fluorescence (LIF) spectroscopy. To determine the 

kinetic energies of the ejected molecules, it is necessary to define the direction of motion. 

Consequently, only those molecules passing through an aperture are subjected to LIF probing.  



 

 
 

 

Figure 2.1 Diagram of the history design of the experimental apparatus
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2.2.1 Vacuum chambers and pumping 

The vacuum system used for the experiment comprises of two vacuum chambers 

constructed from stainless steel. Both of them have been designed by the author with 

assistance from Dr. A. M. Ellis and were fabricated in the mechanical workshop of the 

Department of Chemistry (University of Leicester). Both of them possess multiple access 

ports (seven in the main chamber, three in the secondary chamber) based on standard ISO 

flange sizes. Each chamber is also equipped with a Penning gauge for pressure measurement. 

Figure 2.2 shows a schematic diagram of the vacuum chambers with some specific dimensions 

that have been originally design for this project. The secondary vacuum chamber was 

designed to potentially accommodate new elements to the apparatus, e.g., to couple with a 

mass spectrometer. 

Both vacuum chambers are positioned on metal frame that is located next to the optic table. 

In addition, secondary vacuum chamber was placed on rail support that allows chamber to be 

mobile and detachable from main chamber (see Figure 2.3). Each chamber is evacuated by a 

diffusion pump; a Varian VHS-6 (2400 l s-1) for the main chamber and a VHS-4 (1200 l s-1) 

for the secondary chamber, each backed by a Varian DS 602 rotary pump. The vacuum 

chambers can be isolated from the diffusion pumps by a pair of gate valves. 

With the liquid microjet in operation and originally designed liquid trap, the pumping speed 

from the diffusion pumps alone was insufficient to cope with the amount of liquid vapour 

released into the main chamber. Indeed, without additional measures the pressure in the main 

chamber would have exceeded the maximum operating pressure (~ 10-3 mbar) of the diffusion 

pump.  

Two steps were taken to try and improve the pressure to the desired level of ~ 10-5 mbar or 

better. The first step was to modified liquid trap from original design. The resulting pressure in 

the main chamber was still higher than desired (~10-4 mbar). The second step was to include a 

liquid nitrogen tank inside the main vacuum chamber in order to condense as much of the 

liquid vapour as possible. Consequently, further improvement of the vacuum pressure will be 

discussed in subsection 2.2.2.3.  

 



Experimental  Chapter 2 

 

45 
 

 

Figure 2.2 Schematic drawing of the vacuum chambers showing the various ports and 

attachments 



 

 
 

 

Figure 2.3 Photo of the experimental setup 
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2.2.2 Liquid microjet source 

This subsection outlines the components employed to generate and maintain the liquid 

microjet. The first part is focused on the microjet assembly while the second one explains the 

details of different designs of the liquid traps and drain system.  

2.2.2.1 Microjet assembly 

As explained in Chapter 1, generation of a liquid microjet requires a high pressure liquid 

source coupled with a small pinhole leading through to a vacuum chamber. The source 

employed in this work is adapted from a design by Holstein et al. in which the pinhole is 

provided by a chromatography tube with a narrow internal diameter.1 This was chosen in 

preference to a source based on a micron-sized pinhole in a metal plate (e.g., electron 

microscope plates) because of the ready availability and the relatively low cost of the desired 

chromatography tubing. The liquid of choice is forced through this tubing via a liquid 

chromatography pump and eventually exits into the main vacuum chamber. 

Figure 2.4 shows the components of the liquid microjet assembly. The liquid is fed into the 

inlet of the liquid chromatography pump (Shimadzu LC 1000) via nylon chromatography 

tubing from a liquid container. At the output of the pump the pressurized liquid exits via 

0.0625" of outer diameter stainless steel chromatography tubing, which is labeled as B in 

Figure 2.4. This tubing, which is approximately 1 m in length, provides the means of directing 

the liquid into the vacuum chamber. Before entering the vacuum chamber, a 2 µm porous in-

line particle filter (A) (purchased from VWR) is inserted within the chromatography tube to 

prevent clogging of the narrow fused silica capillary by particulates. A vacuum seal to the 

chromatography tubing is provided by a Swagelok fitting (D). The portion of the tubing inside 

the vacuum chamber inserts into a polyaryl-ether-ether-ketone (PEEK) microtight adaptor 

(purchased from Upchurch Scientific). The microtight adaptor (F) includes a female nut (E) 

and a ferrule (G) and provides a means of joining together the final part of the liquid microjet 

assembly, a fused silica capillary, to the standard 0.0625" stainless steel tubing. The adaptor, 

combined with an appropriate size of the microtight sleeve (H), permits connection to the 

fused silica capillary. The microtight sleeve slides into the ferrule and holds the fused silica 

capillary in place, as shown in Figure 2.5.  

 



Experimental  Chapter 2 

 

48 
 

 

Figure 2.4 Liquid microjet assembly  
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Figure 2.5 Cross-sectional view of the microtight adaptor 

The fused silica capillary (I) (purchased from SGE analytical science) has internal and 

external diameters of 0.025 mm and 0.285 mm, respectively. An approximately 2.5 cm length 

of capillary was cut using a ceramic capillary cutter and used as the liquid microjet ‘nozzle’. 

The cut piece is then placed into the microtight sleeve (H) and positioned in the ferule (G). All 

parts are then screwed into the microtight adaptor. Before installing the cut piece of the 

capillary into a microjet sleeve, both ends must be cut as square as possible to ensure good 

quality and stability of the liquid microjet. If the cut is not square the performance of the 

experiment can be affected and can result in possible deviation in the direction and the 

stability of the microjet.  

The fused silica capillary was frequently damaged during the experiment and needed to be 

replaced after each experiment. Several processes are believed to cause this damage, with laser 

burns from misdirected laser beams and ice deposits from supercooled liquids being the two 

likely causes.  

The flow of the liquid phase is controlled by the HPLC pump. The pump can operate in two 

modes: constant flow (ml / min) or constant pressure (kgf / cm2) mode. In our experiment the 

pump is operated in the constant flow mode, typically at 0.25 ml/min. The flow rate of the 

liquid phase has been optimized to obtain a laminar regime of the liquid microjet (see Chapter 

two). In addition, it has been experimentally found that a higher flow rate caused the 

displacement of the fused silica tubing from the microtight adaptor. 

The x,y,z translation stage, mounted on the top of the main vacuum chamber, was designed 

and fabricated in the Department of Chemistry. The translation stage allows micrometric 

alignment of the liquid microjet relative to the liquid trap entrance aperture (see later). The 
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ability to move the microjet assembly is allowed by the bellows connection (C) on the top 

flange of the main vacuum chamber (see Figure 2.4). After each venting and evacuation cycle 

of the vacuum chambers, the alignment and the distance of the microjet with respect to the 

liquid trap needed to be adjusted both before and, if necessary, during the course of the 

experiment.  

2.2.2.2 Original design of the liquid microjet trap 

 In order to trap the liquid injected into the main vacuum chamber, a copper plate was 

originally attached to the liquid nitrogen tank (see Figure 2.6). The whole assembly slides in 

through the lower side port of the main vacuum chamber. The liquid nitrogen tank was 

continuously refilled to cool the cooper plate at the lowest temperature. As the microjet travels 

downward and reaches the surface of the copper plate an ice deposit formed. The ice deposit 

grew rapidly towards the liquid microjet source and eventually blocked the nozzle. 

Unfortunately, the combination of a diffusion pump with a liquid nitrogen cooled trap proved 

to be insufficient to achieve the intended vacuum of ~ 10-5 mbar when operating the liquid 

microjet. 

 

Figure 2.6 Copper plate trap
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2.2.2.3 Final design of the liquid microjet trap 

Consequently an additional specially designed trap was developed to try and lower the 

chamber pressure to an acceptable level and the prevent the formation of an ice column. The 

process involved a considerable amount of trial and error in the design and the operational 

procedure and the final version is detailed below. 

The design of this trap is a modification of the trap recently described by Charvat et al.2 

Their idea is that, with properly chosen dimensions, the vapour stream out of the microjet trap 

can be minimized, and a stable liquid jet can be operated without applying a second vacuum 

system or any cooling to the beam trap. The trap operation depends crucially on the 

hydrodynamic interaction between the incoming jet and the outward streaming vapour in the 

entrance channel of the liquid trap. Charvat et al. calculated the ideal diameter (d) and length 

(l) of the entrance channel for generation of a stable liquid microjet for maintaining a good 

vacuum.  

The results of these calculations are strongly affected by the diameter of the liquid microjet. 

For example, with a microjet of 10 µm diameter, the parameters of the entrance orifice of the 

trap should be in the range of 0.1 < l < 0.5 mm and 0.05 < d < 0.1 mm. Their model of the trap 

consists of two parts: a cone attached to stainless steel tubing, which is then connected to a 

glass reservoir equipped with a standard vacuum flange and placed outside the vacuum 

system. 

In our experiment, a similar trap to that reported by Charvat et al. was constructed. The 

smallest diameter of the aperture of the copper cone achieved was 0.2 mm. This diameter of 

the entrance channel did not minimize backstream gas flow in main vacuum chamber. In 

addition, small the diameter of the aperture causes problems with alignment of the liquid 

microjet into the cone. To facilitate the alignment process, the diameter of the entrance orifice 

was enlarged from the original 0.2 mm to 0.5 mm. Unfortunately, once this change was made 

backstreaming of vapour proved to be a serious problem (see Figure 2.7). In order to resolve 

this dilemma with the flow, the drain assembly was required (discussed later in subsection 

2.2.2.4). 
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Figure 2.7 Cross-section of the copper cone 

The final model of the liquid microjet trap employed consists of a copper cone and a series 

of tubes to collect and remove as much liquid as possible from the chamber (see Figure 2.10).  

 

Figure 2.8 Expanded view of the copper cone 

The trap cone (J) is made of copper and is positioned in the main vacuum chamber directly 

under the microjet assembly. It has a height of 25 mm, a base diameter of 50 mm, a conical 

profile with an angle of vertex of 90o and an entrance orifice with a diameter (d) of 0.5 mm 

(see Figure 2.8). Such a profile helps to prevent the formation of icicles when the supercooled 
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liquid microjet in vacuum touches the trap cone surface during initial adjustments. The cone 

can potentially be equipped with a heating element; thick walls of the upper part provide a 

good heat transfer to the tip of the cone. Initially, a heating element was employed but, after a 

modification of the microjet trap assembly, it was found to be unnecessary to use the heating 

element for the experiments. The trap cone (J) is connected to the stainless steel tube (L). Both 

parts are screwed together and a vacuum seal is provided by a knife edge surface (K). The 

liquid can flow from L through an elbow (M), a horizontal stainless steel tube (N) and a 

vacuum flange that connects to the drain assembly (see 2.2.2.4). 

The stainless steel tube (N) is welded to a vacuum flange on the side of the main vacuum 

chamber. The flange seals the vacuum chamber thought an O-ring and holds the whole 

microjet trap in position.  

All parts of the microjet trap were made in the workshop in the Department of Chemistry 

(University of Leicester) and were designed by the author. 

 

 

Figure 2.9 Detail of the liquid microjet in operation. The liquid passes through a 

hole in the copper cone, which acts as an entrance to the liquid trap 

Figure 2.9 shows a photograph of the actual liquid microjet emanating from the fused silica 

capillary. This microjet flows downwards and is directed through an aperture in a copper cone, 

which is the entrance point to the liquid trap and drain assembly. The purpose and components 

of the liquid microjet trap and drain are described in some detail in the next subsection.

Sampling cone 
Microjet 

Copper cone 
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Figure 2.10 Schematic of the liquid trap and drain assembly 
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2.2.2.4 Drain assembly 

The second part of the evacuation system is the drain assembly, whose purpose is to put 

any collected liquid beyond the reach of the main vacuum chamber. The assembly is made of 

several parts (see Figure 2.10) including a glass U-tube placed in a liquid nitrogen cooled 

Dewar and a rotary pump (Edwards 5). The rotary pump is intended to remove any traces of 

liquid that enters the drain assembly. However, there are two problems with using a rotary 

pump alone for this task. First, the quantity of liquid to remove is large while the pump is not 

designed to handle such volumes of condensable vapours and damage is expected if operated 

under such extreme conditions. Secondly, the pump proved ineffective at lowering the 

pressure in the main vacuum chamber. Consequently, a wide-bore U-tube cooled by liquid 

nitrogen was placed upstream of the rotary pump to act as the primary liquid remover. This U-

tube/rotary pump combination increased the performance of the system significantly making it 

possible to maintain a sufficiently low pressure in the main chamber. In particular, any gas not 

fully condensing within the U-tube is pumped away by the rotary pump, thus minimizing 

backstreaming to the main chamber.  

To facilitate the cleaning of the assembly, several valves with appropriate lengths of tubing 

joined the different parts of draining system, thus allowing the isolation of selected portions 

when needed. A high throughput in-line isolation valve is placed upstream of the Dewar 

between the vacuum chambers to allow the separation of the trap from the evacuation system.  

The liquid removed from the instrument is trapped in a glass U-tube (40 mm external 

diameter) maintained at -196 oC by liquid nitrogen in a Dewar flask of internal diameter 

135 mm and internal depth of 220 mm. The Dewar is placed on a trolley next to the vacuum 

system. The glass U-tube was made in the glassblowing workshop in the Department of the 

Chemistry (University of Leicester) so as to maximize its volume while fitting the dimensions 

of the Dewar. Figure 2.11 shows photo of the drain system. 

The main limitation of the drain system is the quantity of liquid the glass U-tube can 

potentially trap without losing its efficiency. It has been found that experiments lasting over 

five hours result in the glass tube being obstructed by frozen liquid and the pressure rise in the 

main chamber then becomes severe. At this point the experiment has to be stopped. Once the 

liquid nitrogen is evaporated from the Dewar the U-tube has to be removed and cleaned before 

re-use. 
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The liquid trap/drain system employed here made it possible to achieve a main chamber 

pressure of ~10-5 mbar when the liquid microjet was in operation. 

 

Figure 2.11 Photo of the drain system 

2.2.3 Laser systems and optical arrangement 

For the laser pump-probe experiments, two different lasers were required. One laser a 

(Nd:YAG laser) was employed to initiate a photoejection or photoablation process on the 

molecules at or near surface of the liquid beam. The function of the other laser system (a dye 

laser pumped by a Nd:YAG laser) was to provide a means of detecting the release of specific 

molecules from the liquid. Both lasers are pulsed and were operated at a 10 Hz repetition rate. 

Figure 2.15 illustrates the optical arrangement of the lasers relative to the vacuum chamber. 

2.2.3.1 Photoejection laser 

Photoejection was achieved using a Continuum Surelite II-10 Nd:YAG laser. The 

fundamental output wavelength is 1064 nm, which is too long for electronic exitation (and 

thus photodissociation). However with harmonic generation this laser can produce intense 

radiation at the second (532 nm), third (355 nm) and fourth (266 nm) harmonics. In our 

experiment, the Nd:YAG laser was operated mainly at the fourth harmonic output wavelength 

(266 nm).  
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The Nd:YAG laser beam was aligned into the vacuum system using two dichroic mirrors, 

coated for optimum performance at 266 nm. The laser beam enters the vacuum system via a 

UV silica window on the exposed end of the secondary chamber. It passes through the 

sampling cone and intersects with the liquid microjet. A residual beam exits from the vacuum 

system via another window and it is stopped in a beam dump. 

2.2.3.2 Probe laser 

 A dye laser pumped by a Nd:YAG laser provides a tunable excitation source for the LIF 

detection of photo-ejected molecules. Principles of LIF detection is briefly described in 

following subsection. The laser system used in this case consists of a combination of a 

Continuum Surelite I-10 Nd:YAG pump laser and a Lambda Physik Scanmate dye laser. The 

Scanmate is equipped with a frequency conversion unit (FCU), which allows access to the 

near UV (~220-440 nm) by frequency doubling of visible or near IR radiation from the dye 

laser. The dye laser wavelength scanning is controlled by a specially written computer 

program, as detailed later.  

The dye laser beam is aligned into the vacuum system using three prisms mounted on 

adjustable stages. The beam enters via a UV silica window on the end of a baffle arm on the 

side of the main vacuum chamber. It passes through a hole in the side of the sampling cone to 

reach the desired set of molecules and exits the vacuum system into a beam dump on the far 

side of the main chamber. 

2.2.3.3 Laser induced fluorescence (LIF) 

 LIF spectroscopy was the technique used in the current work to detect molecules ejected 

into the gas phase. LIF is one of the most suitable techniques for studying electronic 

transitions of both neutral molecules and molecular ions due to its high sensitivity and 

potentially good resolution. In LIF spectroscopy, an electronic transition of the molecule is 

excited, typically using a tunable laser, and any fluorescence generated is monitored.3 As 

presented in Figure 2.12, following the initial absorption, fluorescence can be observed via the 

emission of a photon with a less energetic wavelength. The energy difference between the 

absorbed and emitted photon ends up as internal energy of the molecule (rotation and/or 

vibration). For many decades LIF has been one of the dominant laser spectroscopic techniques 

due to its extreme sensitivity for probing chemical reactions. Fluorescence signals can be 

detected in all directions and have very low background signal.4  
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Figure 2.12 Energy level diagram and summary of photochemical processes  

2.2.4 Light collection assembly 

Since ejected molecules are detected via laser induced fluorescence (LIF), some means of 

light collection and detection was required. A specific light assembly was therefore designed 

for this purpose. In the light collection assembly, a sampling cone separates the two vacuum 

chambers (see Figure 2.18). The sampling cone has an aperture with a diameter of 4 mm. The 

distance between the aperture of the cone and the liquid microjet is 15 mm. The cone serves 

two purposes: its main purpose is to ensure that only a small subset of the molecules ejected 

from the liquid microjet can actually be probed by the probe laser. This is necessary for 

measuring the translation energy distribution, since we have to define a sub-set of the 

molecules travelling roughly in the same direction.  

An additional purpose of the cone is to ensure that the two laser beams (i.e., pump and 

probe) are correctly aligned into the vacuum system. The laser beam from the pump laser is 

focused by a fused silica lens (50 cm focal length) and enters the vacuum system through a 

UV silica window in the end port of the secondary chamber (see Figure 2.15). It passes 

through the stainless steel cone aperture and ideally will intersect with the liquid microjet in 

the main chamber. One of the challenges in the experiment is to make sure that the liquid 
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microjet and the focused pump laser beam do actually intersect. Fortunately, it was found that, 

when correct alignment was achieved, a clear diffraction pattern could be observed on a card 

outside of the vacuum system (see chapter 4 for further details). The initial alignment of the 

laser beam into the vacuum system is always performed at low power for safety purposes. 

 The probe beam enters the vacuum system through a fused silica window. The window is 

on the end of baffle arm and is orientated at Brewster’s angle. The baffle consists of two metal 

disks with holes in the centres, which are placed inside the baffle arm. The purpose of the 

baffle is to minimize the amount of scattered light reaching the light detector, i.e., any stray 

laser light should bounce around in the baffle arms and dissipate. After travelling through the 

main vacuum chamber, the laser beam enters the sampling cone via a hole on the side and 

exits from a similar hole on the other side. The holes, of 4 mm diameter, for entrance and exit 

of the probe laser beam were drilled on both sides directly into the cone and are not covered 

by windows (see Figure 2.13). The probe beam intersects with photo-ejected molecules inside 

the cone region and the distance between the liquid microjet and probe laser beam as it crosses 

the cone is 25 mm. 

 

Figure 2.13 Photograph of the main vacuum chamber interior 
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Figure 2.14 shows the fluorescence collection part of the apparatus in more detail. Any 

fluorescence produced is collected by a liquid light guide attached to the cone. This assembly 

consists of a flexible tube, one end of the tube being connected to the top of the chamber 

through a KF port and the other end is attached to the sampling cone. The vacuum seal 

between the flexible tube and the cone is provided by a lens coupled with an o-ring and a 

compressions fitting. The lens has a focal length of 10 mm and a diameter of 10 mm and it is 

positioned ~ 10 mm of the dye laser beam. LIF is collected and collimated by lens and passes 

into a liquid light guide (Lumatec). The liquid light guide slides into the tube from top of the 

vacuum chamber. The overall length of the liquid light guide is 1 m with a core diameter of 

8 mm. The recommended transmission range of the light guide is 300 to 650 nm. The far end 

of the guide is attached to a photomultiplier (Hammamatsu R928) located on the optical bench 

next to the vacuum system. A cut-off filter can be placed between the PMT and liquid light 

guide to remove unwanted wavelengths, e.g., scattered laser light. 

 

 

Figure 2.14 Light collection assembly  



 

 
 

 

 
 

 

Figure 2.15 Optical arrangement 
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2.2.5 Data acquisition and processing 

This subsection describes the electronic equipment and the software involved in the 

acquisition and the processing of data.  

2.2.5.1 Timing of triggering events 

Due to the pulsed nature of the experiment, a delay generator (Berkeley Nucleonics 

Corporation model 555) is employed for synchronization of the lasers. The delay generator 

allows the triggering of the flashlamps of both Nd:YAG lasers and their respective Q-switches 

and also correlate the laser jitter. For each cycle, the Nd:YAG laser used for photo-ejection is 

triggered first, followed by triggering of the Nd:YAG laser that pumps the dye laser. The 

delay generator allows the delay between the two laser lasers to be varied, to a precision of 

approximately 1 ns, thus allowing construction of the speed distribution of photo-ejected 

molecules. As the liquid microjet runs continuously, it does not need to be included in the 

synchronization process.  

2.2.5.2 Data Processing 

 Figure 2.17 depicts the arrangement of the data acquisition. Signals received by the PMT 

are first passed to the oscilloscope (Tektronix TDS 5032B). The oscilloscope records, digitises 

and averages the raw data and then passes it to a built-in computer for processing. The data 

collection process is controlled by a Labview programme, written mainly by Dr Tom Salter 

and Dr Adrian Salarou, with contributions from the author. The program controls the 

wavelength of the dye laser through external control of the proprietary Scanmate software. 

Specifically, it scans the wavelength of the dye laser by stepping (through software-requested 

TTL pulses) the grating. Once the signal is captured, a selected part of the signal is defined by 

a specified “gate”. Integration is then performed by the program and the position of the gate 

can be specified. The final part of the program plots the integrated LIF signal against the dye 

laser wavelength.  

Figure 2.16 shows a flow chart illustrating the main steps in the program. All commands 

for data collection are specific to each experiment. Before beginning the acquisition of a scan, 

Labview has to be initialised and several parameters, including wavelength, scan range, 

wavelength step size and number of shots to be averaged have to be specified. The main 

program includes a sub-VI (virtual instrument) that can be employed for communication 
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between the oscilloscope and the built-in computer. The commands for controlling the 

oscilloscope (i.e., gating for the signal acquisition and averaging) are specified in the sub-VI 

program. 

 

Figure 2.16 Labview data processing chart 



 

 
 

 
 

 
 

Figure 2.17 Overall experimental setup including data acquisition component 



 

 
 

 

Figure 2.18 Diagram of the final design of the experimental apparatus
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2.2.6 Conclusion  

Figure 2.18 shows the final design of the liquid microjet system. This consists of the main 

vacuum chamber and contains the major components of the experiment: the liquid microjet 

source, a liquid trap, a light collection assembly and a liquid nitrogen tank.  

2.3 Optimization and characterization of the liquid microjet  

This section focuses on the experimental determination of the parameters (i.e., stability, 

diameter of the liquid microjet) relevant to the liquid phase. Firstly, various solvents employed 

as the liquid phase (subsection 2.3.1) were screened with regard to their stability under 

vacuum conditions. Secondly, the diameter of the liquid microjet was determined (subsection 

2.3.2) to ensure that the microjet is operating in the expected manner.  

2.3.1 Stability of the liquid microjet under vacuum 

Selected liquids have been screened to determine the most suitable candidate for the 

microjet. A laminar flow of liquid is a prerequisite to conduct successful microjet experiments 

and is therefore largely dependent on the selection of the liquid employed (see chapter 1).  

Water was initially assessed, not only because of its importance as a liquid phase but also 

because of its use in several previous liquid microjet studies.5-8 However, liquid microjets of 

pure water tested in our instrument have not been proved to be suitable. In particular freezing 

of the liquid microjet was consistently observed. Due to evaporative cooling the water liquid 

microjet had a tendency to freeze when reaching the liquid trap (the nozzle-trap distance is ~ 4 

mm). Ices rapidly grew from the trap surface and quickly lead to the obstruction of the 

microjet nozzle. Depending on the liquid mixture, the freezing occur progressively (taking 

between several minutes and up to an half an hour). As well as ice forming at the surface of 

the trap, freezing was observed around the edges of the silica capillary, leading to increased 

blockage of the nozzle aperture (taking a few minutes and up to an hour). Consequently, a 

liquid water microjet could not be maintained for more than a few minutes, making it 

unsuitable for our experiment. 

It is important to note that some efforts were made to try and solve these problems. One 

change made was to install a heating element around the liquid trap. However, this solution 

was found to be inadequate. The heating actually caused an increase of the vapour pressure 

(from 10-5 to 10-3 mbar) in the chamber due to the added evaporation of the depositing water. 
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Consequently, with the heated trap alone very poor vacuum conditions were found for the 

experiment. An alternative solution to avoid freezing was to install a chopper inside the 

vacuum chamber just above the trap surface to avoid the ice formation by chopping the liquid 

beam. This method was reported by Kondow et al.9 In our system we could not install a 

chopper due to the lack of space in our vacuum system. 

Another choice for the liquid phase was ethanol. Several groups9,10 have shown that ethanol 

is a good liquid phase to use in microjets. This is mainly due to physical properties of ethanol 

(e.g., viscosity, surface tensions and freezing point) discussed in chapter 1. Therefore, pure 

ethanol was tested and demonstrated the abilities in term of stability (laminar flow) compare 

to water and was selected as a medium to form the first stable liquid beam in our experiment. 

Several ratios (from 5 to 95 % ethanol in water) have been tried to form a microjet. However, 

ethanol–water mixtures exhibited a non-stable behaviour (such as disintegration followed by 

freezing of the microjet) and could not be used for the experiment. 

Table 2.1 includes list of the several liquids and possible analytes tested during different 

experiments and where appropriate will be discussed in more detail in following chapter 3. 

 

Table 2.1 The behavior of some liquids in the microjet system 

Liquid Pure (%) 
Mixture of 

analyte/ethanol (v/v) 

Stability under  

 vacuum 

Water 100 - Freezing 

Ethanol 100 - Laminar flow 

Toluene - 10:90 Laminar flow 

Acetyl acetone - 15:85 Laminar flow 

Benzene - 10:90 Laminar flow 

Aniline - 10:90 Laminar flow 

Benzoic acid - 10:90 Re-crystallization 
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2.3.2 Diameter of the liquid microjet 

 The diameter of the liquid microjet was determined using a diffraction procedure similar to 

that described by Horimoto and co-workers.11 The underlying principles of the diffraction 

analysis are outlined in the next subsection and this is followed by a discussion of results 

found in the current study.  

2.3.2.1 Fraunhofer diffraction 

A liquid microjet behaves like a stable liquid filament and exhibits a clear optical 

diffraction pattern when it is illuminated perpendicularly by a laser.11 Figure 2.19 shows the 

experimental arrangement for recording this diffraction pattern. The liquid microjet (of tolune- 

ethanol mixture 90:10) was intersected with a UV laser (266 nm) beam focused from a 

distance of 50 cm using a 50 cm focal length lens. The UV laser delivered a typical pulse 

energy of around 9 mJ. 

Two methods, namely a sheet of photosensitive (burn) paper or a CCD camera (Imaging 

source DMK 21AU04.AS), were used to capture the diffraction pattern image. The diffraction 

pattern was projected onto a screen positioned at a distance of 0.3525 m ± 0.0005 m from the 

liquid microjet. In the first method, a sheet of photosensitive (burn) paper attached to the 

screen was used to the record the diffraction image. In the second method the screen was 

replaced with CCD camera to capture the image, which was processed by imaging software. 

The size of the opening aperture of the camera was not large enough by itself to capture the 

full image. To ensure the capture of the whole image, a focusing lens had to be placed on the 

path between the diffracted image and the camera. Before the experiment, some safety 

precautions (for details see subsection 2.3.2.2) had to be followed to protect the CCD camera 

from damage.  

The observed diffraction pattern can be explained in terms of Fraunhofer single slit 

diffraction12 if the point of observation is distant in relation to the diameter of the liquid 

microjet, as is typically the case. Figure 2.20 presents a diagram illustrating Fraunhofer 

diffraction pattern of a single slit.  
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Figure 2.19 Diffraction of the UV laser beam (266 nm) 
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Figure 2.20 Diagram showing Fraunhofer single - slit diffraction  

Given observation of the diffraction pattern the diameter, d, of the liquid microjet can be 

determined via equation (1) below:12 

  

  

 

In the above expression θ’ is the diffraction angle, y is half the distance between the centers of 

the dark regions either side of the central bright region, D is the distance from the liquid 

microjet to the screen, λ is the laser wavelength, m is the order of diffraction starting from the 

centre of the screen in either direction (m = 1, 2, 3… for the first, second, third order etc..) and 

d is the diameter of the liquid beam.  

 (1) 
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With the use of the calculated diameter the Fraunhofer intensity profile can be plotted with 

the use of equations (2) and (3) below:12  

  
22 /)(sin ββ0II=  

λθπβ /))sin(( ⋅⋅= d  

 

Here I0 is the intensity of the undiffracted beam and all other terms retain the same definition 

as above.  

2.3.2.2 Determination of the diameter  

Figure 2.21 shows the diffraction pattern captured by the CCD camera. When using the 

CCD camera, protective measures had to be taken to prevent damage by the excessive 

intensity of the laser beam. For instance, the diffraction centre, which exhibits the laser beam 

at its highest intensity, was obstructed by a thin piece of metal and a sheet of paper was put in 

front of the objective in order to prevent the saturation of the camera. Consequently the quality 

of the image obtained was greatly affected as some diffracted light was also blocked, causing 

problems for analysis of the image. 

 

Figure 2.21 Optical diffraction pattern by the liquid beam captured by CCD camera 

The alternative method of projecting and capturing the diffraction pattern was to employ a 

sheet of photosensitive (burn) paper. This proved to be a simpler way of determining the spot 

displacement (y) and was therefore the better choice for calculation of the liquid beam 

diameter: several orders of the diffraction were then clearly observed (Figure 2.22). Pencil 

marks on the burn paper show the approximation position of the diffraction minimum. 

 (2) 

 (3) 



Experimental Chapter 2 

 

72 
 

 

Figure 2.22 Liquid microjet laser diffraction pattern captured onto a sheet of burn paper  

From the diffraction pattern the value of y was measured for six orders of diffraction and 

used in equation (1). The values calculated for the liquid microjet diameter are listed in Table 

2.2. The calculations gave a value for the diameter of the liquid beam to be 21.0 ± 0.6 µm, 

where the error margin represents one standard deviation. This value is close to that of the 

manufacturer’s claim for the inside diameter of the fused silica capillary, 25 µm. The 

difference between the two values can be explained by evaporation of the liquid microjet as it 

proceeds through the vacuum chamber to the point of intersection with the laser beam, i.e., we 

would expect the measured diameter to be less than the ID of the capillary tube. 

 

Table 2.2 Measured and calculated values from the diffraction pattern in Figure 2.22 

m   y /cm  d / µm * 

1 0.5 20.4 

2 0.95 20.2 

3 1.35 21.3 

4 1.75 21.9 

5 2.25 21.3 

6 2.70 21.3 

* Calculated using D = 36.05 cm and λ = 266 nm 
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Figure 2.23 (a) Optical diffraction pattern captured by CCD camera and (b) intensity 

distributions. The red line corresponds to the intensity distribution determined 

from the CCD image while the black line is the intensity distribution predicted 

on the basis of Fraunhofer diffraction assuming a liquid microjet of 21 µm 

Figure 2.23 shows a comparison of the intensity profile predicted for Fraunhofer 

diffraction, obtained from application of equations (2) and (3), with the intensity distribution 

of the diffracted light captured by the CCD camera. The intensity distribution of the camera 

image was produced by imaging software (Image J) which allowed the illuminated pixel 

intensity to be plotted against its position, as represented by the solid red line in Figure 2.23.  

 The comparison of the calculated Fraunhofer intensity distribution to that captured by 

CCD camera (see Figure 2.23), shows a near match to experimental near the wings. It does 

less well as the position of the undiffracted beam is approached (the centre of the image). 

However, nearest the centre the agreement is much worse. In part, this is due to the use of the 

beam-stop to stop the undiffracted light from reaching the CCD. In addition, the intensity 

profile may have been affected by saturation of the CCD pixel for the strongest interference 

fringes. Nevertheless, the intensity profile behaves roughly as expected and supports the 

reliability of the calculated diameter of the liquid microjet. 
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3.1 Introduction 

This chapter summarizes the demonstration experiments carried out on the liquid microjet 

apparatus. In the first part of this chapter aromatics compounds (i.e., aniline, toluene, benzene) 

were studied using the liquid microjet system and LIF spectroscopy. The second part of the 

chapter describes a series of photodissociation experiments on benzoic acid and acetyl 

acetone. 

3.2 Aromatics 

3.2.1 Aniline  

Aniline was initially selected as a typical aromatic molecule due to a characteristic 

electronic transition easily observable by Laser induced fluorescence (LIF) spectroscopy. The 

electronic transition S1(
1B2) ← S0(

1A1) in aniline is strongly allowed, with transitions 

involving totally symmetric vibrations appearing dominantly in both the absorption and the 

excitation spectra.1,2  

3.2.1.1 Experimental setup for the glass cell 

Before carrying out liquid microjet experiments on aniline the room temperature gas phase 

LIF spectrum of aniline was investigated. Prior to the experiment, aniline was purified by 

distillation before being placed into a glass cell (see Figure 3.1). The aniline was then 

irradiated by UV radiation (tunable dye laser) between 295.0 - 330.0 nm. The fluorescence 

signal was collected by a fiber optic cable attached to a spectrograph/monochromator 

(Princeton Instruments).  

 

Figure 3.1 Schematic drawing of the experimental setup 
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3.2.1.2 Discussion 

The LIF spectrum for the aniline vapour in the glass cell can be seen in Figure 3.2. The 

spectra shows a sharp peak at 298 nm followed by a broader peak from 300 to 350 nm. 

Consequently, the aniline was subjected liquid microjet experiment. The aniline/ethanol 

solution (15:85 v/v) exhibited a stable behavior in a form of liquid microjet under vacuum 

conditions. However, after the series of the experiment no fluorescence signal from the liquid 

microjet was observed. A possible explanation could be that the oxidation of the 

aniline/ethanol mixture under the liquid microjet conditions could trigger a polymerization 

reaction that would prevent further experimental applications. 
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Figure 3.2 LIF spectra of aniline vapour in the glass cell 

3.2.2 Toluene 

To gain information on the ablation mechanism, toluene molecules ejected into the gas 

phase are detected by time-resolved laser-induced fluorescence (LIF) spectroscopy to 

determine their velocity distribution. This initial examination of the photo-ejection mechanism 

was intended to confirm the validity of the pump-probe methodology for exploring liquid 

microjets described in the previous chapters.  
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Laser ablation involves a sequence of steps, namely the laser excitation by absorbing 

molecules, the transfer of energy from the excited molecules into internal and translational 

modes of the material, and ultimately the ejection of the molecules.3,4 A thorough 

understanding of each of these elementary steps in laser ablation is essential for the 

characterization of the velocity and angular distribution of the ejected individual molecules or 

clusters.  

Toluene has been chosen in this initial investigation for two reasons: (i) it has a strong LIF 

spectrum in the gas phase that is readily accessible via standard dye laser excitation and (ii) it 

can form a stable liquid microjet once mixed with a suitable liquid. The laser ablation 

mechanism of toluene from solid surfaces under vacuum or from the liquid in air has been the 

subject of a number of recent studies.5-10 In spite of liquids being ideal systems for studying 

laser ablation, due mainly to their physical properties, this experiment is the first laser ablation 

study of a liquid toluene surface carried out under vacuum conditions. It therefore has the 

potential to provide insight into the dynamics of molecules ejected into the gas phase without 

the presence of a surrounding gas atmosphere, which would provide a colliding mass that 

would quench much of the translational motion. The findings obtained here can also be 

compared with previous studies of laser ablation of solid toluene that have been carried out in 

vacuum.  

Most of the experimental conditions employed for the laser photo-ejection experiment have 

been detailed in experimental chapter 2. The results obtained and a discussion of the 

experimental finding will be given in following subsections. 

3.2.2.1 Experimental parameters 

3.2.2.1.1 Choice of the liquid phase 

Toluene was considered as a good candidate for testing molecular photo-ejection from a 

liquid surface, not least because it can be readily detected by LIF spectroscopy of the S1-S0 

transition. A series of experiments, in which the proportion of toluene in ethanol was 

gradually increased from 2-100 % v/v solutions, were conducted. Each mixture was tested for 

~90 minutes at a flow rate of 0.25 ml/min in order to determine the stability of the liquid 

microjet over a reasonable period of time under a high vacuum. It was found that using a 

100% v/v solution of toluene led to instabilities in the microjet resulting in the formation of 

droplets. The experiment displaying the most stable conditions under high vacuum, while also 
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having the maximum amount of toluene was observed with a 90:10 v/v solution of 

toluene/ethanol. Toluene was used as supplied by the vendor (laboratory reagent grade, > 

99%) without further purification. 

3.2.2.1.2 Experimental setup 

A solution of toluene/ethanol (90:10 v/v) was introduced as a liquid microjet into the main 

vacuum chamber at a flow rate of 0.25 ml/min. With the microjet flowing the chamber 

pressure was typically ~8 × 10-5 mbar. After flowing a distance of ~ 0.2 cm downstream of the 

nozzle aperture, the liquid microjet was then intersected with a focused UV (266 nm) laser 

beam. 266 nm is coincident with the S1-S0 transition of toluene, i.e., resonant absorption is 

possible. This may lead to more rapid dissipation of heat into the liquid than would be the case 

for non-resonant laser ablation, thus assisting the photo-ejection process. 

The pulse energy of the UV laser beam was varied between 2 and 9 mJ. At lower pulse 

energies the LIF signal of the ejected toluene molecules was extremely weak. Consequently, 

the UV laser beam at the highest pulse energy (9 mJ/pulse) was employed to photoeject the 

toluene molecules for the remaing experiments. The molecules ejected along the same 

direction as the incoming photo-ejection laser beam were collimated by the sampling cone 

(aperture diameter of ~0.4 cm and placed 1 cm from the liquid microjet (see schematic 

drawing in Figure 3.3). At a distance of 3.5 ± 0.05 cm from the liquid microjet the toluene 

molecules were irradiated by UV radiation from a frequency-doubled dye laser at 266.45 nm 

(80 µJ/pulse) and were observed by LIF excitation spectroscopy of the S1-S0 transition. The 

fluorescence was collected by a liquid light guide and detected by a photomultiplier tube 

(typical voltage ~800 V). The UV laser beam was focused to a spot size of approximately 100 

µm at the microjet, giving a fluence of approximately 100 J cm-2, which is more than three 

orders of magnitude above the threshold fluence identified for laser ablation of toluene.10 The 

delay between the initial photo-ejection process and the detection by LIF was varied using a 

delay generator. Delay times, ranging from 5-500 µs, were employed in order to measure the 

velocity distribution of the ejected toluene molecules. At each delay time, the fluorescence 

signal was gated, integrated and averaged for 200 laser shots.  
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Figure 3.3 Schematic drawing of experimental setup 

3.2.2.2 Results 

3.2.2.2.1 Toluene spectra 

In the 1971, Cvitas and Hollas reported the first S1-S0 spectrum of toluene (C6H5CH3) with 

partial rotation resolution. The S1-S0 spectrum of toluene has a sharp contour with features 

characteristic of strongly asymmetric top. This made the 0-0 band of the toluene the most 

suitable system for the partial rotational analysis. Cvitas and Hollas obtained a room-

temperature ultraviolet absorption spectrum of the origin band of toluene, and analyzed their 

results assuming free internal-rotation of the methyl group.11  

 Figure 3.4 shows the LIF excitation spectrum of toluene photoejected from the liquid 

microjet surface. The spectrum consists of an asymmetric 0-0 band with a clear band head and 

strong red degradation that corresponds to a ground state vibration.12 The shape of the 

spectrum is comparable with results presented by Cvitas and Hollas. Due to several 

limitations, such as the resolution the dye laser, the temperature of the ejected toluene, and 

congestion from internal rotor transitions, it was not possible to analyse the rotational contour 

to determine the rotational temperature of the ejected toluene molecules. 



Demonstration experiments Chapter 3 
 

81 
 

266.0 266.2 266.4 266.6 266.8 267.0

In
te

ns
ity

 / 
ar

b.
 u

ni
ts

Wavelength / nm
 

Figure 3.4 Typical LIF excitation spectrum of toluene near 266 nm at 50 µs laser delay 

3.2.2.2.2 Time-of-flight profile 

 The time-of-flight distribution (Figure 3.5) shows two discernible features. The most 

striking is a sharp and relatively intense peak with a maximum at a pump-probe delay of 58 

µs. This is followed by a second, broader ‘hump’ that peaks at roughly 200 µs. The 

background signal due to thermally evaporating toluene, which is not dependent on the pump-

probe delay, was subtracted from the time-dependent toluene LIF signal to yield the plot 

shown in Figure 3.5. Notice also that the small decline in signal at the very start of the plot this 

represents residual (declining) signal from scattered 266 nm pump radiation and should be 

ignored.  

The maximum of the fast component corresponds to a toluene velocity of 620 m s-1, while 

that of the slower component is at 190 m s-1. However, it is necessary to be careful when 

interpreting the feature due to slower molecules, since the combination of a downward 

velocity component from the liquid microjet and the relatively slow velocity in the orthogonal 
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direction means that particularly slow molecules will struggle to get through the 0.4 cm 

diameter aperture that leads to the probe laser beam.  

Given the known flow rate of the liquid and the diameter of the microjet, we estimate that 

this cut-off occurs beyond 200 µs. Thus the first 200 µs of the time-of-flight profile is not 

biased by the size of the aperture, but all data points thereafter are unreliable. 
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Figure 3.5 Flight time distribution of molecules obtained by 266.45 nm irradiation of a
 

liquid microjet of a toluene/ethanol liquid microjet (each pair of points are 

joined by dashed line to help to visualize main features in the in the profile) 
 

3.2.2.2.3 Data analysis  

The flight time data, they were further processed to obtain translational temperature of the 

ejected molecules. The time flight distribution plot below (Figure 3.6) shows an intense peak 

(between 7 to 100 µs), corresponding to a fast component. 
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Figure 3.6 Time of the flight distributions of toluene molecules ejected from the liquid 

microjet (points) and the best fit Maxwellian distributions (solid line)) 

The ejection of large neutral clusters from liquid microjet surfaces can be expressed by a 

Maxwellian distribution.13-15 The Maxwellian distribution is given by the function f (t) in 

equation (1): 
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where A is a scaling factor, m is the mass of an individual molecule, r is the flight path length, 

k is the Boltzmann constant, T is the translational temperature and t is the time flight of the 

molecules. Equation (1) was put in the Origin program (version 7) and a non-linear curve fit 

carried out. The solid curve in Figure 3.6 shows the Maxwellian distributions fit based on 

equation (1).  

 (1) 
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From the fitting process the fast components were found to have translational 

temperature of 1117 K ± 3.54. The corresponding most probable speed, mean speed and root 

mean square speed were 620 m s-1, 668 m s-1 and 693 m s-1 for the fast molecules and 190 m s-

1, 214 m s-1 and 233 m s-1 for slow molecules respectively. 

3.2.2.2.4 Discussion 

The ablation process depends on several laser parameters: the fluence, pulse length, and 

wavelength. Ultraviolet light tends to yield a higher proportion of ions, whereas infrared 

radiation leads to higher kinetic energies of the released particles.16 Different processes appear 

with increasing laser fluences, starting with the release of neutral particles at low laser 

fluences (< 0.5 J cm-2), closely followed by the threshold for ion formation. At higher 

fluences, Coulomb explosion17 are observed and finally a hot plasma develops.16 An access to 

the dynamics of the laser ablated plume is given by the analysis of the velocity distribution of 

the released particles. A column explosion is a process in which a molecule moving with high 

velocity strikes a solid and the electrons that bond the molecule are torn off rapidly in violent 

collisions with the electrons of the solid; as a result, the molecule is transformed into a cluster 

of charged atomic constituents that then separate under the influence of their mutual Coulomb 

repulsion. 

Previous studies of laser-induced ejection were reported by Kondow et al.15 They 

investigated the laser ablation mechanism of a liquid beam of water under irradiation by an 

intense pulsed IR laser. The water molecules were liberated into the gas phase as water 

clusters (H2O)n, which undergo unimolecular dissociation before arriving to the detector (a 

Daly multiplier). The flight-time distribution indicates that neutral clusters are exhibiting fast 

and slow components, ejected from the surface and interior regions of the liquid beam, 

respectively. Clusters ejected from the surface region were reported to suffer fewer collisions 

than those from the interior of the liquid microjet and as a result exhibited lower internal 

energies which consequently yielded lower translational temperatures.  

The flight time distributions obtained in this study are consistent with the ejection 

mechanism described by Kondow et al.15 for IR excitation and clearly show that two processes 

with characteristic velocities (668 m/s for the fast component and 214 m/s for the slow 

component) are occurring. The first is indicative of a process by which molecules at the 

surface region are being rapidly heated upon UV irradiation, which leads to the ejection of 
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molecules with a super thermal velocity (668 m s-1). The second process can be described by 

an ejection mechanism in which molecules are gradually ejected from the inside region of the 

liquid beam with a thermal velocity (214 m s-1) over a period of several tens of microseconds 

to several hundreds of microseconds after the UV irradiation. This ejection mechanism can be 

rationalised by considering that the molecules ejected from the surface region will suffer far 

fewer collisions with any ambient gas (or liquid phase molecules) than those from the interior 

of the microjet and will therefore experience greater velocities.  

The translational temperatures obtained from the best fit Maxwellian plots show that the 

faster molecules exhibit a high translational temperature (1117 K). The liquid microjet 

employed consisted of a 90:10 v/v toluene/ethanol solution. Unlike previous work by 

Buntine18 and Kondow,15 in which the solvent transfers heat into the solute upon IR-

irradiation, the temperatures obtained in this study are consistent with a process by which 

molecules ejected from the inside of the liquid beam experience a cooling effect by the liquid 

following UV irradiation.  

As the flight time distribution of the toluene molecules ejected from the liquid microjet 

could not be investigated further, due to problems with the equipment (such as probe dye 

laser) and time constraints, the flight time distribution obtained may not be representative of 

all the ejection processes occurring at the liquid surface.  

Other studies on the laser ablation of toluene have been reported by Niino and co-

workers.5,8 Their results suggest that toluene molecules are ejected from the solid surface 

during laser ablation with high kinetic energies. They report on the investigation of the plume 

propagation of the ablated products of toluene solid film at 180 K in vacuum. A spontaneous 

photoemission of the plume was detected at the laser fluence ca. 1.0. J cm-2. The velocity at 

the centre of the plum was ca. 12.5 km s-1, which is at a much greater velocity that was 

observed in our experiment.5 Mashure and co-workers have also observed the supersonic 

ejection of a plume from a liquid surface in UV laser ablation of pure toluene in the ambient 

condition.19 
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3.2.3 Benzene 

Similar experiments to that of the UV excitation of toluene have been initiated with 

benzene with a view to gain information about the population of internal quantum states and to 

determine the internal energy distribution of molecules liberated from liquid microjet. The 

study of benzene presents several advantages over that of toluene: its spectroscopy is well 

characterized and there is no added complication in analyzing its rotational structure contour 

from the methyl rotor structure. 

Benzene has been studied by various methodologies (e.g. liquid microjet technique18,20 or 

jet cooled21). Buntine et al. report results on benzene evaporating from water-ethanol solution 

into vacuum using liquid microjet methodology combined with laser spectroscopy (REMPI). 

Used spectroscopy technique allows quantifying the rotational and vibrational energy content 

of molecules evaporating from a liquid surface. The UV spectrum of the benzene 61
0 S1 ← S0 

vibration transition of benzene is located at 259 nm. Benzene is a good candidate with which 

to determine the internal energy distribution of molecules liberated from liquid microjet 

because its spectroscopy is well characterized.18,20,21 

3.2.3.1 Experimental setup 

Experimental arrangement was described in detail in a previous subsection (Figure 3.3). A 

benzene/ethanol (10:90) v/v mixture was found to form a stable liquid microjet under vacuum 

conditions. 

A solution of benzene/ethanol (10:90) v/v was introduced as a liquid beam into the main 

vacuum chamber at a flow rate of 0.25 ml/min, Travelling a distance of ~ 0.2 cm downstream 

of the nozzle aperture, the liquid microjet was then intersected with a UV laser beam (photo-

ejection laser) of 266 nm (~9 mJ/pulse). The benzene molecules evaporated from the liquid 

microjet and were irradiated by UV radiation (probe-dye laser) in a range between 258.5 – 

259.0 nm. Benzene was used as supplied by the vendor (99,0 %) without further purification. 

3.2.3.2 Discussion 

Figure 3.7 shows the spectrum of the benzene spontaneously evaporated from a water-

ethanol liquid microjet recorded by Buntine et al.20 This is compared with rotational contour 

from vapour phase benzene at room temperature. The spectrum derived from the microjet in 

the lower half of Figure 3.7 was recorded with the UV laser beam set at a distance of 300 µm 
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from the liquid filament and 1 mm downstream of the nozzle orifice. Comparison with the 

room-temperature spectrum in the upper part of the figure reveals a considerably colder 

rotational energy distribution from the microjet evaporation than found at room temperature. 

Overlaid on each spectrum is the best-fit spectral simulation. The simulated spectral contours, 

displayed as dashed lines in Figure 3.7, are convoluted with Gaussian of 0.3.cm-1 (fwhm) to 

account for the laser bandwidth. Simulation of the gas-cell spectrum in Figure 3.7 (a) yields a 

best-fit rotational temperatures of 295 ± 6 K, where the uncertainty represents one standard 

error. In contrast Figure 3.7 (b) represent spectrum of benzene evaporated from liquid microjet 

with rotational temperature of 206 ± 4 K. Here, the error in the measurement represents three 

times the standard error of the mean (3σ).20 

 

Figure 3.7 1+1 resonance-enhanced multiphoton ionization (REMPI) spectra of the S1 – S0 

61
0 vibronic transition of benzene (a) under room temperature gas cell conditions 

and (b) benzene evaporated from the surface of a H2O/EtOH liquid microjet 

(Overlaid on each spectrum is a dashed line representing the best-fit spectral 

simulation from the 610 transition, assuming a Boltzmann distribution of rotational 

states) 
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Using the same experimental setup (see subsection 3.2.2.1.2), we have recorded the LIF 

spectrum. The S1-S0 transition of benzene thermally evaporated from the liquid microjet was 

observed by laser induced fluorescence spectroscopy (Figure 3.7). The spectrum shows the S1-

S0 6
1
0 band envelope of benzene. However, the analysis and the interpretation of the resulting 

spectrum requires more experimental work to be carry out in the future. 
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Figure 3.8 LIF spectrum of the benzene molecules evaporated from the microjet 

surface 
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3.3 OH formation 

In experiments concerning photodissociation products, benzoic acid and acetyl acetone 

were chosen due to their ability to generate OH photofragments upon absorbing UV radiation 

of 266 nm. Measurement of the energy distribution of ejected hydroxyl photofragments could 

potentially provide important information on the surface photodissociation dynamics through 

determination of the quantum state resolved OH velocity distribution. These observations 

could be compared to results of the photodissociation dynamics of (e.g., acetyl acetone) in the 

gas phase. Details of the experiments will be given in the following subsections. 

 

3.3.1 Benzoic acid 

Benzoic acid(s) was dissolved in ethanol to give 5 and 10 % v/v solutions. When the 10 % 

solution was introduced into the source chamber under high vacuum, benzoic acid 

recrystallised causing the microjet to become blocked, and clogging of the chromatography 

tubing which greatly affected the performance of the HPLC pump. The 5 % concentration was 

found to be more stable, but clogging of the chromatography tubing was observed after 

frequent use. It was found necessary to flush the system with a fresh supply of ethanol after 

the benzoic acid/ethanol solutions were used in order to prevent the solid from recrystallising 

in the tubing over night. As a result of the recrystallising issue, benzoic acid was not 

considered as suitable choice for the liquid microjet formation. 

3.3.2 Acetyl acetone 

The aim of this study was to generate OH photofragments (radicals) by photodissociation 

of acetyl acetone (AcAc) on or near the surface of the liquid using the liquid microjet 

technique combined with LIF spectroscopy.  

 Acetyl acetone exists predominantly in an enolic form in the gas phase (see schematic 

Figure 3.9 below).22 This has been attributed to the formation of relatively strong 

intermolecular hydrogen bonds. In the current study we have used proton NMR spectroscopy 

to confirm the presence of the enolic form in our liquid sample of AcAc. The NMR spectra 

shows evidence of that both tautomeric (enolic and ketonic) forms in the liquid phase.  
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Figure 3.9 Schematic drawing of the keto and enol form of acetyle acetone 

 
Upadhyaya et al. have published a number of papers on the investigation and detection of 

OH photofragments.23-25 In their studies, they explored the photodissociation dynamics of 

AcAc in the gas phase at room temperature using a laser pump-probe approach.26 The nascent 

distribution of the primary photofragment OH was measured with LIF spectroscopy at 266 

nm, 248 nm and 193 nm. The OH photofragment was found to be vibrationally cold and 

shows essentially a Boltzmann distribution of rotational states. The rotational energy imparted 

into an OH fragment is calculated to be 1.9, 2.5, and 2.2 kcal/mol at 266, 248 and 193 nm 

respectively. The average translational energy partitioned into the photofragment pairs in the 

center-of-mass co-ordinate is found to be 16.0±4.0, 17.3±4.2 and 19.2±4.7 kcal/mol at 266, 

248, and 193 nm, respectively.26  

Due to the photodissociation dynamics being carried out in the condensed phase in the 

current work, the contribution from the solvent has to be taken into account as it is likely to 

affect the ability of acetyl acetone to produce OH radicals. In order to generate hydroxyl 

photofragments, the OH would have to gain enough kinetic energy to escape from the solvent 

cage if generated below the liquid surface. Those OH radicals formed with insufficient kinetic 

energy may recombine, with any excess energy in the newly-formed bond being removed by 

collisions with solvent molecules. The LIF signals for the OH photofragments should be 

detectable under our condition (see appendix). If the excited species is present near the surface 

region, it is expected that bond cleavage will be followed by direct ejection of OH radicals 

into the gas phase. The OH radicals originating from deep within the liquid beam will most 

likely recombine due to the surrounding solvent cage, with the energy dissipated as heat.  
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3.3.2.1 Choice of the liquid phase (acetyl acetone) 

The acetyl acetone was chosen to form a liquid microjet as it is a liquid at room 

temperature with a vapour pressure of 8 mbar. AcAc was tested with ethanol solutions of 10-

30% under vacuum conditions. At high concentrations (30:70) of acetyl acetone/ethanol, the 

liquid microjet was unstable and ice formation was observed on the copper cone. To overcome 

this, a less concentrated (15:85) v/v solution was used, which exhibited a stable liquid microjet 

at vacuum chamber pressures of ~6 × 10-5 mbar. This mixture of AcAc/ethanol (15:85) was 

therefore used in all subsequent experiments. Acetyl acetone was used as supplied by the 

vendor (Across Organic, 99 + %) without further purification. 

3.3.2.2 Experiment setup 

The experimental set up employed for the photodissociation experiments on acetyl acetone 

(AcAc) is depicted in Figure 3.3. AcAc employed in the experiment was used after several 

freeze-pump-thaw cycles. A solution of AcAc/ethanol (15:85) v/v, kept under an argon 

atmosphere (to prevent contact with oxygen), was introduced into the main vacuum chamber 

as a liquid microjet with a diameter of ~ 20 µm. After travelling a distance of 0.2 cm from the 

nozzle exit the liquid microjet was intersected by a UV laser beam of wavelength 266 nm (9 

mJ/pulse) to photolyze the acetyl acetone molecules and thus to generate OH photofragments. 

Any OH photoproducts generated on photolysis were collimated by a 0.4 cm aperture placed 

at a distance of 1 cm from the liquid microjet. At a distance of 3.50 ± 0.05 cm from the liquid 

microjet attempts were made to probe for OH radicals using a second UV dye laser (120 

µJ/pulse). This second UV laser was operated in the wavelength region 307.5 – 308.5 nm in 

order to excite the A2Σ ← X2П (0-0) transition of OH. A band pass filter (λ = 280 nm) was 

placed between the liquid light guide and the PMT to cut off the scattered light from the 

photolysis and probe lasers. The residual light reaching the PMT was gated, integrated and 

averaged for 50 laser shots with a wavelength step size of 0.001 nm.  

3.3.2.3 Experimental observations and conclusion 

In searching for the OH fluorescence signal the pump-probe laser delay was varied between 

10-150 µs. However, despite considerable effort no fluorescence signal was observed that 

could be attributed to OH photofragments.  

A number of hypotheses can be considered to explain these results. The amount of ethanol 

within the microjet was bigger than that of acetyl acetone; therefore acetyl acetone could be 
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more abundant in the inside regions of the liquid microjet and OH radicals produced could be 

failing to escape from the solvent cage. Furthermore, increasing the proportion of acetyl 

acetone present in the liquid microjet might lead to an increase in the amount of excited acetyl 

acetone species present near the surface, i.e. there may be a bias for ethanol to reside at the 

surface in the more dilute mixtures.  

Due to problems with equipment and time constraints further improvements to the study of 

OH radicals could not be achieved. However, the approach outlined in this study shows the 

potential future use of the liquid microjet methodology in the study of photodissociation 

reactions. 

3.3.3 Appendix: predicted detection sensitivity in the liquid microjet pump-probe experiment 

This section is intended to illustrate the expected detection sensitivity of the proposed 

experiments to show that photofragments, such as OH ejected from acetylacetone, is 

potentially detectable. We start by calculating the number of molecules in the surface layer. 

Consider a microjet with a diameter of 20 µm in which a 2 mm segment is illuminated. This 

corresponds to a surface area 6.28 x 10-8 m2. If we assume that a single molecule has a surface 

area of 4 × 10-20 m2, then this corresponds to ~ 2 × 1012 molecules in the illuminated surface 

area. Of these, in a reasonably dilute solution (1 M) this gives rise to 5 × 1010 solute molecules 

at the surface. 

Now suppose that all the solute molecules undergo photodissociation by the pump laser 

pulse. The number of photofragments entering the detection region will then be limited by two 

factors: 

(i) Losses due to recombination (or some other process) at the surface or in the bulk. 

(ii)  Geometric selection by the aperture placed in front detection region. 

 

We expect the effect of (i) to be modest at worst because in the examples chosen a 

relatively large translational energy release is imparted to the fragments on photodissociation. 

It is conceivable that the proportion of photofragments released into the gas phase may easily 

exceed 50% and it is unlikely in any of the cases selected to fall below 10%. 

The geometric effect due to the aperture is under our control. If we select a large aperture 

placed close to the microjet, then the proportion of the photofragment molecules will pass 

through the aperture but our ability to measure the velocity distribution with decent precision 
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will be tarnished. A compromise will be adopted, most probably allowing ~ 5% transmission. 

Thus taking a worst-case scenario for both (i) and (ii), we will be able to detect 0.5% of the 

photofragment molecules. However, even that gives rise to 3 ×108 molecules passing through 

aperture. Even allowing for the range of velocity distributions likely to be seen (which means 

we see only one velocity slice at any instant in time), the strong LIF signal for the chosen 

photofragments (OH) should make them readily detectable. 

There is one further assumption that needs to be justified, namely that all solute molecules 

will undergo photodissociation in a single laser shot. The probability of photon absorption is 

given by σF where σ is the absorption cross section and F is the photon flux. At 266 nm one 

mJ of laser light corresponds to ~ 1015 photons. Now if we use a lens to focus that down to a 

diameter of 20 µm, but retaining a length approximately of 2 mm, then the photons flux 

incident on the liquid microjet is 1.77 × 1022 photons m-2 pulse-1. We want an absorption 

probability of unity, and to achieve this minimum absorption the cross section must be 6 ×10-

23 m2 = 6 × 10-21 cm2.  

Of course implicit in the above is the assumption that we have a near 100% quantum yield 

for the desired process. 
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4 Overall conclusions 

A new instrument has been designed and constructed for studying the dynamics of 

photochemical reactions at or near the surface of a liquid. The experimental conditions have 

been optimized to allow the continuously flow of the liquid phase to be submitted to a UV 

laser to cause the photoejection of molecules and fragments of within the liquid phase. 

The diameter of the liquid beam has been determined from the observed diffraction pattern 

produced when the liquid microjet is being intersected by the UV laser light. The diameter of 

the liquid microjet has been confirmed to be 20 µm and shows that liquid microjet suffers 

significant evaporation at distance from the pinhole of the nozzle exit. 

The ejection processes of molecules by the irradiation of a UV laser onto the liquid 

microjet have been studied for an ethanol-toluene solution by measuring the flight-time 

distributions produced at different delay times after the pulsed UV-irradiation. The time-of-

flight distribution shows two groups of molecules, namely a sub-set of fast moving molecules 

originating from or near the liquid surface and a second group of slower, hotter molecules 

which are assumed to originate from within the liquid interior. From the Maxwellian 

distribution fitting process the fast components were found to have translational temperature 

1117 K. The corresponding most probable speed, mean speed and root mean square speed 

were 620 m s-1, 668 m s-1 and 693 m s-1 for the fast molecules and 190 m s-1, 214 m s-1 and 

233 m s-1 for slow molecules respectively. 

The UV excitation experiments of benzene have been initiated with a view to gain 

information about the population of internal quantum states and to determine the internal 

energy distribution of molecules liberated from liquid microjet. The benzene that was 

thermally evaporated from the liquid microjet was examined by using LIF spectroscopy. 

However, the current analysis and the interpretation of the resulting LIF spectra has shown 

that more experimental work needs to be carry out in the future. 

Finally, the use of a liquid microjet methodology for the photodissociation dynamics of an 

aqueous solution of acetyl acetone has been studied, yielding only, so far, modest results. 

However, significant progress has been obtained and more results are expected from the initial 

effort discussed in this thesis. 

Experimental results showed that liquid microjet methodology, when combined with LIF 

spectroscopy, is capable of providing information on the photo- and thermal- ejection 



Conclusions  Chapter 4 
 

98 
 

processes occurring at liquid surfaces. This methodology can be extended to new liquid 

system and potentially allow the access photodissociation dynamics at the gas-liquid interface. 
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