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Preface 

This thesis presents the results of the investigations of molecular clusters 
and other species employing a cluster beam apparatus that was indigenously built 
here. Chapter 1 contains a brief overview of gas-phase clusters of atoms and 
molecules as well as their generation and mass analysis techniques. The scope of the 
present investigations is presented in chapter 2. 

The design and fabrication of the cluster beam apparatus attached with a 
time-of-flight (TOF) mass spectrometer is described in chapter 3. The mass 
spectrometer operates with mass resolution of ~ 800 in linear geometry (L-TOF) 
and ~ 2500 in the reflectron geometry (R-TOF) and is capable of detecting masses 
upto -1000 Daltons. The cluster beam source is based on pulsed laser vaporization 
in conjunction with pulsed supersonic expansion method. We have been able to 
successfully produce carbon clusters with nuclearity of about 100. Using the liquid 
cell, we have been able to produce methanol clusters up to a nuclearity of 20. 

Chapter 4 describes investigations of molecular clusters from alcohol-water 
mixtures using the cluster beam apparatus. Primary alcohols such as methanol, 
ethanol, n-propanol and n-butanol were chosen for this study. We explored the 
surface-enrichment phenomenon in the binary alcohol-water mixtures as well as 
ternary alcohol-alcohol-water mixtures. The effect of the alcohol chain length on 
surface enrichment has also been studied. We established, for the first time, that the 
mass spectrometric method of looking at the surface of these alcohol-water liquid 
mixtures provides a very accurate way of determining the surface concentration 
profiles. The special case of methanol is discussed in the light of its poor enriching 
ability. Competitive surface-enrichment in ternary alcohol-alcohol-water mixtures 
was also studied. 

Reactivity experiments with clusters produced from solid targets using 
pulsed supersonic laser vaporization method were performed. Chapter 5 presents the 
results of reactive laser ablation of graphite in a varying atmosphere of ammonia 
seeded in helium. The formation of (HCN)ni(NH3)nH* type of clusters is reported. 
Molecular-orbital calculations using GAUSSIAN 98W were performed to optimize 
structural geometries and to determine complexation energies of these species. 
Chapter 6 describes the results from the reactive laser ablation experiments carried 
out with oxides of group 13 and 14 elements in nitrogen/ammonia seeded in helium. 
The oxides chosen for the study were B2O3, AI2O3, Ga203, Si02 and GeOi. All 
oxides form nitridic or oxynitridic species in the vapor phase. The role of carbon 
present during the ablation was also studied. 

A preliminary study of the laser ablation of metal dichalcogenides (M0S2 
and WS2) in gas-phase in an atmosphere of jet-cooled helium as well as in solvent 
media such as carbon disulphide and t-butyl disulphide has been carried out. Laser 
ablation in a solvent medium is found to be favourable for the formation of 
inorganic fullerene-like structures. 

* * * 
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Overview 

1. Clusters of molecules, metals and other species: 

An overview 

SUMMARY 

An overview of different types of gas-phase clusters, their generation and 

mass detection is presented. Important design aspects of a typical molecular beam 

apparatus are discussed along with a historical background. Experimental studies 

performed on molecular clusters and elemental clusters, in particular carbon and 

metals are briefly reviewed. A short account on the theoretical treatment applied 

to clusters is presented along with some applications of cluster studies. 



Overview 

1.1 Historical Account 

• The study of how matter behaves can be divided into two main branches. 

One is the reductionist approach - properties of individual atoms and molecules, 

namely, the field of nuclear physics and particle physics and the other being the 

collective approach- properties of assemblies of atoms or molecules, namely the 

field of condensed matter [1]. Cluster science deals with the study of matter in the 

intermediate regime between the bulk matter and individual atoms or molecules. 

The main interest of researchers in this field is to understand the evolution from 

atomic/molecular to bulk properties with increasing cluster size. Cluster science had 

its early roots in the study of colloids, aerosols and clouds. In 1949, N. F. Ramsey 

was the first to conduct experiments to study the magnetic properties of atoms and 

molecules using a molecular beam apparatus [2]. In 1956, Bentley [3] and Henkes 

[4] independently detected jet-generated clusters of carbon dioxide using mass 

spectrometers. However, the real impetus in cluster science came about in the 

1970s, with the advent of lasers, modem flow reactors joined with molecular beam 

sources and improved mass spectrometers. In the past 20 years, lasers have taken 

over the place of the more conventional electron beam ionization sources. The 

advancement in technology i.e. pico-second and femto-second lasers in conjunction 

with molecular beams and time-of-flight mass spectrometry have made it possible to 

study molecular photoionisation and dissociation processes in greater details. A. 

Zewail received the Nobel Prize in 1999, for his pioneering work of combining 

ultra-fast laser technology with molecular beam studies to study chemical reactions 

at the most fundamental level, leading to the birth of a new field called, "femto-

chemistry" [5]. Clusters, being isolated theoretically tractable systems, offer an 

opportunity to test and extend our microscopic understanding related to a variety of 
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fields such as amorphous solids, surface interactions, catalysis, liquid structure and 

solvation effects [6]. 

1.2 What are clusters? 

Clusters are aggregates of atoms or molecules, occupying the regime 

between atoms/molecules- monomers and condensed phase. They differ from 

conventional molecules that have fixed number of atoms, specific composition and 

possess unique structures. Clusters, in contrast, may be composed of any number of 

component particles with a number of available structures that increase rapidly with 

the cluster size. Clusters may be classified according to their size and variation in 

properties, composition, charge and forces that bind them. 

Table 1.1 
N d(N) nm Fs(N) 

Small < 10^ < 1.9 >0.86 

Medium 10^ - lO" 1.9 - 8.6 0.86 - 0.19 

Large > ID** > 8.6 ^0.19 

Cluster sizes can be classified into three different regimes. Table 1.1 above 

gives the approximate diameters (d) and fractions of surface atoms (Fs) for N-atom 

spherical sodium clusters in the different size regimes. 

The property of a cluster is related to the volume and / or surface area of the 

cluster. For metals for instance, it is known since few decades that the atomic 

ionization potential (IP) is typically about twice the value of the bulk work function. 

In the large cluster regime, many generic cluster properties like ionization energy, 
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electron affinity, melting temperature and cohesive energy show a regular variation 

with cluster size (see Fig. 1.1). 

Large Medium Small 

G 

Liquid 
Drop 
behaviour 

'igt^^' 

' }* •' 

kN^p*' -T 

Quantum Size and 
Surface effects 

N 
Fig. 1.1 Variation of the cluster property 'G' with cluster nuclearity, N. 
Large oscillations in the properties arise due to quantum size effects caused 
by electronic shell closings and surface effects due to geometric shell 
closings for small N. For large N, there is a smooth trend in cluster size 
effects [7]. 

The ionization potential shows a decreasing trend while the electron affinity shows 

an increasing trend as the cluster size increases [8]. The melting point of the 

clusters also increases as the cluster size increases. Other properties such as 

chemical reactivity, magnetic moment [9], polarizability [10], and geometric 

structure are also found to exhibit a strong dependence on N. However, for small 

clusters there 'are large oscillations about this smooth trend. These deviations arise 

due to the quantum size effects and the surface effects caused by filling up of 

electronic and geometric shells, respectively. Filled electronic shells arise due to 

bunching of jellium electronic energy levels while as the filled geometric shells 

impart stability to the cluster by maximizing the average co-ordination number Z, 

and thereby reducing the cluster surface energy. The size at which the transition 

from electronic to geometric shell structure occurs depends on many factors such as 

-4 



Overview 

the density of states (DOS), atomic electron configuration, melting temperature of 

cluster and temperature of the cluster. A cluster property is described as bulk-like 

when its value is within 1% of the bulk value as given by the Jortner's criterion 

[11]. 

Clusters can be classified according to the nature of the component elements 

or molecules and the type of binding forces holding them. The nature of the binding 

forces holding the clusters of elements or molecules together may be varied. They 

may be bound by forces that are strongly attractive as in (NaCl)^, covalent- Sin, Cn, 

van der Waals- Ar^, Xcn and hydrogen bonded as in (H20)n, (HF)n and (CH30H)n 

[12]. 

In the case of metal clusters, as one reduces the size, going from bulk metal 

to a collection of few atoms, one would expect a dramatic change in the electronic 

structure leading to a metal to non-metal transition in small particles. 

A<kT 

Small cluster Metallic cluster Bulk metal 

decreasing N 

Fig. 1.2 Discretization of electronic energy levels with decreasing metallic particle size 
(N). Filled levels (at 0 K) are indicated by full lines and empty levels by dashed lines 
[7]. 
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As the size of the metallic particle is reduced, the electronic energy levels become 

discrete and the spacing between the levels becomes larger (see Fig. 1.2). The 

condition for a finite metallic particle to exhibit metallic conduction is given by the 

fCubo 's criterion 

A « E F / N ^ A T (1.1) 

where A is the band gap, EF is the Fermi energy of the bulk metal. It can be seen 

from this equation that as cluster size decreases, the band gap increases and thus a 

higher temperature T will be required for metallic conduction. 

1.3 Cluster beam experiments 

Gas-phase clusters offer an advantage for studying the inherent properties in 

contrast to clusters deposited on substrates or suspended as in colloids, which may 

have altered properties due to substrate or solvent interactions. The basic steps 

involved in a cluster beam experiment are cluster generation, mass detection and 

spectroscopic investigations. Thus, a simple study with gas-phase clusters may deal 

with mass analysis extended to reactivity experiments. One can also size-select the 

clusters and perform spectroscopic investigations. A commonly used size-selection 

method involves scattering of a given cluster beam using a secondary beam of 

neutral rare gas atoms impinging at right angles to it [12]. It is based on the 
'the': "the 

principle that^^heavier the cluster,t^maller are the scattering angles and the velocity. 

Another method to get size-selected neutral clusters is the re-neutralization of ions 

i.e. the negatively charged or positively charged clusters are deflected using a 

magnetic or an electric field and further re-neutralized by photo-detachment (for 

anionic clusters) or resonant charge exchange (for cationic clusters) [13]. Yet, 

another possibility with gas-phase clusters is to deposit the size-selected clusters 
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onto substrates to carry out reactivity and catalysis studies on supported clusters. A 

critical parameter is the impact energy of the deposited clusters on the substrate, 

which can be adjusted by varying the acceleration voltage between the cluster 

source and the substrate. 

1,3,1 Production of clusters 

Clusters, in general, can be made by a variety of methods i.e. by vaporizing 

elementary component particles and letting them aggregate; by knocking them 

directly out of a solid and in solution as colloidal particles formed during 

precipitation or in submerged electric arcs. The method of production of clusters 

depends on the average bond energy per monomer in the cluster. 

Simple methods 

^TheJKnudsen effusive cell has been one of the earliest and simplest cluster beam 

source to be used to produce metal dimers and in some cases larger metal clusters 

[14]. It is employed, primarily, to generate clusters of materials with high to 

medium cohesive energies, such as refractory (2-4 eV/atom) and co-valent and ionic 

materials (0.5-2 eV/atom). On the other hand, gas aggregation cells are used to 

generate clusters from intermediate to low binding energies [15]. Cluster beams 

generated from effusive cells generally possess low intensities and produce mostly 

dimers in contrast to those from gas aggregation cells, which have higher intensities 

of larger clusters. However, in both cases, the emerging cluster beams are not 

highly reproducible in nature. In this respect, supersonic expansion methods help 

generate reproducible cluster beams. 
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Supersonic expansion method 

It is based on the principle of Joule-Thompson effect where the vapor of a 

material at high pressure is made to emerge through a small orifice into a low-

pressure region at constant enthalpy or constant entropy (see Fig. 1.3). Since the 

enthalpy and entropy are conserved along each streamline, the expansion is also 

often referred to as "isenthalpic" or "isentropic". 

10̂  Pa 
3D0K 

Disiance. 

Temperature (K) 
Pressure (Pa) 

10 

T= 4.0 
P= 20 

20 30 to 

16 0.9 0.6 
2 0.47 0.2 

• — 1 — • — 1 — — 

50 60 

Q5 0.4 
009 a05 

'D 

Fig. 1.3 Gas expansion through a small orifice of diameter D into vacuum. Arrows 
indicate velocities of atoms and molecules. Temperature and pressure at the 
centerline of the beam are given [12]. 

There are three main factors that determine the cluster content in free jets: 

• Stagnation pressure 

• Aperture cross-section 

• Initial gas temperature 

With increase in the stagnation pressure and aperture cross-section, the 

cluster content and average cluster size increases. Keeping stagnation pressure and 

initial gas temperature constant, smaller nozzle diameter produces smaller clusters 

with high cooling. Cluster size profile is also sensitive to the shape of the nozzles. 

For conical nozzles, the expansion zone is quite constrained because of which more 

collisions are possible and therefore larger clusters are produced. On the other hand, 
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sonic nozzles are not as good for cluster generation as the conical nozzles. For an 

axially symmetric (circular) nozzle, there is more time for clustering and therefore 

larger clusters are obtained in comparison to that for slit nozzle, and also the gas 

density and temperature fall off much less rapidly. Figure 1.4 shows the cross-

section of different type of the nozzle geometries. 

Sonic Cylindrical Conical Laval 

Fig 1.4 Cross sections of nozzle geometries. Conical nozzles are most effective 
at producing pulsed and continuous beams of large clusters [6]. 

Sfnce stagnation pressure cannot be increased beyond the capacity of the 

vacuum pumps, the idea of pulsed expansion has emerged. Pulsed beams have 

higher instantaneous intensities by an order of magnitude as compared to continuous 

beams, and also possess large cluster content. The typical opening times of pulsed 

nozzles are 50 |is to 1 ms..However, there are a couple of disadvantages of pulsed 

system. The beam velocity, temperature and cluster distribution is not uniform 

throughout the pulse. In addition, pulsed beams have low duty cycles and 

accordingly pulsed lasers and pulsed detection systems have to be used. Usually, a 

less condensable and inert gas is added to the main species, which aids in the 

removal of condensation energy by means of collisions with the carrier gas. Adding 

excess of the gas only leads to the dilution effect and does not improve the cooling 

any further. Depending on the type of interaction involved, in some cases the 

heavier the carrier gas (Ne, Ar), the larger the clusters obtained (e.g.. Nan) and in 

some cases the lighter the carrier gas (He), the larger the clusters, e.g., (SF6)n [16]. 



Overview 

1.3.2 Detection of clusters 

Mass spectrometry (MS) had its beginnings about a century ago' and has 

since become a virtually ubiquitous research tool in the study of elementary ions 

and cluster ions. The various scientific breakthroughs made possible by MS include 

the discovery of isotopes, exact determination of atomic weights, the 

characterization of new elements, quantitative gas analysis, stable isotope labeling, 

fast identification of trace pollutants and drugs, and the characterization of 

molecular structure. Mass spectrometry, now-a-days is providing tools that allow 

researchers to attempt problems previously thought invincible across a broad range 

of sciences, from nuclear physics to biology. 

The history of MS began with Sir J. J. Thomson at the Cavendish 

Laboratory, University of Cambridge [17]. His studies on electrical discharges in 

gases led to the discovery of the electron in 1897. He constructed the first mass 

spectrometer then called "parabola spectrograph" for the determination of mass-to-

charge ratios of ions. In this instrument, the ions were generated in discharge tubes, 

made to pass through electric and magnetic fields and finally detected on a 

fluorescent screen or photographic plate. In 1920's, Francis W. Aston, designed a 

mass spectrometer in which ions were dispersed by mass and focused by 

velocity-which improved the resolving power of the mass spectrometer by an order 

of magnitude. A. J. Dempster was the first to develop the magnetic deflection 

instrument with directional focussing in the early twentieth century. Magnetic 

deflection instruments, both single-focussing and double-focussing dominated high 

performance mass spectrometry well into the 1990's. With the improvement in ion 

sources and detection analyzers, a whole range of other MS techniques have 

evolved in parallel, such as ICR-MS, GC-MS, Quadrupole, Tandem MS (MS-MS), 

10 
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SIMS, LDMS and FAB-MS etc [18]. A chronology of improvements in mass 

spectrometry is shown in the figure below (Fig. 1.5). 

T #\<ie iS:..fil!iiiJi!i:iSi;.lJfej 

'T-ormhnftm 

* ~ Kar^S 

-:LkL 
Fig. 1.5 Chronology of improvements in mass spectrometry 'A tandem view of 
Mass Spectrometry' [19]. 

Ionization techniques 

The type of ionization technique employed also classifies mass spectrometry 

into its various kinds [19]. One of the main criteria in choosing the type of 

ionization technique employed is the thermolability of the sample. For samples that 

are not thermolabile and relatively volatile, ionization such as electron impact (EI) 

and/or chemical ionization (CI) can be effectively used. In electron impact 

ionization, which is one of the earliest ionization techniques used, ions are formed 

when a beam of electrons (70 eV) hits the sample molecules in the gas phase. 

However, this technique causes substantial fragmentation owing to the excess 

energy from the ionization process. Chemical ionization, which is a rather soft 

ionization technique, came about in the mid-1960's, employs a reagent gas to gently 

transfer protons to the sample. Field ionization (FI) technique is used for volatile 

compounds in which a high electric field gradient is applied at the tips of carbon 

whiskers on a tungsten emitter wire to ionize the species by tunneling of electrons. 

11 
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Thus, FI technique produces less fragmentation. Fast ion bombardment technique 

utilizes a high energy (8kV) beam of neutral Xe atoms impinging on metal target 

holding a liquid matrix of the sample. It is best suited for polar and high molecular 

weight compounds such as peptides and other biomolecules. Field desorption is yet 

another ionization technique where the samples are loaded directly on the wire by 

dipping into a solution of the sample. MALDI (Matrix assisted laser desorption 

ionization) is one of the more popular techniques of recent times (since 1988) used 

for peptides, proteins and polymers. It involves embedding analytes in a matrix, 

which absorb energy at the wavelength of the laser. Electrospray ionization (ESI) is 

useful when the sample amounts are small as in biological studies. In the ESI 

technique, the sample solution is sprayed from a small tube into a strong electric 

field in the presence of a flow of warm nitrogen. The droplets formed evaporate in a 

region maintained at a vacuum of several torrs causing the charge to increase on the 

droplets. J. B. Fenn, K. Tanaka and K. Wiithrich received the Nobel prize in 

Chemistry in 2002 for their contributions in field of mass spectrometry techniques 

by combining ESI and soft laser desorption to embrace the biological 

macromolecules. 

Time-of-flight Mass Spectrometry (TOF-MS) 

Some of the commonly employed mass spectrometric techniques are QMS 

and FT-ICR mass spectrometry having mass ranges of ~ 4000 u and ~ 60 x 10 u, 

respectively. Over the past decade, however, the upper mass limit has been pushed 

to more than 1,000 x 10^ u and the resolving power to ~ 1,000,000 with the highest 

mass sensitivity of 10"̂ ^ mol. In this context, time-of-flight mass spectrometry has 

become a popular choice. 

12 
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TOF-MS is widely used in the mass analysis of clusters produced in 

molecular beam experiments. It is based on the principle of segregating cluster ions 

that are simultaneously accelerated out of an ion source, based on their velocities as 

they travel through a field-free region towards a detector. Ideally, all the cluster 

ions should start from the same point and have the same kinetic energy. However in 

reality, they possess a spread in their initial positions as well as in their velocities. 

The best known and most often used design of the time-of-flight mass spectrometer 

is due to Wiley-McLaren [20], which consists of a two-stage ionization-acceleration 

volume that focuses the ionized particles on to a detector at the end of a field-free 

drift region and has a mass resolution of several hundreds. The mass resolution of 

the TOF mass spectrometer can be enhanced by reducing effects of spread in 

velocities of the ions by introducing a retarding electrostatic mirror (reflectron 

scheme), as was first proposed by Mamyrin [21]. This improved the mass resolution 

by one or two orders of magnitude. Figure 1.6 shows a typical time-of-flight mass 

spectrometer attached with a cluster condensation cell used by T. P. Martin's group 

[221. 

CLUSTER CONDENSATION CELL 

OTIN MOZZU 

3VINCHIN0 
AS WUT 

IMi-COOUNTJ 

TO PtniP 

TIME-OF-FUGHT MASS SPECTROMETER 

Fig. 1.6 Typical apparatus for the production, photoionization and time-of-
flight mass analysis of clusters [22], 
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There are several advantages with time-of-flight mass spectrometers. The 

design of the TOF-MS is rather straight-forward and mechanically easy to construct. 

Theoretically speaking, TOF-MS has no upper limit for mass range, as the 

acceleration of the ions is purely dependent on the applied voltages. Other 

advantages include high ion transmission and data collection in a few microseconds. 

Such features make TOF-MS just suitable for laser photoionization experiments, 

where low repetition rate lasers are employed. They are also ideal detection systems 

in experiments related to reaction dynamics of jet-cooled molecules and clusters 

[23]. 

A number of other techniques complementing the TOF-MS are employed in 

the investigation of molecular clusters, which exhibit extensive fragmentation. 

Reflectron-TOF MS is often used to discern between fragmented cluster ions and 

unfragmented cluster ions having identical masses. Infrared spectroscopy 

experiments are used to get high-resolution rotationally resolved spectrum for 

molecular clusters. Two-color resonant two-photon ionization (2C-R2PI) is a 

technique in which a tunable laser is used to first electronically excite the molecular 

cluster resonantly and then another laser for the ionization of the cluster. This gives 

size-specific information for clusters containing aromatic molecules. In yet another 

technique known as 'Molecular beam depletion spectroscopy', the size-selected 

clusters are scanned as a function of the frequency of an IR laser and the decrease in 

the mass spectrum intensity is monitored. This provides sensitive measurement of 

the dissociation of the weakly bound species. Resonance enhanced multiphoton 

ionization (REMPI) is also often used to study the effect of clustering on the 

ionization of molecular clusters attached to an aromatic molecule. 
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1.4 Classification of Clusters 

Clusters are formed by virtually all elements in the periodic table, including 

the rare gases. They can be classified according to the nature of the constituent 

atoms or molecules and the type of bonding forces that hold them together. 

Although, there is considerable research being conducted world-wide on a variety of 

clusters, the emphasis in this laboratory is mainly on the molecular clusters and 

carbon containing clusters. 

1.4.1 Molecular clusters 

Molecular clusters are clusters of neutral molecules held by weak 

interactions, either H-bonded or van der Waals in nature. Typical examples of van 

der Waals type clusters are (C02)n, (SF6)n and (C6H6)n having binding energies of ~ 

100 meV or less [24]. Other examples are Aniline-(Ar)n, Tetracene-(Ar)n, 

Anthracene-(Ar)„, (Pyrozole-Ar), (Thiophene-Ar), which have general form (M-

Rgn) where 'M' is an aromatic molecule and 'Rg' the rare-gas atoms. The 

characteristic feature of these complexes is the existence of several isomers for a 

given 'n' , where each of them can be identified by their slightly different absorption 

frequency. Such studies reveal the anisotropy of the intermolecular potential of the 

complex. 

The other important class of molecular clusters is the H-bonded clusters. 

Typically, H-bonded clusters such as (HF)n, (H20)n and (CH30H)n have binding 

energies smaller than 300 meV [25]. Water being one of the most important and 

common solvents is of particular interest towards the understanding of solute-

solvent interactions. Many studies have also been carried out on hydrogen-bonded 

ammonia and alcohol clusters. REMPI is used to study the influence of clustering 
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on the ionization of these H-bonded clusters. Few representative systems studied 

under this category are anthracene(H20)n, perylene(H20)n and benzene(H20)n. The 

aromatic molecule acts like a chromophore, allowing the spectroscopic 

investigations of the electronic ground and excited state of the neutral molecules 

and the ion. The shift in the peaks gives information about the structure while the 

broadening of the peaks is related to the decay dynamics. 

The investigation of structural and dynamical properties of molecular 

clusters has attracted a great deal of interest in recent years [26,27]. Molecular 

clusters are interesting to study as model systems for solvation, where the solvent 

effects on the electronically and vibrationally excited states of a particular solute 

can be investigated as a function of the nature and number of solvent molecules in 

the cluster. Due to the finite size of these clusters, theory is also able to contribute 

quantitative results that can often be compared directly with those from experiment. 

Thus, considerable progress is being made in understanding the nature of the 

intermolecular interactions, the structural motifs and the dynamics of many 

complexes. 

Alcohol and water clusters, in particular, have been studied extensively in 

terms of their structural properties and vibrational spectra. Infrared spectroscopic 

measurements revealed that protonated water clusters consist of a number of water 

molecules surrounding a hydronium ion, H3O*. The well-known (H20)2iH^ cluster 

produced in free jet expansion is a magic nuclearity cluster, having a clathrate-like 

pentagonal dodecahedron structure of 20 water molecules with the hydronium ion at 

the center (see Fig. 1.7). 
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Fig. 1.7 Structure of (H20)2iH* cluster showing encagement of 
H3O* within the pentagonal dodecahedral hydrogen-bonded 
structure of (H20)2o [28]. 

There have been many vibrational studies devoted to the investigation of the 

intramolecular modes in water clusters. For instance, water monomer has three 

fundamental vibrations: the bending mode (V2) near 1595 cm"', the symmetric OH 

stretch (V| ) at 3657.05 cm"', and the asymmetric OH stretch (V3 ) at 3755.97 cm"'. 

The O-H stretching bands of the charged HsO^ core have slightly lower frequencies 

than the neutral water molecule. Upon solvation, some of the stretching bands are 

strongly red-shifted in the case of small clusters and blue-shifted in the case of large 

clusters. Electron diffraction measurements performed on neutral water clusters 

(H20)n in the range, n = 1500-2000 have shown that these clusters possess a low-
have 

pressure cubic phase of bulk ice, while smaller clusters, n < 300,/^a disordered 

amorphous structure. 

In contrast to water, which forms tetrahedral networks, methanol can only 

interact via a linear hydrogen bond besides the hydrophobic forces around the 

methyl group. Consequently, it forms only extended chains or rings. Size-selected 

methanol clusters have been investigated in detail by the scattering method for their 

OH and CO stretching modes. Structural information on water and methanol 

clusters has been obtained from molecular beam electric deflection studies [29]. 
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Molecular beam deflection experiments revealed that both the monomers and dimers 

of water and methanol are polar in nature, which is consistent with the presence of a 

linear hydrogen bond [30]. In both cases, higher nuclearity clusters with n=3 to 6 

are nonpolar in character suggesting that the larger complexes have cyclic 

structures. Larger clusters of water, n=7 to 10, exhibit 3-dimensional cage structures 

while those of methanol form rings (see Figure 1.8). 

n=7 

n=B 

(b) 
n=2 0=3 n=4 

% 

n=5 n=6 n=7 

n=8 n=9 

• • 

r* 
Fig. 1.8 Calculated minimum energy configurations (a) Water clusters (heptamer to 
decamer), (b) Methanol Clusters (dimer to nonamer) [31]. 

Mixed gas-phase clusters of the type (R0H)„(H20)n,H^ have been 

investigated from the point of view of preferential solvation of the hydrogen ion by 

either water or alcohol molecules [32]. Thermochemistry studies performed on 

mixed water-methanol cationic species indicated that the favored topology places 

the methanol molecules near the charged centers and water molecules at the 
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periphery [33]. The influence of solvation on dehydration reaction for alcohol 

clusters has been investigated using the reflectron technique by Castleman et al., 

who proposed that protonated methanol peaks arise from a rapid intracluster proton-

transfer reaction following ionization of neutral clusters [34]. 

(CH30H)„^ -> H^(CH30H)„.i + CH3O 

Infrared spectroscopy studies performed on mixed clusters of methanol and 

water have shown that the methanol molecule is engaged as a proton donor and an 

acceptor in a ring structure containing two, three, or perhaps four water molecules 

[30]. A number of solvated ions of the type M^(H20)n (M= alkali metal) and X' 

(H20)n (X= halide) have also been studied and the solvation energies of the cations 

and the anions in the solvent molecule clusters have been measured [35]. 

1.4.2 Elemental Clusters 

Carbon clusters, Endohedral fullerenes and Met-cars 

Carbon nucleates to form clusters much more readily than any other element in 

the periodic table. Technological and astrophysical applications make their study 

interesting and an exciting field of cluster research. The work on carbon clusters led 

to the discovery of fullerenes (€„ with n> 24), by Kroto and Smalley [36], which 

has become a vast field by itself Ceo, the third allotropic form of carbon with the 

famous truncated icosahedron structure (Figure 1.9), has gathered interest because it 

can be easily produced in macroscopic quantities. 

Fig. 1.9 Ceo molecule is polygon with 60 vertices and 32 faces, 12 of which are 
pentagonal and 20 hexagonal, having a truncated icosahedron structure [36]. 

19 



Overview 

A number of characterization studies such as ionization potential, electron affinity, 

electronic structure, NMR and photofragmentation have been performed on 

fullerenes [37]. Small carbon clusters have also been studied extensively. 

Investigations of photofragmentation studies of small carbon clusters revealed that 

loss of a C3 unit is the dominant fragmentation pathway [38]. Electron affinity 

measurements have been performed using UV photoelectron spectroscopy of 

negative carbon cluster ions to throw light on the relative stabilities and 

transformation from chain to ring structures [39]. Some reactivity studies of mass 

selected Cn̂  clusters (n<20) with diatomic molecules, small hydrocarbons and HCN 

have also been carried out [40]. 

Endohedral fullerenes 

Possibilities of endohedral chemistry with the cage of Ceo have been 

explored extensively. Metallofullerenes are a set of compounds in which a metal is 

encaged inside a fuUerene. Few metallofullerenes have Ceo as the cage because of 

its small size although, higher fullerenes such as C82 and C84 are more frequently 

used. Metal atoms that successfully form the endohedral metallofullerenes are those 

that do not form strong metal-carbide bonds under the synthesis conditions (1000 to 

5000 °C). Only a handful of rare-earth elements such as La, Y, Sc, Ce and Pr form 

stable endohedral compounds and also some of the noble gases. An example of the 

time-of-flight mass spectrum of rare-earth element inside fullerenes (La@C6o, 

La@C82) is shown in Figure 1.10. 

Various spectroscopic and structural analyses including UPS, TEM, EXAFS, 

STM, ESR, CNMR and X-ray diffraction have been performed to elucidate novel 

molecular and solid-state properties of these endohedral fullerenes. 
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Fig. 1.10 Positive ion TOF mass spectrum of lanthanum/graphite target. 
Inset shows the structure of La@C82 with lanthanum inside the cage [41]. 

Rare gas atoms can also be inserted inside the fullerene cages. Such 

endohedral fullerenes form during the arc vaporization of graphite in presence of 

the noble gas. Thus, rare gas atoms He, Ne and Ar as well as D and D2 [42] have 

been inserted inside fullerene cages. 

Met-Cars 

The discovery of new class of molecular clusters called "met-cars" 

containing metal and carbon atoms was made in 1992 by Castleman et al. [43]. They 

were discovered during the dehydrogenation reactions of small hydrocarbons with 

transition metal ions, atoms, and clusters. The first met-car to be discovered was 

TigCia^ with a pentagonal dodecahedron structure and T^ symmetry. The structure 

consists of eight Ti atoms in a cubic arrangement with six C2 units capping each 

square face (Figure 1.11). 
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(a) 

40 160 280 400 
MASS (AMU) 

520 640 

(b) 

Fig. 1.11 (a) Mass distribution of TimC„̂  clusters generated from the reactions of 
titanium with CH4. A 'super magic' peak corresponding to Ti8Ci2^ (b) Ti8Ci2^ has 
the observed stability on account of its idealized pentagonal dodecahedron 
structure, TH point group. The eight titanium atoms (dark spheres) appear at the 
edge of a cube-like arrangement and are similarly co-ordinated to three carbon 
atoms (light spheres) at all equivalent positions [43]. 
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Other M8C12 cluster compounds including those with V, Cr, Fe, Nb, Zr, Mo and Hf 

have also been reported [44,45]. In contrast to the typical structure of TigC^ met-

car, the Zr-C and Nb-C complexes develop into multicage network such as double, 

triple and quadruple cages. 

Other elemental clusters 

Elements are easily classified as metallic, nonmetallic or semiconducting 

purely in terms of their atomic ionization potentials [46]. For instance, the 

ionization potentials for rare gas atoms are quite large and those for the alkali atoms 

are low. Clusters of alkali metals show magic nuclearity for clusters containing 2, 8, 

20, 40, ... atoms, corresponding to closed electronic shells. These clusters are also 

characterized by large ionization potentials and the addition of one more atom 

marks a drop in their ionization potential, thus showing a similar trend as seen in 

the electronic ionization potential of an individual atom. Hence, one could expect 

that atomic clusters should mimic the chemistry of the atoms. Alkali metals are 

considered as prototypes of metals because of the freely mobile electrons. Similarly, 

alkali clusters (s' clusters) are considered to be prototypes of metal clusters. Among 

them, much attention has been devoted to Na, K [47,48] and Li [49]. Few 

experiments have been done with mixed NaxKy clusters as well [50]. 

The shell structure is more pronounced for silver, than for sodium and 

potassium due to deeper potential well for silver than for sodium and potassium. 

Metal clusters from group IIIB (B, Al, Ga, In) have also been studied and 

particularly Al clusters which have been widely studied in terms of photoionisation, 

polarizabilities and magnetic properties [51,52]. Transition elements containing 

partly filled d or f shells find important application from the point of view of 
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catalysts and hence there is great motivation to study the chemical properties of 

these clusters. Mass spectra of transition metal clusters do not show magic numbers 

that can be accounted by the electronic shell model. A characteristic of transition 

metal chemistry is that they can adopt several oxidation states. Only Cu, Ag and Au 

which have (n+l)s'nd'° electronic configuration, show mass spectra of clusters 

which follow the shell closings. Chemical reactivity also reflects the relative cluster 

stability. Ionization energies of Ni„, Fcn, Con and Nbn were measured by 

Knickelbein [53] and all of them have the same general trend for the ionization 

energies. There are large variations in ionization energies for smaller clusters and 

the variations diminish with increasing size. Knudsen cell mass spectrometry has 

been used to measure dissociation energies for nearly all transition metals [54]. 

Magnetic clusters provide a link between magnetism on the microscopic atomic 

level and the macroscopic state, thereby allowing us to observe magnetic order as it 

develops from individual magnetic atoms to large crystals. These clusters can 

contribute to our understanding of magnetism in both regimes. The periodic table 

shown in Fig. 1.12, provides a bird's eye view of the various elemental clusters that 

have already been reported and the method employed to make them as well as the 

properties studied. 

1.4.3 Other novel clusters 

Current research into semiconductor clusters is focused on the properties of 

"quantum dots"—fragments of semiconductors consisting of hundreds to thousands 

of atoms. Quantum dots exhibit strongly size-dependent optical and electrical 

properties. A number of studies have been performed on the properties of III-V 

clusters as well as Ga and In clusters [102,103]. 
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Semiconductor-based 

Developing new nanocrystal materials based on III-V compounds is important 

because based on bulk material characteristics, these materials exhibit more 

pronounced quantum confinement effects compared to II-VI compounds or other 

more ionic systems. The primary reason behind this is on account of effective mass 

approximation that describes the extent to which carriers are delocalized over a 

lattice and the effect of confining those carriers to an unusually small volume. For 

example ̂ for InAs an exciton delocalizes over 680 A, while in InP the bulk exciton 

diameter is 150 A and in CdSe it is only 70 A. Also, the development of III-V 

nanocrystals will allow many interesting comparisons with other types of quantum 

confined structures such as quantum wells, wires, and larger dots as these systems 

are most highly developed in III-V materials [104]. Using laser vaporization in 

conjunction with supersonic beams, there have been a few studies carried out on 

GaAs clusters like spectroscopy to measure bond-length [105], photodissociation of 

GaAs clusters containing upto 30 atoms to look at their fragmentation pattern 

(appear to dissociate by sequential loss of atoms rather than by loss of magic 

fragments) [106]. Similarly photodissociation studies have also been carried out on 

small InP clusters [107, 108]. However, solution-phase colloidal syntheses have 

been more popular in the preparation of the above III-V semiconductor 

nanocrystals. Many of the quantum confinement effects of nanocrystals are 

evidenced in the optical properties of the system as the electronic energy levels of 

the clusters become a function of size. Towards this end, absorption spectroscopy 

and transient hole burning spectroscopy is employed to study the absorption and 

emission properties. 
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Nanoassembled model catalysts 

Nanoassembled model catalyst is a term employed for ultra-small, size-

selected clusters deposited on well-characterized oxide surfaces. The experiments 

involving such catalysts show dramatic changes in the size-dependent evolution of 

the efficiency and selectivity of catalytic processes, for example, the polymerization 

of acetylene on small Pdn clusters [109] or the oxidation of CO on small Au^, Ptn, 

Pdn and Rhn clusters [110]. There are several major differences in the studies 

performed using such "model catalysts" in comparison with the conventional 

catalysis studies carried out so far. 

In the case of conventional catalysis, the active metal particles are composed 

of lOO's or lOOO's of atoms and the electronic states are well described by 

electronic bands. Accordingly, the intrinsic bulk properties of a given 'catalyst' 

element do not change as a function of the precise particle size. Thus, the observed 

structure sensitivities arise mainly due to surface morphologies such as densities of 

kinks, steps as well as the types of crystal facets of the surface on which the 

particles are deposited. 
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Fig. 1.13 CO combustion on Aun, Ptn, Pdn and Rhn (n= 8, 13, 20) clusters. 
Each cluster shows a different reactivity and reaction temperature [110]. 
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However for small clusters (nano-scale clusters), these simple concepts do not hold. 

For the nano-scale clusters, the valence electrons are highly confined and therefore, 

the quantum size effects dominate. Hence, new concepts are developed to classify 

the size- dependent catalytic properties of nano-scale clusters. Examples of studies 

performed in the above light are experiments carried out to a) study size-

dependency for the CO-oxidation within an element (for e.g. Aug, Auu and Au2o) 

b) different reactivities of a single cluster size (for e.g. Auu, Ptn, Pdu and Rhn) 

(see Fig. 1.13). 

1.5 Reactivity experiments witli gas-phase clusters 

Different types of reactivity experiments have been carried out with gas-

phase clusters. They can be broadly classified into three types (see Fig. 1.14) 

* Co-expansion of metal plume and reactant gas 

* Fast-flow reactors 

* Pick-up source 

In a typical co-expansion type of experiment, the metal vapor emerging from the 

laser irradiated surface of the metal rod is mixed in the reaction zone with the 

supersonic expansion of a reactant gas seeded in a carrier gas. This method has been 

employed in the formation of metal-carbides, metal-nitrides, metal-silicide, metal-

sulphide or metal-oxide clusters. Various transition metal carbides "MnCm" (M= Ti, 

V, Sc, Y, La) have been made employing this route. Pure elemental clusters such as 

Cn and Sin have been made, similarly, by dehydrogenation of gaseous hydrogen 

containing molecules (C2H4 and SiH4) over a transition metal rod subjected to 

intense radiation of a pulsed laser [111]. The selected reactant gas is often mixed in 
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a gas handling system with mass flow controllers. Figure 1.14a shows the schematic 

of the co-expansion set-up. 

Another set-up for reactivity of gas-phase clusters is achieved using "flow 

reactors". In this method, the metal target is mounted in the throat of supersonic 

nozzle. A reaction tube is placed further down from the expansion cell into which 

the reactants are injected. The reactants can be injected via hypodermic needles 

placed around the periphery of the reaction tube, which in turn are each connected 

to independent pulsed reactant nozzles that can be triggered separately, as shown in 

the Fig. 1.14b [112]. Several parameters can be controlled here viz. the reaction 

time (defined by the channel length), time of firing and pulse width of reactant gas 

pulse. Another variation of flow reactor set-up is one in which the metal ions are 

produced by thermionic emission and the reactant molecules are introduced via a 

reactant inlet placed at different locations in the flow tube [113]. 

The third type of experimental set-up to perform reactivity experiments with 

free gas-phase clusters is called the 'pick-up' source. In this method, inert gas such 

as He is expanded from a very high stagnation pressure lO'' kPa, through a tiny 

nozzle diameter to low temperature (12 K). In this process very large helium 

clusters are formed (droplets ~ lO'' atoms/clusters). These He droplets are doped by 

alkali vapor using a heated pick-up cell, which is in turn connected to an alkali 

reservoir [114]. The schematic of such a set-up is shown in Fig. 1.14c. 

1.6 Theoretical treatments of clusters 

Metal clusters especially alkali clusters have been subject of extensive 

theoretical work. Their electronic and optical properties have been understood in 

terms of their quantal arrangement of delocalized electrons (one per atom for alkali-
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metal clusters) moving in a mean field [115]. The simplest and most widely used 

model to describe the delocalised electrons in metallic clusters is that of a free 

electron gas, otherwise known as a jellium model. In this model, the positive charge 

is regarded as being "smeared out" over the entire volume of the cluster while the 

valence electrons are free to move within this homogeneously distributed positively 

charged background. The jellium model works very effectively for monovalent 

rhetallic clusters like sodium and potassium. The calculated potential for the 

electrons in a spherical jellium approximation typically looks like the example 

given below (see Fig. 1.15). The electronic energy levels are grouped together to 

form shells. 

Na •21 
8 10 12 14 16 

u 
a 

• « 

a 
o 

18 

Fig. 1.15 The picture shows the electronic energy levels for a spherical 
cluster of 21 sodium atoms calculated using Ekardt's self-consistent 
electron potential. The calculated single-electron energy levels are also 
shown. The filled circles indicate the filled electronic shells, the empty 
circle shows where the 21st electron would have to go [118]. 

While the spherical jellium model has been able to explain general features 

of enhanced abundances of valence electrons in spherical clusters [116], the finer 

structure in the mass spectra between magic numbers has been explained via 

symmetry breaking mechanisms [117] similar to the situation in nuclear '_ . ^. 
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structures I Despite the simplicity of the above theoretical treatment, these approaches 

were successful in explaining many experimental findings in cluster physics such as 

the ionization potentials, electron affinities and polarizabilities, besides mass-

spectrometry abundance distributions. 

For the weakly bound clusters (i.e., molecular clusters), force-field and 

molecular dynamics approaches are undertaken. The classical force field methods 

use empirical potentials to describe atomic interactions and predict stable structures 

and heats of formation from molecular dynamics calculations [119]. As these are 

not quantum mechanical methods, they do not yield much information about 

electronic structure. 

As the cluster size increases and the energy states get closer, thermal 

fluctuations play a dynamic role to allow various structures to be seen at the time 

scale of experimental studies [120]. Hence, real time dynamics takes on great 

importance for weakly interacting molecular cluster systems where bond breaking 

and making are viewed on the same time scale as the electronic structure change 

[121]. Two commonly used methods for classical simulations are Monte Carlo and 

• Molecular dynamics [122]. These methods were first applied to small argon clusters 

to obtain structure and thermodynamics of such systems [123]. Monte carlo method 

has also been used to interpret vibrational spectra of large clusters of H2O [124] and 

N2O [125]. The Monte Carlo method begins by assuming a suitable potential 

energy surface, which generally includes both intramolecular and intermolecular 

interactions. A large number of cluster configurations are generated and used to 

estimate the equilibrium properties of the cluster. Ab initio molecular dynamics 

simulation was pioneered by Car and Parrinello [126]. In the molecular dynamics 

method, the random sampling technique is replaced by performing a numerical 

solution of Newton's equation of motion. Molecular dynamics simulations sample 
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the configuration space by collectively moving the particles in contrast to Monte 

Carlo simulations. These methods offer information on the thermodynamic, 

structural and spectral properties of clusters. 

Simulated annealing methods utilizing quantum forces are used to predict 

the ground state structures of clusters with upto a dozen atoms or so [127]. In this 

method, the cluster is heated to high temperatures typically ~ 2800 K and gradually 

cooled (" 300 K). This method is often used for semiconductor clusters to describe 

their structural and electronic properties [128]. 

Along with advances in the experimental measurement techniques, there is 

also a constant grov/th on the theoretical fronts to address a wide variety of 

questions related to structure, dynamics and reactivity of clusters. 

1.7 Applications of cluster studies 

The nanoscale revolution in high surface area materials has come about for 

several reasons. First, in the past thirty years, there has been enormous progress in 

the synthesis, characterization, and basic theoretical and experimental 

understanding of materials with nanoscale dimensions, i.e., small particles and 

clusters and their very high surface-to-volume ratios. Secondly, the properties of 

such materials have opened a third dimension to the periodic table, that is, the 

number of atoms, N, which is an important parameter influencing the properties for 

"small" systems. Expectations for new materials with properties different from the 

atom or the bulk material have been realized. It is now possible to precisely tailor 

new materials through atom-by-atom control of the composition, controlling the 

types as well as the numbers of atoms, to generate clusters or particles of precision 
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design. The clusters, themselves, can be used as building blocks of larger-scale 

materials or as devices—that is, nanotechnology and fabrication at its ultimate. 

Few areas where the nanostructure approach to high surface area materials 

has had significant impact are: 

• Microporous materials for energy storage and separations technologies, 

including nanostructured materials for highly selective adsorption/separation 

processes such as H2O, H2S, or CO2 removal and high capacity, low volume gas 

storage of H2 and CH4 for fuel cell applications 

• Thermal barrier materials for use in high temperature engines 

• Incorporation into construction industry materials for improved strength or for 

fault diagnostics 

• Biochemical and pharmaceutical separations 

• Product-specific catalysts for petrochemical processes 

Recently, cluster-assembled nano-structured carbon films have been grown 

via low-energy cluster beam deposition (LECBD) [129] with high deposition rates. 

The resulting material has a low density and the characteristic length scales are 

determined by the cluster dimensions and their degree of fragmentation and 

coalescence after deposition. Such a method does not favor the formation of a hard 

material but leads to large porosity and surface corrugation which is beneficial for 

electrochemical and field-emission applications [130,131]. Endohedral fuUerenes 

with metal atoms inside the fuUerene cages find possible application to shield 

radioactive "tracer" atoms inside cages and then inject them into people's blood in 

order to watch blood flow. Doped Ceo, for example, A3C60 type compounds where A 

is an alkali metal such as K, Rb, Cs, Na, can be regarded as a three-dimensional 

organic superconductor [132]. These materials have the second-highest 
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superconducting transition temperatures ever observed (after the cuprates), ranging 

from 19 to 40 K. 

Research on molecular gas-phase solvated ions finds important motivation 

for studying ion-molecule complexes that are governed by many of the same 

interactions that are at work in ion solvation in solution and thus offer a unique 

opportunity to gain insight into ion solvation at the microscopic level. Such cluster 

ions have a core ion that interacts with one or more molecules and may be of either 

polarity. Understanding the nature of the intermolecular interactions in these finite 

size clusters is the major driving force for the development of new theoretical 

methods to link the experimental observables with the relevant intermolecular 

potential surfaces. The future of this field promises such major contributions to 

science as a detailed molecular level description of complex fluids, including water. 

A continued systematic study of a diverse range of systems also holds considerable 

promise in the development of a more rational approach to the development of 

molecular force fields, thus providing a more fundamental approach to the whole 

field of biomolecular modeling [27]. 
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Chapter 2 

2. Scope of the present investigations 

2.1 Design and Fabrication of the cluster beam apparatus 

A variety of cluster sources have been designed to generate free or gas-

phase clusters whose study provides information on the structural, binding and 

reactive properties of clusters in the absence of any interaction from a supporting 

matrix or a substrate. The earliest cluster sources known are the Knudsen cell [1] 

and the gas aggregation cell [2]. Knudsen cell was employed for generating clusters 

of materials with high to medium cohesive energies- refractory and ionic materials, 

respectively. The gas aggregation cells were employed for intermediate to low 

binding energy materials (0.3- 0.5 eV/atom). The cluster beams from the above 

sources, however, are not really reproducible in nature. Supersonic beani techniques 

on the other hand, can generate reproducible cluster beams. This method is based on 

the principle of expanding the vapor of a material at high pressure through a small 

orifice into a low-pressure zone. This causes cooling of the atoms or molecules due 

to the several collisions among themselves. The cooling can be further enhanced by 

the use of a seed or carrier gas, typically an inert gas that helps further condensation 

of the species by removing excess heat energy. "Pulsed cluster beams" have become 

popular owing to their high instantaneous intensities and large cluster content. 

Pulsed laser vaporization method in conjunction with supersonic expansion was 

pioneered by Sraalley and co-workers [3] who discovered the Ceo molecule by this 

method. 

For mass detection, usually a time-of-flight mass spectrometer (TOF-MS) is 

used in the characterization of clusters for the past several decades and has become 

popular in cluster science primarily owing to their large mass range. Wiley and 
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McLaren's design [4] was the first to be commercialized. TOF-MS is based on the 

principle of segregating ions on the basis of velocity distribution. The mass 

resolution of the instrument was further improved by the invention of Reflectron-

TOF-MS by Mamyrin [5] by correcting the effects due to the initial spread in the 

kinetic energy of the ions. Commercially available time-of-flight mass 

spectrometers have typical resolution of 1000-1500 and are not tailored for specific 

requirements of most research-oriented work. 

We undertook the design and fabrication of a cluster source attached with a 

Time-of-Flight mass spectrometer (TOF-MS) since commercial ones are not readily 

available suiting specific objectives and even if, some parts are available, they are 

rather expensive. Our cluster source is based on the principle of pulsed laser 

vaporization in conjunction with pulsed supersonic expansion [3]. Important 

components in the TOF-MS design are the ion source, mass analyzer, ion optics and 

detector. We use a pulsed laser (Nd-YAG, GCR-100 series, 10 Hz) in the ion 

source. A high voltage source (3000 Volts) is used to supply the electric field to the 

mesh grids placed at the location of ion-generation, which acts as the mass analyzer. 

A reflectron-grid arrangement was also introduced to improve the resolution of the 

mass spectrometer. The ion optics involves pair of deflector plates to steer the 

cluster beam along with electrostatic lenses- "Einzel Lenses" used for focussing the 

beam. A micro-channel plate detector in Chevron geometry is employed for 

detecting the incoming cluster ions. They are ideally suited for detecting charged 

particles with high detection efficiency of about 55-65% and having a linear 

response by maintaining a constant gain when exposed to varying input levels. Our 

studies mainly dealt with the formation of molecular clusters and the reactivity of 

elemental carbon clusters and compound clusters of oxides. 
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2.2 Alcohol-water clusters: Surface-enrichment in alcohol-water liquid 

mixtures 

Alcohol and water clusters belong to the class of molecular clusters that 

have been studied extensively. A major focus of research on such gas phase clusters 

is based on probing the vibrational and rotational states in order to throw some light 

on the excited state dynamics of such complexes. Structural information on water 

and methanol clusters has been obtained from molecular beam electric deflection 

experiments (see section 1.4 for more details). It has been found that water and 

methanol clusters of small nuclearity are very similar in their geometry. 

Mixed clusters of water and alcohols (R0H)n(H20)mH'^ where ROH is 

CH3OH and C2H5OH, are produced by co-expansion of the vapor through a nozzle. 

Several workers have investigated the preferential solvation of the hydrogen ions in 

mixed clusters of water, methanol and ethanol [6,7]. They report that for smaller 

cluster sizes, alcohol molecules are preferentially attached to the proton while for 

larger clusters, the water molecules are more strongly bound to the proton. The 

structure of clusters in methanol-water binary solutions (via adiabatic expansion in 

vacuum) has also been studied by mass spectrometry and X-ray diffraction [8]. 

They proposed that chain-like clusters present in methanol-rich mixtures give way 

to tetrahedral species as the water content increases. 

It is known that when alcohol molecules are added to an aqueous solution, 

they have the tendency to segregate to the surface. Our objective was to see if 

molecular clusters of the type (R0H)n(H20)„,H^ (ROH = CH3OH, C2H5OH, 

C3H7OH, C4H9OH) sampled from the liquid surface can provide information on the 

structure of the liquid surface itself In this context, we specifically looked at the 

surface enrichment by alcohol molecules in the water-alcohol mixtures. For this 
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purpose, we generated a cluster beam of the binary vapor swept off the surface of 

the alcohol-water liquid mixture and analyzed the clusters thus formed using the 

TOF-MS. The vapor mole fractions of the alcohols and water as a function of the 

liquid mole fraction were estimated. 

There has been some study in the past [9] to understand the compositional 

dependence of surface tension in alcohol-water mixtures. There have been few 

efforts to explore the phenomenon of surface-enrichment by alcohol molecules 

using techniques such as neutron diffraction [10]. Our results not only compare well 

with those from neutron diffraction and surface tension but also allow a direct 

determination of surface-enrichment over the entire molar composition of the 

alcohol-water mixture. 

As a step further, we investigated the phenomenon of competitive surface-

enrichment when two alcohols are present in equal proportions in ternary water-

alcohol-alcohol liquid mixtures. 

2.3 Studies of a few cluster species and their reactivities 

There have been many studies on the reactivity of gas-phase elemental 

clusters produced in pulsed cluster sources from number of materials, including 

transition-metals, semiconductors and carbon. Thus, many metal-carbide, -nitride 

and -silicide clusters have been produced by co-expansion of the metal plume, 

produced by laser ablation, and the desired reactant gas seeded in an inert carrier 

gas atmosphere [U] . Other methods involve the use of fast flow reactors with the 

reaction taking place in a flow tube in which the various reactant gases are 

introduced independently at different times. Carbon clusters, being one of the most 

easy to nucleate have been studied extensively for reactivity [12]. 
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We were interested in exploring the formation of C-N clusters by carrying 

out laser ablation of graphite in the presence of nitrogen containing molecules. 

There have been a few prior attempts in this regard to insert nitrogen atoms into 

carbon clusters [13,14], a well-known case being a single nitrogen atom being 

inserted into Cn cluster anions (n < 7). Smalley and co-workers [15] studied the 

vaporization of graphite in the presence of small amounts of reactant gas like NH3 

and CH3CN entrained in a He carrier gas pulse and proposed the formation of polar 

cyanopolyynes species of the type HC7N and HC9N. However, they reported 

formation of only limited number of species and the study was brief. Hence, we 

carried out the laser ablation of graphite in the presence of a varying NHa/He ratio. 

Contrary to their findings, new adducts of the type (HCN)ni(NH3)i,H"̂  are formed 

under the experimental condition employed by us. We have carried out molecular-

orbital calculations to substantiate the stability pattern of the observed clusters. 

The second part of the reactivity work was to do with the reactive laser 

ablation of compounds, specifically oxides of group 13 and 14 elements, in the 

presence of N2 or NH3 in a supersonic He jet. Nitrides of group 13 elements such as 

B, Al and Ga are all technologically important materials. Nanotubes and nanowires 

of group 13 and 14 elements have also been synthesized recently by several workers 

[16-18]. Our interest was to find out the mechanism of formation of nitrides or 

oxynitrides by the reaction of the above oxides with N2 or NH3. Towards this, we 

thought it important to investigate whether the nitridic or oxynitridic species are 

formed in the vapor phase. The role of carbon in the formation of nitrides or 

oxynitrides has also been examined. 
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2.4 Preliminary investigations of the laser ablation of IVI0S2 and M0S3. 

There are a number of different types of experiments that can be conducted 

with gas phase clusters, as mentioned before, such as study mass abundance and 

spectroscopy in vacuum or deposit them on substrates to carry out topographic 

studies using various microscopy techniques. There has been, of late, some efforts 

in depositing nanocrystalline assembled films on substrates using molecular beam 

cluster sources [19-21]. This way of depositing films offers the advantage of 

selecting the mass distribution of nanoparticles deposited. For a given kinetic 

energy of the cluster beam, the impact of the clusters deposited may be controlled 

by appropriately selecting the substrate potential, its temperature and placement. 

Our aim in this study was to investigate the formation inorganic fuUerene-

like structures starting from M0S2, M0S3 and WS2. There has been some work 

reporting the formation inorganic fuUerenes of M0S2, M0S3 and WS2 by heating 

thin films of the metal (Mo and W) in an atmosphere of hydrogen sulphide [22,23]. 

They have been also produced by heating the oxides of molybdenum (M0O3) and 

tungsten (WO3) in H2S atmosphere [24]. Recently, M0S2 and WS2 inorganic 

fuUerene-like structures have also been produced by laser ablation of M0S2 and WS2 

in an argon atmosphere in'ielectric furnace heated to different temperatures [25]. We 

have employed laser ablation of these materials in an atmosphere of pulsed jet-

cooled helium as well as laser ablation in a solvent medium providing excess 

sulphur. Our preliminary study indicates that the laser ablation in solvent medium is 

more favorable in the formation of the concentric layers of M0S2 around the core of 

the nanoparticles. 
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3. Design and fabrication of tlie cluster beam 
apparatus* 

SUMMARY 

The design and fabrication of a Smalley-type cluster source in combination 

with a reflectron based time-of-flight mass spectrometer are reported. The 

generation of clusters is based on supersonic jet expansion of the sampling plume. 

Sample cells, for both liquids and solid targets, developed for this purpose are 

described. Two pulsed Nd-YAG lasers are used in tandem, one (532 nm) for target 

vaporization and the other (355nm) for cluster ionization. Methanol clusters of 

nuclearity up to 20 (mass, 640 u) were produced using the liquid sample cell. The 

clusters were detected with a mass resolution of - 2500 in the R-TOF geometry. 

Carbon clusters up to a nuclearity of- 100 were obtained by pulsed laser ablation of 

graphite using the solid sample cell. 

* A paper based on this work has appeared in Proc. Indian Acad. Sci. (Chem. Sci.) 
(2000). 
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3.1 Introduction 

Clusters of metals and semiconductors have been studied in the form of 

colloids [1], as adsorbed species on substrates in vacuum [2] as well as in molecular 

beams [3,4]. Cluster generation in the vapor phase is particularly advantageous in 

that clusters of any substance may be obtained devoid of surfactants or capping 

agents. A number of groups worldwide, to name a few- Smalley et al. [5], 

Castleman et al. [6], Milani et al [7], have developed cluster sources attached with 

time-of-flight mass spectrometers of high mass range and resolution.' In India, the 

first reflectron type TOF-MS was built at IGCAR, Kalpakkam [8] and used for 

thermodynamic studies such as vaporization behavior of refractory materials. We 

decided to take up the fabrication of a cluster generation source attached with time-

of-flight mass spectrometer, to study the formation and reactivity of gas-phase 

clusters of a variety of materials. 

Essentials of a cluster beam apparatus 

The main components of a cluster beam apparatus are a cluster source and a 

mass spectrometer along with appropriate vacuum attachments. Simple cluster 

sources such as Knudsen cell [9] or inert gas condensation source [10] have been 

used extensively in the past. More recently, inert gas pulsed valves operating in the 

range of few microseconds are being used to realize supersonic jet beams. Such 

beams are known for good cluster yields and lower internal energies of clusters 

(-few kelvins) [11]. The clusters produced in a molecular beam are mostly neutral 

and need to be ionized in the mass spectrometer. Ions of different mass-to-charge 

ratio can be separated by electrostatic deflection, magnetic deflection or using a 

combination of the two. Quadrupole mass spectrometers on the other hand are based 
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on selective response of ions to rf and dc electric fields. Time-of-flight mass 

spectrometers segregate ions according to their velocities and are ideally suited for 

cluster studies owing to their high resolution, selectivity and mass range. 

Principle of time-of-flight mass spectrometry 

The Time-of-flight (TOF) mass spectrometer is based on the principle of 

sorting clusters according to their difference in velocities in a mono-energetic beam. 

A schematic of the linear TOF-MS is shown in Figure 3.1 below. 

I] Ion Signal 

- ^ 

G2 

Gi 

Gn 

L 
Drift Length 

IE: 1 
TE, di -:r Xo 

Fig. 3.1 Schematic of Linear-TOF mass spectrometer. Go, Gi and G2 are the 
repeller, extraction and acceleration grids, respectively with spacings of di 
and d2 between them. Ionization of the clusters takes place at Xo, the mid­
point between Go and Gi and L is length of the field-free region between G2 
and the detector. 

The ionization takes place between the grids Go and Gi, which is also 

referred to as the extraction zone and the acceleration takes place between Gi and 

G2(the acceleration zone). The distance between the ionization center and Gi is 'xo' 

and L is the length of the field free region between G2 and the detector. 
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Consider that singly charged ions are produced in a small volume of a gas. 

When these ions are accelerated through a potential V, they acquire a kinetic energy 

eV where ' e ' is the charge of the ion. 

Since, eV=l/2 mi^' => i-= [2eV/m]''' (3.1) 

If this ion packet is allowed to travel a distance 'L ' , then the time taken for the 

travel 'T' is given by 

T= Vv = L m"^/ [2eV]"' (3.2) 

The electric fields between the first pair of grids 'E j ' and the second pair of 

grids *E2' are given by: 

El = (Vi-Vo)/di E2 = (V2- Vi)/d2 (3.3) 

where VQ, Vi and V2 are the potentials applied to the grids Go, Gi and G2. 

Velocitv 'Vt' acquired bv the ion at GT 

Following equations (3.2) and (3.3), if the mass and charge of the ion is 'm' and 'z ' 

respectively, then 

J',={2(z/m)EiXo}"' (3.4) 

Vi depends on where the ion is produced, hence causing the spread in the initial 

velocities. 

Velocitv 'y->' acquired bv ion at G-, 

There is no further spread in the velocity as all ions travel the same distance. 

Keeping the Ei< E2 ensures minimum overall energy spread for a given velocity in 

the drift region. 

After G. 

The ion travels with velocity V2 in a field free region. 

Therefore, the time of flight'T' of a given mass is given by: 

T = ivi-VQ)/sii + iv2-vi)/a2 +L/V2 (3.5) 
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where 'PQ' is the component of the initial velocity of ion due to the thermal motion 

and 'a f and '32' are the accelerations in the extraction and acceleration zone, 

respectively. 

Focussing conditions 

In reality, the ions in the extraction region (between grids Go and d ) do not 

have the same energy (see Fig. 3.1). This is because there is a distribution in the 

magnitude as well as direction of the ion velocities on account of thermal motion. 

Also, the ions are not produced at the same point in space and time and hence get 

accelerated to different velocities in the accelerating field. These factors cause a 

spread in the initial velocities of the ions at the start of their trajectory, through the 

field free zone. Consequently, one obtains broad peaks at different mass numbers. 

Hence, we need to apply certain focussing conditions in order to compensate for 

these effects. 

First order focussing condition -^ (dT/dxo) = 0 (3.6) 

(Space focussing) 

For a given di, d2 and L, this is achieved for a particular ratio of Ei and E2. The best 

possible resolution achievable at room temperature is about 200. This can be 

improved to around 4000 by cooling the sample using a supersonic jet. 

Second order focusing condition -> (d^T/dXo^) =0 or dT/d '̂o =0 (3.7) 

(Velocity focusing) 

To achieve velocity focusing we must make Ei tend to 00 or VQ tend to zero. 

Mamyrin et al. [12] added an electrostatic mirror, to the linear TOF geometry, that 

could reflect the ions and thereby greatly improve the resolution via double-

focussing. This modified TOF is called the reflectron time-of-flight mass 
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spectrometers (R-TOF MS). The resolution 'R' of the TOF is given by T/2AT. 

where 'T ' is the time of flight and 'AT' is the peak width at FWHM. Resolution of 

above 30,000 have been reported for these R-TOF mass spectrometers, by 

Bergmann et al. [13]. In recent years, this technique has become a powerful tool 

in a variety of fields ranging from biological sciences- study of large 

macromolecules (using MALDI - Matrix assisted laser desorption / Ionization [14]), 

atomic and molecular clusters to material characterization. The schematic of a 

typical cluster system with R-TOF built in our group is shown in Fig. 3.2. 

3.2 Design and fabrication 

Vacuum system 

Figure 3.2 shows the system with two vacuum chambers separated by a gate 

valve and a flight-tube attached to the second chamber. The two chambers were 

designed for cluster generation and mass detection, respectively. Engineering 

drawings of the system were prepared using the AutoCAD software (see Fig. 3.3). 

The vacuum chambers were locally fabricated (New Poona Industries, Poona). The 

chambers are connected through knife-edge flanges using copper gaskets. The first 

chamber is pumped by an oil diffusion pump (Varian Vacuum Products, USA) with 

a pumping speed of 1200 lit/sec, attached with a liquid nitrogen trap while the 

second chamber along with the flight-tube is connected to a turbomolecular pump 

(Alcatel, France) with pumping speed of 900 lit/sec. The diffusion and the 

turbomolecular pumps are backed by separate rotary pumps. A magnetron and an 

ion-gauge (Edwards, UK) are employed to read vacuum in the first and the second 

chamber, respectively. The vacuum system was first assembled on a metal frame. 

Fittings such as the ion gauge head and the gate valve were tested for vacuum leak 
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Mass SpffCtrom«t«r 

laxis 

1\ 
Liquid sample cell 

Fig. 3.2 A schematic drawing of the cluster source attached to the time-of-flight mass 
spectrometer: PSV; pulsed supersonic valve, MCP; microchannel plate detector, sc; sample cell, 
sm; stepper motor, sk; skimmer, si; slit, dl; deflection plates, el; einzel lens, Xo; point of 
ionization, VL; vapourization laser, IL; ionization laser. Go, Gi & G2; the repeller, extractor and 
accelerator grids, R0-R5; reflectron grids, D. P.; diffusion pump, TMP; turbomolecular pump and 
GV; gate valve. 
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Fig. 3.3 (a) & (b) Engineering drawings of vacuum chambers of the cluster beam 
apparatus drawn using AUTOCAD version 13.0 (c) Legend for the various parts of 
chambers. 
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using a residual gas analyzer. After baking, a vacuum of ~ 10' torr is obtained 

routinely in both the chambers. 

Cell Design 

A number of source designs are now available for clusters of main group 

elements and alloys. However, a cluster source producing high intensities of size 

selected, cooled clusters for a wide range of sizes and materials is yet to be 

perfected [15]. Usually, some compromises are made in the choice of the cluster 

source keeping in mind a particular experimentation. The important criteria for a 

good cluster source are cluster size tunability, intensity profiles, instantaneous 

output and internal temperature of the clusters. A combination of laser evaporation 

along with inert gas condensation has proved to be a good technique to generate 

large clusters from refractory materials such as transition metals as well as carbon 

and silicon. For such sources, it is important to have a uniform ablation of the target 

material, which is achieved by continuously moving the target in a predetermined 

fashion. This ensures reproducible cluster beams. The shape of the thermalization 

room inside the cluster source- where the plume of the target material and the inert 

carrier gas atoms mix intimately- as well as the time provided for such an 

interaction, play important roles in the determination of the cluster size distribution 

obtained. Finally, shape and the dimension of the expansion nozzle also affect the 

cooling of the clusters. Mostly, pulsed lasers are used for such sources and the 

higher the repetition rate, higher is the instantaneous output. Pulsed lasers with 

repetition rates of about a few kHz produce near continuous beams of clusters. 

The clusters, in the molecular beam attain supersonic velocities due to the 

expansion of the gaseous mixture from a high-pressure region into the vacuum 

61 



Chapter 3 

(a) 

Fig. 3.4 (a) Photograph of the pulsed supersonic valve PSV (R. M. Jordan Company, 
CA, USA) (b) Some internal parts of PSV: Shims, nozzle and gold conductors. The 
PSV operates by the application of a high current pulse (~ kAmps) for |xs to two 
parallel gold conductors which lift against each other so as to admit the carrier gas 
for a short duration into the vacuum chamber. 
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region, through a small orifice. In order to extract the central beam, a skimmer is 

placed at an appropriate distance from the nozzle and it serves the purpose of 

separating regions of different pressures. The design of the skimmer is based on 

aerodynamic considerations and its edge should be very sharp and polished so as to 

avoid any interference with the oncoming supersonic cluster pulse. 

Several variations in the cell design have been tried out in the laboratory. In 

one standard design [16], a sample cell in combination with a pulsed supersonic 

valve (R.M. Jordan, USA) is placed in the first chamber behind a slit-skimmer 

assembly. A photograph of the pulsed supersonic valve along with various internal 

components is shown in Fig. 3.4. A threaded arrangement was made to fix the 

designed sample cell in front of the pulsed supersonic valve such that the mouth of 

the cell mates with the mouth of the pulsed valve, both carrying orifices of similar 

dimension (0.5 mm). The opening in the cell further leads to an inner cavity of 1.5 

mm diameter, which runs for a length of 12 mm before widening to a 3 mm bore of 

25 mm length. The cavity is intercepted perpendicularly at the junction by a semi-

cylindrical slot of 3 mm diameter for the target rod. The target is made to rotate and 

translate simultaneously using a mechanism driven by a stepper motor through a 

vacuum feed-through (see Fig. 3.5a and b). There is also an opening (1mm) opposite 

the slot, which allows the vaporization laser to be focussed on the target (see Fig 

3.6a and b). All the openings on the cell have been lined with Teflon for better 

sealing. 

The skimmer is made of nickel with a 1.5 mm orifice (Beam Dynamics, 

USA). The slit-skimmer assembly (see Fig 3.7) consists of an adjustable slit 

mounted on a stainless steel circular plate carrying an 0-ring in order to facilitate 

differential pumping of the two chambers. The slit, skimmer and the sample cell are 

all mounted on a tripod stand as shown in the Fig. 3.7. This arrangement of the 
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nozzle-slit-skimmer assembly facilitates independent co-axial alignment of each of 

the components in the assembly. 

(a) 

; i . • 

(b) 

SLIDING 

MECHAMISM' 

TO 
SKIMMER 

VAPORIZATION. 
LASER 

TEFLON SEALING' 

TO STEPPER MOTOR 

0 Smm 

t-WLSCO SUPCRSONIC \MLVC 

NOZZLE 

Fig. 3.5 (a) Photograph of the target mounting arrangement and the sample cell for solid targets (b) 
Schematic drawing of the solid cluster source. The sample target cut in the form of a cylinder is 
held pressed against the cell using a clamp. The vaporization laser produces a spiral groove by 
ablating the sample material as the target rotates and translates. 
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Expansion '^"' 
nozzle 

" • Thermalization 
zone 

Fig. 3.6 (a) Photograph of the sample cell (b) The internal design of 
the sample cell. 

Liquid samples were either fed directly into the pulsed valve, mixed with 

pressurized helium, or dropped in tiny amounts in front of the valve in vacuum 

under additional pumping. Routinely, a stainless steel vessel containing the 

Fig. 3.7 Photograph of nozzle-slit-skimmer assembly mounted on a tripod 
stand. 
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desired liquid sample, was connected to the inlet of the pulsed valve at one end and 

to the helium cylinder at the other (see Fig. 3.2). 

Pulsed Nd-YAG lasers from Spectra Physics, USA (pulse width, 5-7 ns; 

frequency, 10 Hz) were used in the Q-switch mode for ablation and ionization. The 

532 nm output of the vaporization laser operating at ~ 40 mJ/pulse is focussed onto 

a 1 mm spot on the target rod using a lens of 50 cm focus mounted on a x-y-z 

manipulator. 

Time-of-flight mass spectrometer 

The various internal components were fabricated with optimal geometry so 

as to fit into the different parts of the vacuum chambers. An extraction-acceleration 

grid assembly, a focussing assembly, a reflectron set-up and a detector form the 

essential components of the mass spectrometer. Ion optics simulation software 

(SIMION 3D, Version 6.0, D. A. Dahl) [17] was used to optimize on the location of 

the different components like the deflection-focussing assembly, grids in the ion-

source region and the reflectron as well as the voltages on the above components. 

The extraction-acceleration grids, Gi and Ga, are made up of Ni mesh (mesh-grid, 

40 wires/cm; transmission, -85%) laser-welded, in a local workshop, to circular 

steel rings of 9.2 cm outer diameter (inner diameter ~ 6.4 cm) (see Fig. 3.8). 

Fig. 3.8 Photograph of typical grid consisting 
of fine Ni mesh laser welded on a circular steel 
rim. 
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The grids along with the repeller plate, Go, are mounted parallel on a steel 

frame at desired spacing [18] using macor bushes. A spacing of 1.44 cm between 

the grids was chosen so that the ratio of the diameter and the spacing was ~ 4. The 

grid assembly is then mounted horizontally in the second chamber with the mid­

point of Go and Gi coinciding with the center of the chamber, which is also the focal 

point of the ionization laser (Fig. 3.2). Electrical connections are provided using 

vacuum feedthroughs. 

The extraction-acceleration grid voltages were calculated using the first 

order focusing condition (equation (3.6)): 

3T/3xo-> 0 

where, T is the time of flight of the ion and xo is the point of ionization 

between Go and Gi (Fig. 3.1). For di = d2 = 1.44 cm and L = 1.54 m and XQ = di/2 = 

0.72 cm, voltage values of 3000 and 1200 V were obtained for Go and Gi 

respectively. G2 was maintained at ground potential. Mass of a cluster ion was 

calculated using the equation, T = cVm, where T is the time of flight of the ion, m is 

the mass of the ion and c is a constant given by the equation, 

c = (l/z)"'[V(2*Xo/E,)+ V2/E2({E,*Xo+E2*d2}'"- ( E I * X O ) ' V L / ( V 2 ( E , * X O + E2*d2)"^] 

..(3.8) 

In equation (3.8), z is the charge on the ion and Ei and E2 are the electric fields in 

the extraction and acceleration region, respectively. A value of c = 2.667 |is.u""^ 

was obtained from the experiment with 3000 and 1200 V applied on Go and Gi, 

respectively. 

The focussing assembly consists of two pairs of rectangular deflection plates 

(3.77 X 7.99 cm^) and an einzel lens (diameter, 4 cm), all made of stainless steel. 

These are rigidly fixed to a steel frame using macor spacers (see Fig. 3.9). The 
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Fig. 3.9 Photograph of ion optics showing the four rectangular 
deflection plates and three circular rings acting as electrostatic 
lenses for focussing. 

assembly is placed at the entrance of the flight tube. The einzel lens in the focussing 

assembly was given 1275 V with the deflection plates being held at small voltages 

of~50 V. 

The reflectron consists of a set of parallel grids, Ro to R5 (see Fig. 3.10), 

similar to the ones used in the ionization region. The grids are mounted at the end of 

the flight tube such that the normal at the center of the grids subtends an angle of 

3.5° to the II axis of the flight-tube (see Fig. 3.2). A parabolic voltage pattern was 

applied to the reflectron grid assembly with Ro held at ground potential, V = ax 

where a = 148.5 V/cm^ and x is the distance of a grid from RQ. Accordingly, 

voltages of 131, 524, 1181, 2100 and 3280 V were given to the grids R, to R5, 

respectively. The retarding field, in the reflectron, narrows down the velocity 

distribution in an ion packet and deflects it towards the detector. 

A microchannel plate detector (see Fig. 3.11) of 1.8 cm diameter (R. M. 

Jordan, USA) is placed symmetrically at the other end of the flight tube. The 

microchannel plate (MCP) detector consists of millions of tiny holes called 

microchannels where each acts like a channel electron multiplier. 
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J I. 

Fig. 3.10 Reflectron grid assembly consisting of six grids 
(R0-R5, Ro is the topmost grid). 

When a charged particle or photon is incident at the input of the channel, secondary 

electrons are generated and accelerated down the channel toward the output end. 

When these electrons strike the channel wall, additional secondary electrons are 

generated and this process continuously gets multiplied and the output signals are 

collected on an anode or phosphor screen. The microcharmel plate detector was 

initially mounted at the end of the flight tube and the spectrometer was operated in 

the linear mode. The gain of the MCP detector is 1000. A voltage divider is used so 

as to maintain a constant ratio between the voltages applied to the three plates 

inside the detector. 

In Fig. 3.12, a photograph of the fiilly assembled cluster apparatus with the 

R-TOF mass spectrometer is shown. 

Fig. 3.11 MicroChannel plate detector -18 mm 
(R. M. Jordan Company, CA, USA). 
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Fig. 3.12 A photograph of the fully assembled cluster apparatus with the R-TOF 
mass spectrometer. 
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3.3 System integration 

The slit-skimmer assembly in the first chamber was aligned along the I-axis 

of the system (Fig. 3.2) using a He-Ne laser pointer. The pulsed valve placed along 

the axis was operated at 10 Hz backed with 10 atmospheres pressure of a methanol-

helium mixture. The mixture was produced by passing helium (99.999% pure) 

through a sample cell containing methanol (HPLC grade, Aldrich). The methanol 

species could be detected using the residual gas analyzer (RGA300, SRS, USA) 

placed in the ionization chamber along the same axis. The spatial alignment of the 

molecular beam with the ionization laser was done by introducing a steel rod in 

vacuum, which carried a perpendicular bore of 1 mm close to its tip. The rod was 

held perpendicular to the molecular beam such that the beam could pass through the 

bore. In this position, the laser was focussed at the tip of the rod. 

3.4 Control electronics and signal recording 

The pulsed valve and the ionization Q-switch were triggered externally at 10 

Hz using a digital delay generator (EG&G, USA) having five output delay 

channels. Temporal synchronization of the ionization laser pulse with the molecular 

beam pulse (width ~ 100 |a,s) was achieved for a delay of ~ 400 |J,s. The beam 

velocity was indeed supersonic (~ 1.2 xlO^ m/s). The vaporization, ionization laser 

and the multi-channel scalar (EG&G, USA) are appropriately triggered at different 

instances as shown in the schematic in Fig. 3.13. The multi-channel scaler (MCS) is 

a device that records the counting rate of events as a function of time. The smallest 

dwell time selectable per channel is 5 ns, scan length variable from 4 to 16, 384 

channels and time scans ranging from 20 ns to lO' second can be selected. The 

output from the detector was fed to a fast timing preamplifier and then to the multi-
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channel scaler connected to a personal computer for storage of data. The data can be 

displayed in the form of a spectrum using the TURBO-MCS software (EG&G 

ORTEC, USA). The time difference between the start signal to the MCS and the 

signal input from the detector gives the time-of-flight of the ion. 

3.5 Performance and calibration 

The TOP mass spectrometer operating in the linear mode was able to detect 

methanol clusters with a resolution of R = T/2AT ~ 800, where AT is the full-width at 

half maximum of a mass peak. We observed that with the introduction of the 

reflectron, the resolution improved beyond 2500. In Fig. 3.14, we show a typical 

mass spectrum of methanol cluster beam obtained in the reflectron mode. The 

ionization potential of methanol is 10.85±0.01 eV, slightly higher than the three 

photon energy at 355 nm. We, therefore, do not observe the methanol monomer (32 

u) in the spectrum. The dimer (64 u) and the higher nuclearity clusters (96, 128, 160 

u e tc . . ) corresponding to potential drops of ~ 0.2 to 0.3 eV can be seen since three 

photon ionization becomes possible [19]. 

The spectrum in Fig. 3.14 shows protonated methanol cluster ions up to a 

nuclearity of 20 with populations tapering off around n = 11. The inset shows a full-

width half maximum of 0.01 pis for the mass peak corresponding to the 

(CH30H)iiH* cluster. The protonated methanol peaks are believed to arise due to a 

rapid intracluster proton-transfer reaction following ionization of the neutral 

clusters [20]. From Fig. 3.14, we also see mass peaks (83, 115 u etc.) due to 

methanol clusters attached to a water molecule. It is interesting that water present as 

an impurity in extremely small amounts (~ 10 ppm) gives rise to such mixed 

clusters. 
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i j 
R'-2S00 

4 6 8 10 12 14 

Time (usee) 
Fig. 3.14 Time-of-flight mass spectrum of methanol clusters obtained with our R-
TOF mass spectrometer. The inset depicts typical resolution of the spectrometer. 
In addition to the (CH30H)nH^ peaks, small intermediate peaks corresponding to 
(CH30H)„(H20)H^ are also observed. 

By using the solid sample cell, carbon clusters were obtained from a 

graphite rod. The pulsed valve was operated with helium at 10 atms and the 

vaporization laser pulse was delayed with respect to the helium pulse by 80 |is. The 

f 

2 3 4 5 6 

Time (usee) 

Fig. 3.15 Time-of-flight mass spectrum of graphite rod subjected to ablation 
using the 355 nm laser output. Carbon clusters upto a nuclearity of ~ 100 are 
detected. 
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graphite target was rotated at ~ 2 rpm. We were able to observe carbon clusters of 

nuclearity -100 (1200 u) (see Fig. 3.15). Higher mass clusters can be obtained by 

fine-tuning of laser fluence to prevent multiphoton fragmentation [21]. 

3.6 Optimization of cell design 

As mentioned before, the shape and the dimension of the waiting room, also 

called the thermalization zone, where the plume of the material mixes with the inert 

gas- is critical in controlling the size distribution of the clusters generated. Once the 

clusters are formed and thermalized in the waiting room, they move to the 

expansion nozzle where they undergo free supersonic expansion. It may be noted 

that a cell optimized for one set of conditions and a particular sample need not work 

the same way for another sample. Towards this, we made several attempts to 

improve the cluster size range by adopting different designs for the thermalization 

zone and the expansion nozzle. A few of the adopted sample cell designs and the 

corresponding mass spectra of carbon clusters, are shown in Fig. 3.16. It is clear 

that the shape and dimension of the expansion nozzle significantly affects the 

cluster size distribution. 

3.7 Conclusions 

A cluster source apparatus coupled to a reflectron time-of-flight mass 

spectrometer has been designed and fabricated. Different sample cells attached to 

pulsed supersonic valve have been developed to generate cluster beams from liquids 

and solid targets, the latter in conjunction with a vaporization laser. The mass 

spectrometer with a resolution of R ~ 2500 is capable of detecting masses of several 

thousand daltons. Ion optics simulation software SIMION was employed to 

optimize on the location of the various elements of the mass spectrometer. 
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4. Alcohol-water clusters: Surface-enrichment in 
alcohol-water liquid mixtures* 

SUMMARY 

Molecular beams generated from the vapors above the surfaces of alcohol-

water mixtures have been examined by time-of-flight mass spectrometry. The 

alcohols examined are methanol, ethanol, n-propanol and n-butanol. Neat clusters of 

water and alcohol as well as mixed alcohol-water clusters have been observed, the 

relative populations varying with the composition. The variation of the vapor phase 

mole fraction of the alcohol, estimated from the cluster populations in the molecular 

beam, with the liquid mole fraction, is found to be identical to that of the surface 

concentration of the alcohol in the liquid obtained from surface tension 

measurements. The results compare as well with those obtained from neutron 

reflection. The populations of the neat alcohol clusters, as distinct from those of 

alcohol-water clusters, also exhibit a similar trend. Surface-enrichment is 

considerably more pronounced in the case of n-butanol and n-propanol compared to 

ethanol. Thus, it is shown that the mass-spectrometric method of determining 

surface compositions of liquid mixtures is more direct, model-independent, and 

applicable over the entire range of compositions. However, methanol-water 

mixtures present a special case, owing to the lower surface enriching ability of 

methanol. In this case, our experiment rather reveals the non-ideal nature of the 

bulk mixture. 

Similarly, the surfaces of ternary mixtures, water-methanol-ethanol, water-

ethanol-1-propanol and water-methanol-1-propanol have also been examined. The 

enriching propensities in the ternary mixtures are compared with those in the binary 

mixtures. The net surface enrichment in ternary mixtures is generally lowered in 

comparison to that in the binary mixtures, except in the case of water-methanol-

ethanol, where it is similar. While the surface enriching ability of methanol is nearly 

unaffected, that of ethanol is enhanced. The enriching ability of the longer chain 

propanol, however decreases significantly. 

•Papers based on this work have appeared in Chem. Phys. Lett. (2001), Int. J. Mass 
Spectrom. (2001), J. Phys. Chem. A (2001), Chem. Phys. Lett. (2003). 
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4.1 Introduction 

It is well known that a fluid surface can cause the concentration of a 

component in a miscible mixture to be higher at the surface than in the bulk, a 

phenomenon commonly known as surface-enrichment [1]. The component with 

lower surface free energy tends to segregate to the surface to minimize the total free 

energy of the system. For a binary liquid mixture in contact with its vapor, each 

component may have its own concentration profile at the interfacial region 

depending on its volatility (see Fig. 4.1). This often results in a change in the 

surface tension of the solution relative to the pure components, the magnitude of the 

change depending on differences in the shape, size and the chemical nature of the 

molecules involved. 

; • . • . • . • . • : • : • . ' • : • : • : • : • : • : • : • I 

Interfacial ^ î̂ ftftftftftw^ î̂ tftftft̂ f 
o 
c 

Q 

Concentration 

Fig. 4.1 Schematic illustration of the change in concentration going from vapor 
to liquid interface. 

It is known that when an alcohol molecule is added to an aqueous solution, 

it has a tendency to segregate to the top. Interesting trends have been observed in 

the compositional dependence of surface tension in alcohol-water mixtures [2,3] 

(see Fig. 4.2) While methanol produces a gradual decrease of the surface tension of 

aqueous solutions with increase in concentration, ethanol and n-propanol produce 

more dramatic effects. Thus, in the case of n-propanol, the surface tension decreases 
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sharply as the alcohol concentration is increased up to a composition, beyond which 

it changes marginally. . . . 

B O f -

20 40 eO 80 100 

W6H|ht%afoohol 

Fig. 4.2 Effect of short-chain alcohols on the surface tension 
of water: 1= Methanol, 2= Ethanol, 3= n-Propanol, and 4= n-
Butanol [2]. 

The phenomenon of surface-enrichment by alcohol molecules in alcohol-

water mixtures has intrigued many workers over the last few decades, much of the 

interest arising from the difficulty in predicting cluster nucleation rates from these 

liquid mixtures [4-9]. A useful relation from thermodynamics, which connects the 

surface excess concentration to the interfacial surface tension, is given by Gibbs 

adsorption equation, viz. 

d(j = - R T r d h i x / (4.1) 

where ' a ' is surface tension, T ' is surface excess concentration of solute, 

'x ' is mole fraction of solute and 'y' is the activity coefficient [10]. Schofield [11] 

and Guggenheim [4] employed the Gibbs adsorption equation and the knowledge of 

the partial molecular areas of ethanol and water at the surface to calculate the 
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surface mole fraction of ethanol as a function of the bulk mole fraction. More 

recently, Laaksonen [8] has taken the surface tension of the alcohol-water mixture, 

cy(x/J, to be proportional to the surface tensions of the pure substances multiplied by 

their volume fractions in the surface layer as given by the equation. 

. (l-x^(s))v„ + x/s)v . 

Here, XA and XA(S) are the bulk and the surface mole fractions of the alcohol 

respectively, vw and VA are the partial molecular volumes of water and alcohol 

respectively while aw and CTA are the values of the surface tension of pure water and 

alcohol. The above equation was fitted to the experimental values of surface 

tension, to obtain a relation between the surface and bulk mole fractions. 

Quantitative estimations of the concentration profiles of surface-active 

liquid mixtures are indeed difficult, although there has been some effort in this 

direction in the case of polymer blends [12-14]. With regard to miscible alcohol-

water mixtures, there is a report on the ethanol-water system based on neutron 

reflectivity measurements [15]. The surface excess of ethanol estimated from the 

neutron study compares well with the values obtained using surface tension data. 

The study, however, assumes different models for the distribution profiles of 

ethanol and water near the liquid surface. 

In order to obtain direct experimental evidence for surface-enrichment, we 

have determined surface concentration profiles of binary alcohol-water mixtures 

over the entire compositional range by mass spectrometric analysis of the binary 

vapor in equilibrium with the liquid surface. For this purpose, we generated a 
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cluster beam of the binary vapor swept off the surface of the alcohol-water liquid 

mixture, by injecting it into vacuum through a pulsed supersonic valve. 

4.2 Experimental 

Mixtures of the alcohols (HPLC grade, Aldrich) and water (quartz-distilled) 

were prepared with varying molar composition over the entire range at ~ 0.1 

intervals. In order to generate a molecular beam, 6 ml of the binary mixture was 

placed in a stainless steel cell connected to a pulsed supersonic valve (R.M, Jordan, 

USA) and was subjected to a helium backpressure of 2 atmospheres from the top 

(see schematic in Fig. 4.3). The alcohol-water vapor was injected into a vacuum of 

10'' torr through a 0.5mm orifice of the pulsed valve, operating at 10 Hz and 4000 

A. 

To . 
TOF 

y^ Pulsed 
Supersonic r valve 

I 
To Pump 

He 
2atm 

Water-Alcohol 
Mixture 

Fig. 4.3 Schematic of the experimental set-up: He backpressure of 2 atm is appHed 
on the water-alcohol mixture. The binary vapor produced is sampled through a 
pulsed supersonic valve and the cluster beam is analyzed using the time-of-flight 
(TOF) mass spectrometer. 

For each binary mixture, the spectrum was collected under similar 

conditions after averaging the data in each channel over 5000 sweeps. 
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Measurements were repeated at a few molar compositions to ascertain the 

reproducibility in the experiments. In order to avoid residual contamination from a 

previous experiment, the pulse valve was pumped out each time before filling in the 

fresh vapor. Prior to each experiment, therefore, the pulsed vatve and the associated 

electronics were allowed to stabilize for a few minutes. A computer code developed 

in the laboratory has been used to analyze the mass spectra in terms of the 

abundance and the internal compositions of the various cluster species. 

4.3 Binary alcohol 'Water mixtures 

Mass Spectra 

Binary mixtures of the alcohols (HPLC grade, Aldrich) and water (quartz-

distilled) were prepared with varying molar composition over the entire range at ~ 

0.1 intervals. The mass spectra obtained at different compositions gave the 

nuclearity, population and composition of the various cluster species. 

In Fig. 4.4, the TOF mass spectra of ethanol-water (E-W) mixtures 

corresponding to the liquid mole fractions of ethanol, XE, of 0.1, 0.35 and 0.8 are 

shown. The mass spectra of the last two compositions are dominated by neat ethanol 

clusters (EnH"̂ ), mixed E-'W clusters (En'WniH*) iDeing associated with much smaller 

intensities. The EnH"̂  clusters become prominent when XE > 0.2, but their dominance 

persists even in the water-rich composition, as can be seen from Fig. 4.4c. Clusters 

of water and the mixed species with higher water attachments are seen in the mass 

spectra of the water-rich compositions. 
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Fig. 4.4 Time-of-flight mass spectra from ethanol-water mixtures for ethanol mole fraction 
in the liquid, XE, of (a) 0.8, (b) 0.35 and (c) 0.1. The peaks are assigned to various 
protonated neat clusters of ethanol and water as well as mixed clusters. 
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Fig. 4.5 Time-of-flight mass spectra from n-propanol-water mixtures for propanol mole fraction 
in the liquid, Xp, of (a) 0.8, (b) 0.2 and (c) 0.08. The peaks are assigned to various protonated 
neat clusters of propanol and water as well as mixed clusters. The relative increase in the signal 
strength compared to Fig. 4.4 is due to an additional set of deflection plates employed in the 
flight tube. 
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In Fig. 4.5, are shown the mass spectra from n-propanol-water (P-W) mixtures 

corresponding to the liquid mole fractions of propanol, Xp, of 0.08, 0.2 and 0.8, As 

in the case of ethanol, we observe that neat propanol clusters (PnH^) dominate the 

spectra at all the compositions. Mixed cluster species (PnWmH^) containing a few 

water molecules (m < 3) are present only in water-rich compositions. Similarly, 

mass spectra for the n-butanol-water mixtures were also collected in the miscibility 

regime of about 2% of n-butanol in water. 

Fig. 4.6 shows the TOF mass spectra obtained with water-methanol mixtures 

of liquid molar compositions (W:M) of 40:60 and 67:33. The spectra exhibit well-

resolved peaks due to protonated neat clusters of water and methanol of different 

nuclearities (WnH^ and MmH"̂ ) as well as those corresponding to various protonated 

mixed species (WnMmH"̂ ). Under the given experimental conditions, the 40:60 

composition produces a cluster beam where Mm and WiMn, clusters dominate (see 

Fig. 4.6a), the abundance of WiMn, (m>l) being nearly half of that of the 

corresponding Mm (H"̂  omitted for brevity). The next prominent species are W2Mm. 

Clusters with higher water attachments are, however, poor in intensity. For the 

67:33 composition (Fig. 4.6b), we notice that the peaks due to the mixed species are 

relatively less intense. Peaks due to the neat methanol clusters dominate the mass 

spectrum, the maximum intensity being associated with the monomer. The intensity 

decreases gradually with higher nuclearity. Among the water clusters, only the 

monomer species carried an appreciable intensity. 

Analysis and discussion 

From the mass abundance of the various cluster species obtained from 

different molar composition alcohol-water liquid mixtures, we calculated values for 
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the vapor mole fraction of alcohol, YA, by counting the number of alcohol molecules 

in the neat as well as the mixed cluster species. 
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Fig. 4.6 Time-of-flight mass spectra of water-methanol clusters for liquid composition 
of (a) W:M = 40:60 and (b) W:M = 67:33. The peaks are assigned to various 
protonated WnM^ clusters. For the sake of clarity, the peaks in the spectral range, 31 to 
50 |is are magnified. Peaks from the ambient are shown by asterisk. 
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yA = 
m 

(4.3) 

where n and m correspond to the number of alcohol and water molecules in 

a cluster; the summations are over all the cluster species both neat and mixed. For 

the rest of the discussion below, _VA shall denote the vapor mole fraction of the 

alcohol and XA that of the liquid mole fraction of alcohol. 
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•̂  0.6 ^ 
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X 
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Fig. 4.7 Variation in the mole fraction of ethanol in the vapor, yE (open squares) and 
the relative population of neat ethanol clusters, ncE (filled squares) with the mole 
fraction of ethanol in liquid, XE. The solid curve represents the surface mole fraction of 
ethanol, XE(S) taken from Ref. [8]. The neutron values are also shown (asterisk). Arrows 
indicate the repeat experiments. The inset shows the variation of YE with XE(S). 

In Fig. 4.7, the variation of YB, with the liquid mole fraction of ethanol, XE, 

in the ethanol-water mixtures is shown. The data points of the repeat experiments at 

XE of 0.2, 0.3 and 0.6 provide an average estimate of the experimental error (+0,02) 
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in ye- The mole fraction of ethanol in the vapor increases sharply reaching a value 

o f - 0.6 at XE - 0.2, beyond which the increase in y^ is gradual. The variation of ye 

with XE in Fig. 4.7 is a clear reflection of surface-enrichment. In order to determine 

from this the surface-enrichment, we had to find a way to relate our results to the 

mole fraction of the alcohol on the surface 'XA(S)'. In order to achieve this, we 

compared our experimental results with those from surface tension and neutron 

diffraction data. 

In order to compare our results quantitatively with those from surface 

tension and other measurements [11,15,16], we had to convert the surface excess 

values T ' expressed as mol cm"̂  in the literature to XE(S) values. Thus, in the case 

of neutron diffraction data for ethanol-water mixtures, the surface layer was taken 

to be 5.5 A thick (approximate length 7 ' of ethanol molecule [15,17]). The 

normalized surface excess values (per cm^) is, then, given by T/l. The number of 

moles of ethanol per cm^ at the surface due to the bulk concentration is given by 

X W V W + X E V E (4.4) 

where VE and Vw stand for molar volumes of ethanol and water respectively. The 

number of moles per cm' of ethanol in the surface layer is obtained by adding the 

surface excess of ethanol per cm' to the bulk concentration. Thus, the total number 

of moles of ethanol/cm' at the surface is 

r ^ XE (4.5) 
/ ( X W V W + X E V E ) 

and the total number of moles of water/cm' at the surface is 

^w r (46) 
( X W V W + X E V E ) / 

90 



Chapter 4 

Therefore, the surface mole fraction of ethanol XE(S) is, 

r 
x^is)=j{x^V^ +X^VE) + ^E (4.7) 

We have plotted the values of surface concentration of ethanol, XE(S), 

reported by Laaksonen [8] against XE in Fig. 4.7. Remarkably, it is seen that the 

variation of XE(S) with XE is identical to that of yE. Accordingly, the plot of yE versus 

XE(S) is linear with a slope of unity as shown in the inset of Fig. 4.7. Thus, this 

justifies that the vapor from our experiment represents truly the surface of the liquid 

mixture. In Fig. 4.7, we have also shown the XE(S) values thus obtained from 

neutron data for compositions reported. As can be seen from the figure, the neutron 

values, once again, agree closely with our data. This, unequivocally, proves that the 

mass spectrometric analysis of the vapor in the cluster beam is a very accurate 

method of determining the surface compositional profiles for alcohol-water 

mixtures. 

In Fig. 4.7, we have also shown the variation of the relative population of 

neat ethanol clusters, UCE, with XE- The variation of ncB with XE parallels that of y^, 

indicating that the major contribution to the mole fraction of ethanol in the vapor 

phase comes from the neat clusters of the alcohol. Below XE - 0.2, however, the 

difference between ys and UCE becomes large indicating the presence of several 

mixed species in this concentration regime. Our results are consistent with the 

observations of Matsumoto et al. [18] who found no clusters characteristic of the 

aqueous medium for XE 2: 0.2, the dominant species being ethanol clusters and their 

hydrates. In Table 4.1, we list our results along with the values from surface 

tension, for the compositions where neutron results are also available. As can be 

seen from the Table 4.1, the surface mole fraction values of ethanol obtained from 
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our experiments agree well with the values obtained previously, especially for dilute 

solutions (XE < 0.1). 

Table 4.1 
Surface mole fraction of ethanol from different methods 

XE 

0.022 

0.045 

0.1 

0.24 

Based on surface tension 

Schofield 
[11] 
XE(S) 

0.17 

0.25 

0.35 

0.59 

Guggenheim 
[16] 
XE(S) 

0.17 

0.24 

0.35 

0.56 

Laaksonen 
[8] 
XE(S) 

0.10 

0.20 

0.42 

0.65 

Neutron 
Reflection 
[15] 

XE(S) 

0.12 

0.21 

0.34 

0.62 

Our Expt. 

YE 

0.14 

0.25 

0.45 

0.72 

At XE = 0.1, the surface mole fraction obtained by us matches closely that 

from Laaksonen calculations [8], but is slightly higher compared to the values from 

other sources [11,15,16]. For XE = 0.24, the XE(S) value from our method seems to be 

slightly larger. It is noteworthy that the mass spectrometric technique employed by 

us enables the measurement of surface compositions over the entire range of XE as 

shown in the Fig. 4.7. Unlike the neutron diffraction results, mass spectrometry is 

not model-dependent. 

Figure 4.8 shows the variations of the experimental vapor mole fraction, y?̂  

and the surface mole fraction, Xp(s), from the calculations of Laaksonen [8] with the 

liquid mole fraction, xp. For Xp < 0.1, there is a steep rise in yp to a value of ~ 0.85, 

the increase being rather gradual for xp S: 0.1. The agreement between the 

experimental vapor mole fractions, yp, and the calculated values of Xp(s) is excellent 

in this system as well. The plot y? versus Xp(s) is perfectly linear, with a slope of 

unity (see inset of Fig. 4.8). The variation in the population of neat propanol 
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clusters, JICP, with Xp, mimics that of y?, similar to the situation observed in the case 

of ethanol-water system. 
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Fig. 4.8 Variation in the mole fraction of propanol in the vapor, y? (open triangles) and 
the relative population of neat propanol clusters, nc? (filled triangles) with mole 
fraction of propanol in Hquid, Xp. The solid curve represents the surface mole fraction 
of propanol, Xp(s) taken from Ref. [8]. Arrows indicate the repeat experiments. The 
inset shows the variation of y? with Xp(s). 

Having established the reliability of the method to determine surface 

enrichment in miscible water-ethanol and water-n-propanol systems, we sought to 

examine the n-butanol-water system whose miscibility is only limited to a butanol 

mole fraction, XB, of 0.02. In Fig. 4.9, we show the variation of ye with XB along 

with XB(S) values derived from surface tension data [19]. We are able to compare the 

present results with those from a neutron reflectivity study [19] performed in the 

miscible regime of this system (Fig. 4.9). The surface excess values from the 

neutron study were converted to XB(S) assuming the length of the n-butanol 

molecule to be 7 A [19]. We notice from Fig. 4.9 that the yB values lie close to the 
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XB(S) values from surface tension and neutron data, albeit the lower sensitivity of 

our method at very low alcohol concentrations. Unlike in other alcohols, the surface 

enrichment in the butanol-water system is reached at an extremely low 

concentration of the alcohol (XB ~ 0.0025). 
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Fig. 4.9 Variation in the mole fraction of butanol in the vapor, ys (squares) with mole 
fraction of butanol in liquid, XB. Circles and triangles represent the surface mole 
fraction of butanol, XB(S), from surface tension and neutron data, respectively [19]. 

We have investigated the methanol-water system as well. Methanol being 

the smallest molecule in the series (~ 4 A), one would expect a relatively poor 

surface-enrichment in the methanol-water system. The plot in Fig. 4.10 does indeed 

present such a scenario. Unlike in the case of higher alcohols, the mole fraction of 

methanol in the vapor, y^, increases rather gradually with the increasing mole 

fraction of methanol, XM, in the liquid. The agreement between our data and the 

Laaksonen's model is only moderately good. At low XM, the experimental mole 
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fraction, YM, is overestimated in comparison to the value of the surface mole 

fraction, XM(S) while at high XM, YM is somewhat underestimated. Neutron reflection 

data is, however, not available for this case. 
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Fig. 4.10 Variation in the mole fraction of methanol in the vapor, yM (diamonds) 
with mole fraction of methanol in liquid, XM- The sohd curve represents the surface 
mole fraction of methanol, XM(S) taken from Ref. [8]. 

The degree of surface enrichment in the different alcohol-water systems can 

be compared in terms of the initial slopes of the plots of the vapor mole fraction, yA, 

against the liquid mole fraction, XA (Figs. 4.7- 4.10). In Fig. 4.11, we show variation 

of the slopes with the number of methylene units in the alcohol. This is also evident 

from the inset in Fig. 4.11 where we show the variation of yA with chain length for 

fixed values of XA-
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Fig. 4.11 Slopes of the plots of YA versus XA for the various alcohol-water systems 
against the number of carbon atoms in the alcohol molecule, n, in the low 
concentration regime prior to saturation of surface enrichment (squares). The inset 
shows the variation of YA with n for XA = 0 . 1 (down-triangles) and 0.2 (up-
triangles). 

Conclusions 

In conclusion, we have demonstrated that the cluster-beam produced from 

the binary vapor in equilibrium with the surface of an alcohol-water mixture can be 

used to obtain composition profiles of the surface. The method faithfully reflects the 

surface concentrations in the alcohol-water mixtures. Neat alcohol clusters dominate 

the cluster beam right from the dilute regime, implying that the surface of the liquid 

is mainly made up of a stratum of alcohol molecules, perhaps a monolayer thick. 

With the increasing length of the alcohol molecule, the liquid surface is enriched at 

a faster rate. In the case of the higher alcohols, once the surface is enriched at high 

XA, the surface composition hardly changes with the liquid composition (see Figs. 

4.7 and 4.8). It is also interesting that as the length of the alcohol molecule 
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increases, the saturation of surface-enrichment occurs at progressively lower 

concentrations of the alcohol in the liquid mixture. Thus, the saturation occurs at XA 

of ~ 0.3, 0.2, 0.1 and 0.0025 for methanol, ethanol, n-propanol and n-butanol 

systems respectively. Accordingly, the surface activity of an alcohol molecule in an 

aqueous mixture increases with the increasing length of its hydrocarbon chain, 

eventually leading to partial miscible mixtures forming two-layers. 

4.4 The Special case of methanol-water mixture 

As shown in Fig. 4.10, the vapor mole fraction of methanol from methanol-

water liquid mixtures has only moderate agreement with the surface mole fraction 

of alcohol from Laaksonen^s surface data. This is on account of the lower surface-

enriching ability of methanol. Hence, we considered it important to examine the 

binary vapor from water-methanol liquid mixture in order to throw more light on the 

issue of molecular interactions in it. 

Non-ideal binary liquid mixtures exhibit diverse properties depending on the 

relative strengths of the homo- and the hetero-interactions between the component 

molecules. When the strengths are equal, the mixture forms an ideal solution and 

follows the Raoult's law. Deviations from the Raoult's law are seen in the 

asymmetric variations with composition of the thermodynamic functions [20,21] 

like excess enthalpy, entropy, free energy of mixing or partial molar volumes. Thus, 

a non-ideal liquid associated with a negative heat of mixing and volume contraction 

would contain molecules where hetero-interactions are stronger than the homo-

interactions [22]. The water-methanol mixture is a typical non-ideal system, 

characterized by a minimum in the excess enthalpy of mixing (H^ -900 Jmol"') at a 

water mole fraction of -0.7 [23]. A widely accepted notion is that molecular 
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association [24] in water-alcohol media occurs mainly via hydrogen bonding, 

although hydrophobic forces also play a role in the liquid structure. It is of great 

interest to relate the thermodynamic behavior of the system with the nature of the 

interactions between the component molecules in the liquid. Toward this end, there 

have been many studies on water-methanol mixtures based on mass spectrometry. 

Clusters of the type, (CH30H)ni(H20)nH^ produced from mixed vapors of water and 

methanol have been examined by Kebarle et al. [25] and Stace et al. [26] who 

found that methanol is taken up preferentially in small clusters. Another class of 

experiments [27-29] pertains to cluster beams generated by the adiabatic expansion 

of liquid jets of water-alcohol mixtures. Nishi et al. [27] studied the relative 

stability of monomer and dimer hydrates of methanol as well as other organic 

molecules. Wakisaka et al. [28] found that alcohol molecules have substitutional 

interaction with the water clusters. More recently, Takamuku et al. [29] have 

performed a detailed analysis of the structure of water-methanol clusters using mass 

spectrometry and X-ray diffraction and proposed that the chain-like clusters present 

in methanol-rich mixtures give way to tetrahedral species when water content 

increases from 0.3 to 0.7. 

Analysis and Discussion 

Before discussing the observed trends in the cluster abundance, we show in 

Fig. 4.12 the variations in the mole fractions of water and methanol constituting the 

entire cluster beam. 
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Fig. 4.12 Variations in the mole fractions of the water and methanol in the vapor 
with Xw, methanol, squares; water, circles. The experimental values (open 
symbols) are obtained from the populations of the clusters in the molecular beam. 
Calculated mole fractions assuming ideality of the mixture are shown by solid 
curves. The arrows indicate the repeat measurements for three mixtures. The 
dashed line passes through equal experimental mole fraction points. The inset 
shows the variation of excess enthalpy of mixing with Xw (from Ref. 28). 

These experimental values have been compared with the calculated vapor 

compositions, assuming water-methanol mixture to be ideal. The latter were 

obtained using the formula [30], 

yw = (Xw *P*w)/(p*m + ( p ' w - P*m)*Xw) (4.8) 

where yw and Xw are the mole fractions of water in the vapor and the liquid 

states respectively and p „, and p w are the vapor pressures of the corresponding pure 
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liquids at 2 atmosphere pressure (methanol, 17.5 kPa; water, 3.2 kPa at 25°C). 

Several interesting observations can be made from Fig. 4.12. 

Mixtures containing small quantities of water (Xw ^ 0.1) produce molecular 

beams in which the total water present is quite significant (~ 0.1 to 0.2). The 

situation is just the opposite with methanol. The methanol fraction in the vapor is 

0.9 at Xw = 0.02 and reduces to around 0.6 when x^ = 0.6 and the variation is 

gradual. In the range, x^ - 0.6 - 0.75, the mole fraction of methanol passes through 

a sharp rise while water follows the opposite trend. More importantly, the 

experimental mole fraction curves in Fig. 4.12 touch the calculated curves at Xw = 

0.67. Beyond Xw= 0.75, the mole fractions regain the gradual variation and remain 

rather close to the ideal values. The variation in the mole fraction of each 

component can, therefore, be considered as arising due to the superposition of two 

trends, namely a sharp feature at Xw = 0.67 standing on a more gradual variation 

across the rest of the composition range. 

The above experimental observations led us to infer the following. In the 

liquid composition range, 0 < Xw ^ 0.6, the fraction of water in the vapor is more 

and that of methanol is less compared to the values from "the ideal" mixture. In 

other words, methanol exhibits a promotional effect on water vaporization simply 

reflective of the interaction between the component molecules in the non-ideal 

liquid. The analysis of the mixed cluster species is expected to throw more light on 

this. When x^ increases from 0.6 to 0.75, the vapor composition goes through a 

rather sharp variation, even matching the "ideal" at x^ -0.67. Surprisingly, this 

liquid composition corresponds to the minimum in the excess enthalpy of water-

methanol system [28] (see inset of Fig. 4.12) and could have immense influence on 

the vapor composition. In addition we infer from Figs. 4.6 and 4.12 that, although 
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the experimental vapor compositions for the 40:60 and 67:33 liquid mixtures are 

almost equal (~ water content of 0.3, see dashed lines in Fig. 4.12), the cluster 

distribution is noticeably different in the two cases (Fig. 4.6). The diverse nature of 

the cluster beams could not have originated entirely by the method employed for 

vapor injection alone. A stagnation pressure of 2 atmospheres He and an orifice of 

0.5 mm optimally opened using current pulses of 4000 A (maximum rated 5000 A) 

is indeed considered to be a weak clustering condition. Moreover the experimental 

conditions being the same throughout, the clustering induced by the pulse valve, if 

any, should be similar for all the vapor mixtures or at best may vary gradually with 

vapor composition. Our experimental observations, thus, allow us to deduce that the 

vapor arising from a water-methanol mixture possesses an intrinsic structure 

imparted by the liquid. 

The variations in the cluster populations are shown in Fig. 4.13. The relative 

populations of the Wn, Mm and mixed cluster species were obtained as fractions of 

the total cluster population. As shown in Fig. 4.13a, the population of the neat 

methanol clusters decreases steadily from 0.9 at x^ = 0.02 to 0.4 at Xw = 0.6 with a 

small change of slope around x„ = 0.3. It exhibits a sharp feature at x^ = 0.67, 

decreasing steeply thereafter. When methanol is rich in the liquid mixture, higher 

nuclearity methanol clusters, M3, M4 and M5, dominate among the neat methanol 

clusters as shown in the inset of Fig. 4.13a for the 20:80 mixture (curve A). At 

50:50 composition, M2 is more abundant (curve B) and on further decrease of 

methanol in the mixture (89:11), the methanol monomer. Mi, predominates over the 

higher nuclearity methanol clusters (curve C). It may be recalled from Fig. 4.6b that 

the monomeric methanol species are relatively more abundant in the cluster beam at 

Xw = 0.67. Thus, it is clear that the preference for higher nuclearity methanol 

clusters decreases as the methanol content in the liquid mixture is reduced and the 
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Fig. 4.13 (a) Variation in the relative population of neat clusters as function of 
Xw is shown; methanol, squares; water, circles. The inset shows the variation in 
the relative populations of neat methanol clusters with nuclearity, n, for 
different compositions of the liquid .mixtures, namely, W:M = 20:80, 50:50 and 
89:ll.(b) Variation in the relative population of the mixed clusters as a function 
of Xw 

cluster population decays gradually with nuclearity [31]. As regards the neat water 

clusters, their population is rather low till Xw = 0.6 and increases sharply beyond x^ 

= 0.8 following a small kink at Xw = 0.67 (see Fig. 4.13a). Higher nuclearity water 

clusters are seen from compositions rich in water (x^ > 0.9). The relative abundance 
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of the mixed cluster species (Fig. 4.13b) shows a steady rise till Xw= 0.6 where the 

mixed clusters constitute 55% of the cluster beam. The population drops suddenly 

around Xw = 0.67. The variation of the mixed species is, obviously, complementary 

to that of neat methanol clusters for Xw < 0.75. 

A detailed examination of the various mixed cluster species has shown that 

the populations of the water-rich clusters increase and those of the methanol-rich 

clusters decrease with Xw The overall intensity of a cluster species is high if the 

methanol content in it is more relative to the water content. In the given 

experimental conditions, the intensities of the higher nuclearity clusters (n>7) are 

smaller as expected. Clusters containing equal number of water and methanol 

molecules show a broad distribution centered around Xw = 0.6 often with a small dip 

at Xw = 0.67. Indeed, all mixed cluster species showed sharp variations near x^ = 

0.67, the magnitude being larger for water-rich clusters. As examples of mixed 

cluster analysis we show in Fig. 4.14, the populations of WnMm with total 

nuclearities of 4, 5 and 6, against Xw 

The water-methanol system is enthalpy driven and therefore, clustering of 

molecules in the liquid involving hetero-interactions is energetically favored [22]. 

Clearly, the deviation from ideality in Fig. 4.12 arises due to the imbalance in the 

hetero- and homo-interactions between the component molecules in the liquid. The 

mixed cluster population in the vapor could, therefore, be a representative of this 

deviation. We have examined this aspect by. plotting the relative population of 

mixed clusters against A in Fig. 4.15, where A is the difference between the 

experimental mole fractions and those obtained assuming ideality. We identify four 

regimes in the plot with respect to x ^ In regime I (0< Xw < 0.3), the fraction of 

mixed clusters is proportional to A or in other words, goes hand in hand with the 

increasing imbalance between the homo-hetero interactions in the liquid. In regime 
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Fig. 4.14 Variation in the relative populations of mixed clusters of nuclearity 
four, five and six with Xw for (a) WnMi clusters (b) WnMn clusters and (c) 
WiMn clusters. 

II (0.3 < Xw ^ 0.6), the mixed cluster population increases with practically no 

change in A, the latter being at its maximum value (~ 0.17). Interestingly, this 

change in the trend from regime I to II is consistent with that in Fig. 4.13 where the 

population fraction of the mixed clusters varies roughly proportional to Xw with 

somewhat different slopes in the two regimes. Our findings are in close agreement 
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with the XRD studies [29] according to which, the chain-like structures 

predominantly of methanol present in the first regime (Xw < 0.3) give way to 

tetrahedral species characteristic of water when Xw increases beyond 0.3. With the 

imbalance between homo-hetero interactions remaining constant (A^~0.I7), the 

beginning of regime II should mark a change in the nature of the mixed species with 

Xw This is clearly seen in Fig. 4.14. Below Xw=0.3 (regime I), water-rich species are 

less populated in the cluster beam (see WRMI in Fig. 4.14a), while those rich in 

methanol are on the increase (WiMm in Fig. 4.14c). In regime II (0.3 < Xw ^ 0.6), the 

water-rich clusters increase steeply while the methanol-rich clusters decrease. In 

regime III (0.85 <Xw< 1), the hetero interactions in the liquid diminish with greater 

abundance of the tetrahedral water species giving rise to more neat water clusters in 

the vapor (see Fig. 4.13a). 
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Fig. 4.15 Fraction of mixed clusters against the deviation, A, of the mole 
fraction from the ideal (from Fig. 4,12). Four different regimes are 
identified in the plot. The Xw values are shown alongside each point. 

In contrast to previous studies [29], we identify an additional, but relatively 

narrower regime, IV (xw = 0.65 to 0.77) in Fig. 4.15, where cluster populations 
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undergo dramatic changes (see Fig. 4.13 and 4.14) due to a transient structure 

adopted by the liquid mixture. 

Mixed cluster population decreases and reaches minimum at x^ = 0.67, 

matching well with that at the end of regime I. Therefore, only the methanol-rich 

chain-like clusters seem to survive. The A value at x^ = 0.67 is close to zero. This 

does not simply mean that the liquid turned ideal, but instead reflects a situation 

where the water-methanol interaction in the liquid is maximized with the excess 

enthalpy of mixing reaching minimum. At this composition, the nucleation of 

tetrahedral water species perhaps reaches a criticality, giving rise to an extended 

hydrogen bonded network of water and methanol in the liquid [24,28]. 

Under such a circumstance, what could emerge out of the liquid mixture are 

the small nuclearity species from the boundaries of hydrogen bonded domains. 

Accordingly, we observe a relative rise in the monomeric species mainly of 

methanol as shown in Fig. 4.13a. This scenario exists only for a narrow range of Xw, 

0.6 to 0.75. On either side, the homo-interactions could intercept the network 

structure yielding water clusters stabilized by the methanol molecules or vice versa 

[28]. In regime IV, therefore, the A value is complementary to the nature of 

interactions in the liquid and provides a strong evidence for an 'enthalpy-frozen 

liquid'. 

Conclusions 

The binary vapor emerging from the surface of water-methanol liquid 

mixture has been examined in the form of a molecular beam by time-of-flight mass 

spectrometry. Hydrated neat clusters of water (WnH"̂ ) and methanol (MmH"̂ ) as well 

as mixed species of the type WnMrnH"̂  were observed (n, m upto 10) under the given 
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experimental conditions, the relative populations varying with the liquid 

composition. When the water mole fraction in the liquid, x^, is < 0.6, MmH"̂  and 

WiMmH"̂  clusters dominate the mass spectrum. A comparison of the mole fractions 

of water and methanol in the vapor estimated from the populations of the various 

cluster species with those obtained assuming ideality of the liquid mixture showed 

that methanol promotes water vaporization considerably in the form of mixed 

cluster species. With x^ > 0.75, WnH"̂  start appearing with a gradual decline in the 

populations of MmH .̂ In the range 0.6 < Xw< 0.75, the populations of neat clusters 

pass thorough a sharp rise while those of mixed species exhibit a complementary 

trend. Interestingly, this anomaly is observed at a liquid composition where the 

excess enthalpy of mixing reaches^minimum implying that the hetero-interactions 

are the most favored. The liquid seems to adopt a transient structure involving 

extended network of water and methanol molecules held in place by the 

intermolecular hydrogen bonds. The reluctance of the mixed species to emerge out 

of the liquid is perhaps due to the inter-locking of molecules in the network. As a 

result, only monomeric species are observed. Coincident with this, the mole 

fractions of water and methanol in the vapor approach 'the ideal' values. Our work 

has, thus, shown that the binary vapor adopts varying structures as though it 

remembers from which liquid mixture it is originating. It is quite a representative of 

the liquid structure barring the range, 0.6<Xw<0.75 where it, indeed, provides a 

complementary picture of the liquid structure. 
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4.5 Ternary alcohol-water mixtures 

Introduction 

Ternary systems such as alkane-alcohol-alcohol have been studied extensively 

with the primary motivation of deducing thermodynamic properties such as excess 

molar enthalpies and volumes besides vapor-liquid and liquid-liquid equilibria [33-

36]. However, the study of ternary systems containing associating components like 

water and primary alcohols has proved extremely difficult in the absence of a 

reliable thermodynamic model [37]. A lone example from our literature survey is 

due to Ikari et al. [38], who studied vapor-liquid equilibria of|ywater-ethanol-l-
L̂ d̂edJ 

propanol system added with a small amount of furfural^ On the other hand, there has 

been some effort to study the surfaces of water-alcohol liquid mixtures, especially 

the aspect of surface enrichment by the alcohol molecules. 

We have been interested in investigating the competitive surface enrichment 

in aqueous alcohols. In our earlier work on binary mixtures of primary alcohols and 

water (see section 4.3), we ._->' demonstrated based on mass spectrometric analysis, 

that the vapor generated in equilibrium with the liquid surface can be used directly 

to obtain the surface concentration profile of the alcohol. It was shown that as the 

length of the alcohol molecule increased, the surface enrichment reached saturation 

at progressively lower concentrations of alcohol in the liquid mixture. Although, 

there aren f̂ew other techniques to determine the surface enrichment such as neutron 

reflectivity [39], second-harmonic and sum-frequency spectroscopy [40], our 

method based on mass spectrometry is straightforward and easy to use, and can be 

performed over the entire compositional range. Neutron reflectivity, for instance, 

suffers from an inherent problem of not being able to resolve small molecules owing 

to diminishing contrast between their scattering factors in multicomponent systems. 
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especially at low concentrations [39]. Having proven that the mass spectrometric 

way of looking at the vapor of an alcohol-water liquid mixture is a reliable method 

to determine the surface composition profiles in such mixtures and also the 

simplicity of our method, we decided to investigate competitive surface enrichment 

in ternary mixtures of alcohol-alcohol-water. This study is the first of its kind. 

Specifically, we have determined the surface concentration profiles of water-

methanol-1-propanol, water-ethanol-1-propanol and water-methanol-ethanol liquid 

mixtures at different compositions by mass spectrometric analysis of the ternary 

vapor in equilibrium with the liquid surface. For this purpose, we generated a 

cluster beam of the ternary vapor swept off the surface of the liquid mixture, by 

injecting it into vacuum through a pulsed supersonic valve. We have compared the 

results from this study with the binary water-alcohol mixtures from our earlier study 

(section 4.3). 

Sxperimental 

Ternary mixtures of water-methanol-ethanol, water-methanol-1-propanol 

and water-ethanol-1-propanol containing equimolar proportions of alcohols were 

prepared covering a whole range of water:alcohol compositions. As in the case of 

binary mixtures, 6 ml of the ternary mixture was placed in a stainless steel cell 

connected to a pulsed supersonic valve (R.M. Jordan, USA) and was subjected to a 

helium backpressure of 2 atmospheres from the top. In order to generate the 

molecular beam, the alcohol-water vapor was injected into a vacuum of 10'^ ton-

through a 0.5 mm orifice of the pulsed valve, operating at 10 Hz and 4000 A. 
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Mass Spectra 

Water-methanol-l'propanol system 

In Fig. 4.16, we show as an example the time-of-flight mass spectrum 

obtained with a water-methanol-propanol ternary liquid mixture with the 

composition, xw \ x^ \ xp = 0.6:0.2:0.2, where x stands for the mole fraction. The 

dominance of propanol clusters, pi to ps, is clearly seen in the mass spectrum. 

Mixed clusters of alcohols like mip,, mip2 and m2Pi are the next highest in 

intensity. The intensities of the water attached clusters, such as mnWm, piWm and 

mnpiWm (n < 3,1 < 4, m < 4) are rather small. 

We found it useful to compare this spectrum with those from the 

corresponding water-methanol and water-propanol binary mixtures. For this 

purpose, the ternary mixture was assumed to be a mixture of two binary systems 

with internal ratios of x^ II : XM and JCjc /2 : xp, water being equally partitioned 

between the two alcohols. The corresponding compositions of the binary mixtures 

are, therefore, Xfy : 2XM and Xjy : 2xp respectively such that Xiy + 2XM = 1 and Xfy + 

2xp= 1. Thus, the 0.6:0.2:0.2 ternary system may be considered to be a mixture of 

two binary systems with compositions of 0.6:0.4 each. In the inset of Fig. 4.16, we 

show the mass spectra from W-M {xjy: XM ~ 0.6:0.4) and W-P [xjy : xp = 0.6:0.4) 

systems. Comparing the populations of methanol clusters between the ternary W-M-

P system and the binary W-M system, we find that clustering of m2 and ms is not 

favored as much in the ternary system and accordingly, the water attachment to 

these clusters is also suppressed. In contrast, the populations of pi and p2 in the 

ternary as well as in the corresponding W-P binary system show similar trends. 
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Water attachment to the propanol clusters is enhanced in the ternary system as 

compared to the binary system. 

Water-ethanol-1-propanol system 

In Fig. 4.17 is shown the time-of-flight mass spectrum obtained with a 

water-ethanol-propanol ternary liquid mixture with the composition, Xw '• XE '. Xp = 

0.5:0.25:0.25, where x stands for the mole fraction. Mixed clusters of alcohols such 

as Cipi, eip2 and e2pi as well as pure propanol clusters (p2 and ps) are dominant 

followed by pure ethanol clusters (e, and 62). The intensities of the water attached 

clusters, such as CiWm, piWm and mipnWm (n < 3,1 < 4, m < 3) are rather small. 

x^ ;x^ ;Xp = 0.5:0.25:0.25 
W E P 

< 

r 
15 
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Fig. 4.17 Time-of-flight mass spectra of water-ethanol-propanol ternary system of 
composition Xfy : XE : xp = 0.5:0.25:0.25. Different protonated clusters of pure ethanol, 
propanol and water as well as their mixed clusters are seen in the mass spectrum. 
Degeneracy in mass assignments of some peaks is mentioned alongside. 
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Water-methanol-ethanol system 

Fig. 4.18 shows the time-of-flight mass spectrum obtained with a water-

methanol-ethanol ternary liquid mixture with the composition, Xiy '. XM '- XE -

0.5:0.25:0.25, where x stands for the mole fraction. Pure ethanol clusters, ei to 64 

dominate the spectrum. Mixed clusters of alcohols such as miC], mie2 and m2ei are 

next highest in intensity followed by water attached clusters such as mnWt, ejWt and 

iTinCiWi, (n < 4, t < 4,1<4) which have the lowest intensities. 

x^: X,,: Xp = 0.5:0.25:0.25 
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Fig. 4.18 Time-of-flight mass spectra of water-methanol-ethanol ternary system of 
composition Xw: XM : XE = 0.5:0.25:0.25. Different protonated clusters of pure methanol, 
ethanol and water as well as their mixed clusters are seen in the mass spectrum. 
Degeneracy in mass assignments of some peaks is mentioned alongside. 
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Analysis and discussion 

Cluster species obtained from ternary mixtures of water-methanol-ethanol,' 

water-methanol-1-propanoI and water-ethanol-1-propanol were analyzed in a similar 

manner as in the case of binary alcohol-water mixtures. We estimated the vapor 

composition (yM and yp) of the ternary system by counting the number of methanol, 

propanol and water molecules in neat as well as mixed cluster species. 

m 
yM = 2]m + ̂ p + ^ w 

(4.9) 

yp = 
llp 

E^+Z'"-^!! w 
(4.10) 

where m, p and w correspond respectively to the number of methanol, 

propanol and water molecules in a given cluster and the summation is over all the 

clusters observed in the mass spectrum. 

0.6n 

a, o;4^ 

0.2-

0.0 
0.0 0.1 0.2 0.3 04 

Fig. 4.19 Temary W-M-P mixture: Variation in the vapor mole fractions of methanol, 

yw ( ^ ) and propanol, yp (O) with the mole fraction of methanol, XM and propanol, Xp in 
the liquid. 

114! 



Ch^ter 4 

In Fig. 4.19, the yu and yp values are plotted against the mole fractions of 

the individual alcohols, XM and xp in the ternary liquid mixture. We observe that yp 

values are greater than yM at all compositions above X/Axp) of 0.05. Although, the 

vapor pressure of methanol is much higher (17.5 kPa) than that of propanol (1.3 

kPa), the dominance of the latter in the vapor is clearly related to its ability to 

enrich the liquid surface. While yp shows a gradual increase, yM decreases to some 

extent beyond x^ of 0.12. It remains to be seen whether this effect arises due to the 

longer chain propanol pushing methanol molecules deep into the liquid bulk or due 

to increased affinity between water and methanol. In the dilute regime {XM {xp) < 

0.05), where water is abundant, yu is nearly equal to yp suggesting equal propensity 

for both methanol and propanol to be in the vapor. 

It is instructive to compare the ternary vapor mole fractions, yu and yp, with 

the corresponding values obtained from binary water-methanol and water-propanol 

mixtures. To make this comparison feasible, we propose a pseudo ternary liquid 

system containing equal fractions of water-methanol and water-propanol binary 

mixtures (as detailed above) wherein there is no interaction, whatsoever, between 

methanol and propanol molecules (see schematic in Fig. 4.20). Thus, our pseudo-

ternary liquid is a semi-ideal system where water alone interacts individually with 

the two alcohol molecules. The vapor composition of this system may be calculated 

as follows: 

y'M=^^ v=̂  v=i—v=^— ('^•^1) 

y'p=-^ V. " ^ v ^ v^ (4.12) 
X^+Z^^+Z'̂ +E w M 
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where m and p correspond to the number of methanol and propanol molecules, 

obtained from the cluster beams of the respective binary mixtures while WM and w/> 

stand for the respective water molecules. 

Compare 

Interaction ON 

Experimental 

mmm; 

Interaction OFF 

Pseudo-ternary 

Xy/iXM'^Xf = 0.6:0.2:0.2 ^w^M= 0.3:0.2 JCw:̂ p= 0.3:0.2 

Fig. 4.20 Schematic illustration of an alcohol-alcohol-water ternary system 
(experimental ternary) which can be assumed to be made up of two corresponding 
binary alcohol-water system (psuedo-temary). 

Water-methanol-1-propanol system 

The experimental vapor mole fractions of methanol and propanol (JA/ and yp) 

are compared with the corresponding values from the psuedo-temary system in Fig. 

4.21. In the dilute regime {XM< 0.15), JKA/and y V have similar values, implying that 

the methanol-propanol (M-P) interaction is minimal (Fig. 4.21a). Thus, the fraction 

of methanol emerging from the ternary liquid mixture remains unbiased in the 

presence of propanol. When the alcohol content increases beyond XM - 0.15, y^ 
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values appear somewhat smaller than y'^. This may be taken to indicate -that-the 

methanol molecules are driven away into the bulk due to the presence of propanol 

molecules on the surface. Similarly for propanol (Fig. 4.21b), yp is close to 7.'/.-in 

the dilute regime {xp <. 0.05), indicating that M-P interaction does not significantly 

influence the W-P interaction. With increase in the alcohol content (0.05< ;c;.<0.25), 

yp becomes lesser than y% which means that the surface enrichment of propanol in 

the W-M-P system suffers to some extent due in the presence of methanol. This 

clearly provides an evidence for methanol-propanol interaction in the ternary liquid. 

In the alcohol-rich region (0.25<X//^0.4), the surface-enriching behavior of propanol 

dominates and, therefore, yp almost matches _y'/>- Comparing _>'/> and 3/^/values iii Fig. 

4.21a and b, it is apparent that propanol prefers itself to be on the surface of the 

liquid mixture especially at higher alcohol contents, an observation that' goes well 

with the known behavior of propanol (section 4.3). We compare in the inset of Fig. 

4.21, the total vapor fraction of alcohol, yA (= yM + yp) from experimental ternary, 

and_y'^ (=3^'^ + >'V) from the pseudo-mixture as a function of total alcohol coritent, 

XA (= XM + Xi^. We see that_y^ values are comparable to _y'̂  in the dilute region {XA ^ 

0.2) while above x^ = 0.2, _ŷ  is less by ~ 0.2. The surface enrichment of both 

propanol and methanol therefore, appear demoted in the alcohol-rich region. In 

other words, methanol molecules are pushed more into the bulk liquid while 

propanol does not enrich the surface as much as it would have, in the absence of 

methanol. 

Water-ethanol-1-propanol system 

The vapor composition yg and yp were estimated in a similar manner as for 

W-M-P system (see equations 4.9 and 4.10). The y^E and y^p values of the W-E-P 
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pseudo-system were calculated following similar equations as in equations (4.11) 

and (4.12). 
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0.0 

(a) 

0.0 
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0.2-

0.0 

(b) 
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1.0-J 
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--^ 0.6-
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A _> 0.0 
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Fig. 4.21 Ternary W-M-P mixture: (a) Variation in the methanol vapor mole fraction, yM(. \ from 

the experimental ternary and y^M ( ^ ) from the psuedo-mixture as a function of methanol fraction in 
the liquid, XM. (b) Variation in the propanol vapor mole fraction, yp (O), from the experimental ternary 
and y*p ( • ) from the psuedo-mixture as a function of propanol fraction in the liquid, Xp. Inset shows 

the variation of the total alcohol fraction in the vapor, yA {^) from the experimental temary and y'A 

( ^ ) from the psuedo-mixture as a function of the total alcohol fraction in the liquid, Xj. 

118 



Chapter 4 

Their variations with respect to the liquid composition, XE (xp), are shown in Fig. 

4.22. The yE (Fig. 4.22a) and yp (Fig. 4.22b) values exhibit similar trends as in the 

case of W-M-P system. In the dilute region {XE{XP) S 0.1), yE matches well wi thj / . 

indicating equal propensity for both ethanol and propanol to be in the vapor. 

Beyond the dilute region, 0.1 < .c^ {xp) < 0.45, yp values are higher due to the higher 

surface enriching ability of propanol. 

In the dilute region {XE{XP)<Q.Q5) in Fig. 4.22a, yg from the ternary W-E-P 

system matches well with y^E from the pseudo-ternary system, as do y^ and y*M in 

the case of W-M-P system. This indicates that the water-ethanol interaction is not 

influenced by the presence of propanol or by the E-P interaction in this region. With 

the increase in the alcohol concentration, the E-P interaction comes into play and as 

a result, ^'f fraction appears higher than_y'£. In other words, the propanol molecules 

in this ternary mixture like to associate themselves with the ethanol molecules, 

thereby enhancing the surface enrichment of ethanol. Figure 4.22b shows the 

corresponding variation for yp and _y'/> in the W-E-P system. In this case, yp values 

are considerably lowered compared to y'p, more than that in the W-M-P system 

although the yp values by themselves are comparable in the two ternary systems (see 

Figs. 4.21b and 4.22b). Obviously, the E-P interaction is stronger than the M-P 

interaction. The inset shows the variation of the total alcohol fraction in the vapor 

as a function of total alcohol content in the ternary liquid mixture, along with the 

corresponding values from the pseudo-mixture. Comparing the insets of Figs. 4.21 

and 4.22, we see that the total fraction, _v̂ , is lowered less compared to 7'^. Thus, 

propanol seems to behave differently in the two ternary systems. In the W-M-P 

system, the association between methanol and propanol is poorer and therefore, 

propanol enriches the liquid surface more or less independently. 
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Fig. 4.22 Ternary W-E-P mixture: (a) Variation in the ethanol vapor mole fraction, ys (•)> from the 
experimental ternary and y's ( • ), from the psuedo-mixture as a fimction of ethanol fraction in the 
liquid, XE. (b) Variation in the propanol vapor mole fraction, yp (O), from the experimental ternary 
and yV (•), from the psuedo-mixture as a fimction of propanol fraction in the liquid, Xp. Inset shows 

the variation of the total alcohol fraction in the vapor, >'̂  ( ̂  ) from the experimental ternary and y*A 

C ^ ) in pseudo-mixture as a fimction of the total alcohol fraction in the liquid, XA. 
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On the other hand, propanol associates itself more with ethanol and as a 

consequence, ethanol is also promoted to the surface. In both cases, this comes 

about at a cost for propanol for, its surface enriching ability gets demoted 

substantially causing the total alcohol fraction at the surface also to decrease. 

Water-methanol-ethanol system 

The experimental vapor mole fractions, y^ and ys, from the ternary W-M-E 

mixture are plotted in Fig. 4.23 as a function of XIJ^XE)^ along with the values, y^M 

and y^E^ from the corresponding pseudo-mixture. The trends seen here are very 

different compared to the other two systems, W-M-P and W-E-P in Figs. 4.21 and 

4.22. In the dilute region, the y^ values (Fig. 4.23a) are nearly double that of ys 

(Fig. 4.23b). Surface enriching ability being poor for methanol (section 4.4), this 

observation may be related to its higher vapor pressure. As the ethanol 

concentration increases, yE increases dramatically to a value of ~ 0.7 for XE of 0.4, 

while yM decreases to some extent. On comparing with the values from the pseudo-

mixture, we fmd that y^ values are much higher than y''^ at low concentrations of 

methanol in the liquid, x^ {x£) <> 0.15 (see Fig. 4.23a). It appears that the M-E 

interaction is present even at such low concentrations. With increase in the 

concentration (0.15< XiJ^x£) < 0.4), ym is lowered below _yV while the trend is 

reversed for ethanol (see Fig. 4.23b). Accordingly, the total alcohol fraction, y^, 

from the W-M-E ternary system closely matches that of y'^ from the pseudo-ternary 

system as shown in the inset of the figure. This is indeed misleading, as it implies 

no interaction between methanol and ethanol, contrary to observations made from 

Fig. 4.23a and b. However, this is not the correct scenario. 

121 



Chapter 4 

^ § 
^ 

i 

^ " 

0.8-, 

0.6-

0.4-

0.2-

0.0 

(a) 

0.0 

0.8-, 

0.6-

0.4-

0.2-

0.0 

(b) 

0.0 

1 . U -

0.8-

-^-0.6-

^OA. 

0.2-

0.0-

o/ 
4 
1 1 

* < r ^ 

n 

• 
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Fig. 4.23 Ternary W-M-E mixture: (a) Variation in the methanol vapor mole fraction, y^ (O), from 
the experimental ternary and jV (•)> from the psuedo-mixture as a function of methanol fraction in 
the liquid, XM. (b) Variation in the ethanol vapor mole fraction, ys (D), from the experimental ternary 
and y'E (P )̂, from the psuedo-mixture as a fimction of ethanol fraction in the liquid, XE. Inset shows 

the variation of the total alcohol fraction in the vapor, >^ ( ^ ) from the experimental ternary and _y'̂  

( ^ ) from pseudo-mixture as a function of the total alcohol fraction in the liquid, XA-
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Since both alcohols possess only moderate ability for surface enrichment, their 

enriching abilities and the vapor pressures seem to balance each other such that the 

actual surface coverage of alcohol remains similar to what would be there in the 

absence of any interaction between the two. 

Conclusions 

The investigations of the effect of competing surface-enrichment of primary 

alcohols in ternary alcohol-water mixtures has revealed that the net surface 

enrichment by alcohol molecules is lowered in comparison with that in binary 

mixtures. The surface enriching ability for the longer chain propanol suffers in the 

ethanol-water mixture on account of stronger association between the two 

molecules. As a result, the enriching ability of ethanol is promoted, while that of 

methanol is not affected. In the W-M-E system, methanol due to its higher vapor 

pressure, enriches the liquid surface at lower concentrations while ethanol with 

relatively higher enriching ability, does it at higher concentrations. Both the factors 

balance out to give rise to a net surface enrichment as if there were no interaction 

between the two alcohols. 
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5. Reactive laser ablation of graphite in NHs/He 
atmosphere: (HCN)„,(NH3)nH^* 

SUMMARY 

The reaction of carbon vapor produced by the laser ablation of graphite with 

varying concentrations of jet-cooled ammonia seeded in helium carrier gas, has 

been investigated using a cluster apparatus. Carbon clusters are not formed in the 

presence of ammonia. Instead, new cluster species of the type (HCN)ni(NH3)nH'̂  

with m = 1 to 4 and n = 1 to 7 are observed, besides the (NH3)nH'̂  species. The 

populations of the various cluster ions, determined at different NHs/He ratios, show 

that the most preponderant species correspond to m = 1 and 2, viz. 

(HCN),(NH3)4H^ (HCN)i(NH3)3H^ and (HCN)2(NH3)3H^ These clusters involving 

the tetrahedral coordination in the first solvation shell of N H / ion are also the most 

stable species, as verified by the molecular-orbital calculations performed using 

Gaussian 98W. The average complexation energy per addition of each NH3 

molecule in (HCN)(NH3)„H'^ decreases linearly with increasing n for n > 2. 

A paper based on this work has appeared in Chem. Phys. Lett. (2003). 
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5.1 Introduction 

Mass spectrometry has been used extensively to study reactivity of carbon 

clusters including fullerenes [1]. Bare carbon clusters larger than C40, in particular 

Cgo, are essentially found to be unreactive with respect to NH3, SO2, NO2, H2, CO 

and O2 [2,3]. On the other hand, smaller carbon clusters react with NH3 and CH3CN 

molecules to produce polar cyanopolyynes species [4]. It was proposed that CN 

radicals formed as intermediate species, react with free protons to give rise to 

cyanopolyynes with H and CN adding to the ends of linear carbon chains. Indeed, 

atomic carbon in the vapor state reacts readily with NH3 and N2 to produce the CN 

radical, which has been studied by various spectroscopic techniques such as optical 

absorption, laser-induced fluorescence, optical emission spectroscopy [5-9], Sh'evin 

and co-workers [10,11] have reported the formation of HON by co-condensing arc-

generated carbon vapor and NH3: 

C + NH3 ^ C- NHj"" ^ H—C—NH2 -> H2C=NH ^ HCN + H2 (5.1) 

Co-expansion of the reactant gas and the carrier gas along with the plume of 

the target material is one of the most commonly employed experimental methods to 

study the reactivity of gas-phase clusters. We have performed a time-of-flight mass 

spectrometric analysis of the reaction products formed by co-expanding through a 

pulsed supersonic valve, the carbon vapor produced by laser ablation of graphite 

and a NHs-He mixture. Our interest was to look at the reactivity of carbon clusters 

with different nitrogen containing molecules, towards the formation of carbon-

nitrogen clusters. Besides ammonia, we also attempted reaction of carbon clusters 

with nitrogen and dimethylamine. In the case of nitrogen, we did not observe much 

reactivity and with dimethylamine as well as ablation of melamine and triazine, the 

degeneracy in the mass assignments became a problem to differentiate the reacted 
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carbon-nitrogen clusters formed. We observe that in the presence of NH3, the 

nucleation of carbon clusters is completely suppressed and instead, adducts of the 

type (HCN)ni(NH3)nH'̂  are formed (m upto 4; n upto 1), the relative intensity of the 

clusters depending on the NHa/He ratio employed. These species are protonated in 

contrast to adducts of the type (HCN)n(NH3) obtained by co-expanding HCN and 

NH3 seeded in a mixture of argon and neon through a pulsed nozzle [12,13]. We 

also carried out molecular-orbital calculations to understand the stability of these 

clusters. 

5.2 Experimental 

Ammonia (purity, 99.9%) was introduced into a sample cell [14] along with 

He (99.999%) at a total back-pressure of 9.5 atm through a pulsed supersonic valve 

and the ratio of ammonia and helium in terms of their pressures was monitored 

using a Quadrupole Mass Spectrometer (RGA300, SRS). Vaporization laser (Nd-

YAG 532 nm, -60 mJ/pulse) was fired 120 |isec after the peak of the current pulse 

driving the spring of the pulsed valve. The carbon plume, formed by laser ablation 

of graphite was mixed with the NH3-He gas pulse in the sample cell. The mass 

spectra were recorded both in off and on conditions of the vaporization laser, for 

various concentrations of NH3 in He (0 to 1.8) keeping all other parameters fixed. 

5.3 Results and discussion 

In the laser-off condition, the mass spectrum showed prominently 

protonated (NH3)n clusters (see Fig. 5.1), formed due to multi-photon ionization of 

the neutral clusters via intracluster ion-molecule reactions [15, 16]. Such cluster 

species contain a central N H / ion with four hydrogen bonding sites in the first 
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solvation shell [17,18]. Accordingly, the (NH3)5H'*' species was prominent in the 

spectrum, due to its magic nuclearity. Each of these mass peaks is accompanied by 

a small peak, which is one amu higher. As denoted in Fig. 5.1, such features may 

correspond to the ammonia cluster species containing one water molecule, the latter 

originating from the residual vacuum. Beyond n = 5, the mass peaks occur as 

multiplets and are generally of low intensity. These peaks are assignable to 

ammonia clusters containing 1-3 water molecules. Although the residual water in 

the chamber as well as impurity in ammonia were well below 10"̂  torr as measured 

by the residual gas analyzer, water attachment to ammonia cannot be ruled out since 

-ammonia is known to exhibit a greater affinity towards water, more so when n > 5. 
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The preference for water attachment beyond (NH3)5H'*" during intracluster 

rearrangement has been reported by Nishi et al [19]. Alternatively, the minor peaks 

may be assigned to doubly protonated ammonia species, which is however, quite 

unlikely the situation since higher protonation is known to occur only in high 

nuclearity ammonia clusters [20]. Fortunately, this possible degeneracy in the 

minor peaks pertains only to the ammonia spectrum (the laser-off condition) and 

does not cause any difficulty in the assignment of reaction products, as discussed 

below. 

In the laser-on condition and with no ammonia, the carbon cluster spectrum 

obtained with pure helium as the carrier gas reveals Ca^ species with n up to 30 (see 

inset of Fig. 5.1). However, when ammonia is introduced along with He, the 

spectrum does not show any carbon clusters (even with 1% of ammonia). Instead, 

we observe several new peaks as shown in Fig. 5.2. 

14 16 18 20 22 24 26 
Time (jisec) 

Fig. 5.2 Time-of-flight mass spectrum of AmBnH*" cluster species, A = HCN, B = 
NH3, 1 < m < 4 and 1 < n < 7, produced by laser ablation of graphite in presence of 
NH3 seeded in helium (NHs/He ~ 0.2). To guide the eye, the prominent peaks 
containing HQ^ monomer and dimer are connected by dashed and dotted lines 
respectively. Ammonia related peaks common with Fig. 5.1 are denoted by asterisk. 
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The peak at 27 u is assigned to the KCH^ species, the series of peaks at 45, 62, 79, 

96 u and so on, representing successive addition of up to 7 NH3 molecules to HCN, 

corresponding to the series (HCN)(NH3)nH*. Ammonia attachment to HCN is 

indeed not surprising, since such adducts are observed from a jet-cooled admixture 

[12,13]. The peaks corresponding to n = 2, 3 and 4 exhibit relatively high intensity. 

The other prominent mass series observed is 72, 89, 106, 123 u and so on, 

corresponding to (HCN)2(NH3)nH* where n = 1 to 6. Here, the prominent peak is 

one with n = 3. In addition to these two series, we also observe the 

(HCN)3(NH3)nH^ and (HCN)4(NH3)nH'' series, albeit with lower intensity. 

Smalley et al. [4] reacted cafbon vapor with ammonia seeded in helium and 

reported the formation of HCsH, HC7N, HCioH and HC9N cyanopolyynes appearing 

as satellite features to the carbon peaks. This is not, however, the case under the 

experimental conditions employed in the present study. The low-intensity peaks 

corresponding to (HCN)3(NH3)H'" (mass, 99 u) and (HCN)2(NH3)4H* (mass, 123 u) 

could, in principle, be assigned to HC7N and HC9N respectively, but we do not see 

evidence for other related species in the spectrum. Similarly, it can be argued that 

the main products in Fig. 5.2 cannot result from water-attached species. The 

assignments are also substantiated by the systematics observed in the mass spectra. 

It appears that the formation of HCN involves the mechanism given by Eq. 5.1. 

The relative populations of the various species with m = 1 and 2, and n up 

to 6 vary with the NHs/He ratio (see Fig. 5.3). The populations reach maximum 

values at a NHa/He ratio o f - 0.2. It appears that cluster formation is suppressed at 

low concentrations of NH3 (NHs/He < 0.2) primarily due to the dilution effect, 

while there is a gradual decay due to decreased thermalization in the presence of 

excess NH3. In the laser-off experiments, the intensities of ammonia clusters were 

also highest when the NHs/He ratio was ~ 0.2, thereby confirming optimal cooling 
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at this ratio. We notice from Fig. 5.3a thaffor the (HCN)i(NH3)nH^ species, the 

population is particularly high for n = 3 and 4, and lowest for n = 1. Figure 5.3b 

shows similar plots for the (HCN)2(NH3)nir*" species. Thus, species with m = 1, n 

= 3, 4 and with m = 2, n = 3 or in general those with n+m close to 5, exhibit 

higher intensities suggesting a greater stability. 

5.4 Gaussian calculations 

We have performed RHF/6-31G(d) level calculations using the GAUSSIAN 

98W [21] package for the medium sized systems, (HCN)m(NH3)nH'' (m = 1, 2 and n 

up to 4) and (NH3)nH"̂  (n up to 5). Our results on the (NH3)nH'*̂  species corroborate 

well with those of Kassab et al. [22] who used the RHF method with 4-31G+3S 

basis set. Calculations on (HCN)n,(NH3)nH'̂  species were performed starting with an 

input geometry where a N H / ion is centrally located and surrounded by HCN and 

NH3 molecules. Given the nature of the molecules present in the coordination shell 

of the N H / ion, both the proton affinity and dipolar forces are expected to come 

into play [15]. The proton affinity of NH3 is 854 kJ/mole while that of HCN is 

somewhat lower, 717 kJ/mole. On the other hand, the dipole moment of HCN is 

much higher (3.2 Debye) compared to that of NH3 (1.77 Debye). 

The optimized geometries and energies of some of the initial members of 

the (HCN)ni(NH3)nH'*' species are shown in Fig. 5.4 and those for (NH3)nH'̂  species 

in Fig. 5.5. The geometry-optimized structure for (HCN)(NH3)H'^ gives an 

intermolecular H—N hydrogen bond distance of 1.88 A and an angle of 179.9", as 

shown in Fig. 5.4a. The complexation energy of the cluster species was estimated 

to be 20.6 kcal/mole, by subtracting its total energy from the sum-total of energies 

of the N H / ion and the HCN molecule, as given by equation (5.2) 
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Cluster Optimized H-bond Total 
Composition structure angles Energy, E (A.U.) 

Z 1 = 179.9= 

Z 1 = 177.5° 

Z 2 = 179.9° 

Z 1 = 179.0° 

Z 2 = 179.0° 

Z 3 = 178.0° 

Z 1 = 179.2° 

Z 2 = 179.2° 

Z 3 = 179.2° 

Z 4 = 180.0° 

-149.44 

•205.66 

•261.87 

-318.08 

(e)2 •354.76 
Z 1 = 179.0° 

Z 2 = 178.0° 

Z 3 = 178.3° 

Z 4 = 178.1° 

Fig. 5.4 Optimized geometric parameters for five of the (HCN)^(NH3)nH* species 
obtained at RHF/6-31 G(d) level of theory using Gaussian 98 W. Bond lengths are reported 
in angstroms, angles in degrees and total energies in atomic units (1 A. U. = 627.51 
kcal/mole). 
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Optimized 
Cluster species structure 

(a) (NH,r 

H-bond Total 
angles Energy, E (A.U.) 

Z 1 = 109.5° -56.53 

( b ) (NH,r(NH3) 1.76 Z 1 = 179.9° •112.76 

(C) (NH,r(NH3)2 rW.85 

^ ' r Z 1 = 178.9° 

( d ) (NH4r(NH3)3 ^ 1 . 9 3 ^ 

sSo 

< ^ 

( e ) (NH4r(NH3), 

^ 

^ 

§> 
Z 1 = 180.0° 

•168.97 

Z 1 = 180.0° -225.19 

-281.39 

Fig. 5.5 Geometry optimized structures of five of the (NH3)j,H^ species obtained at 
RHF/6-31 G(d) level of theory using Gaussian 98W. Bond lengths are reported in 
angstroms, angles in degrees and total energies in atomic units. 
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Econip [HCN(NH3)H^] = Eto, [ ( N H 3 ) H T + £„( [HCN] - Ê t̂ rHCN(NH3)H"] (5.2) 

Mayer [23] has reported a complexation energy value of 20.3 kcal/mole 

based on the (MP2/6-3I+G(d)) method. The corresponding energy for the 

(NH3)2H* species (Fig. 5.5b) is somewhat higher (26.3 kcal/mole). 

In (HCN)(NH3)2H'' (Fig. 5.4b), the N-H...N hydrogen bond along HCN 

deviates considerably from linearity (177.5°) and the bond distance increases to 

1.97 A as against 1.88 A in (HCN)(NH3)ir (Fig. 5.4a). The H - N distance along 

the NH3 molecule has a more favorable value of 1.82 A, owing to its relatively 

higher proton affinity. The incremental complexation energy of this species, 

obtained by subtracting its total energy from the total energy of the (HCN)(NH3)H'^ 

species and NH3 molecule, is 22.0 kcal/mole. This energy is comparable to the 

corresponding value for (NH3)3H^ (21 kcal/mole) (Fig. 5.5c). In (HCN)(NH3)3H'" 

(Fig. 5.4c), the N H / ion is solvated by HCN on one H-bonding site and by two 

NH3 molecules on the other two H-bonding sites resulting in further relaxation of 

the solvent shell. The incremental complexation energy in this case is 18.1 

kcal/mole which is slightly higher compared to that in (NH3)4H'̂  (17.2 kcal/mole) 

(Fig. 5.5d). 

With the addition of the fourth NH3, the first solvation shell of the NH4'̂  ion 

becomes complete (Fig. 5.4d). The H-bonds between N H / ion and the NH3 

molecules further increase to 1.96 A and so does the distance involving HCN (2.11 

A) and are quite linear. Its incremental complexation energy is found to be 15 

kcal/mole, which may be compared with that of the (NH3)5H'̂  species (14.'4 

• 1 . - . 

kcal/mole) (Fig. 5.5e). The completion of the solvation shell around NH/explains 

the high intensity observed for this species in the mass spectrum (Fig. 5.2). 
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It is interesting to examine how the presence of the HCN molecule in the 

solvation shell of N H / influences the complexation energy of the system. In Fig. 

5.6, we have plotted the incremental complexation energy due to added NH3 for 

both (HCN)(NH3)nH'^ and (NH3)nH'̂  species. For the sake of comparison, we have 

shown the values obtained by Kassab et al. [22] for (NH3)nH^. The (NHs)^!!'^ 

system, in both cases, shows a monotonic decrease in the incremental complexation 

energy with the successive additions of NH3 molecules to NU^^iNRz). 

35-, 

35 n 

30-
Q) 

T3 
•o 

1^25 

I 20H 

Q. 

E 

8 15-

2 

Fig. 5.6 The variation in the average complexation energy per NH3 with the number of 
molecules, nc, present in the solvent shell of NH/ . Circles represent (NH3)nH^ species 
(n=2 to 5) and squares, the (HCN)(NH3)nlf' species (n=l to 4). The crossed square 
stands for HCN in the first coordination site. The pure ammonia species have been 
optimized using the same mettiod. The values obtained by Kassab et al [22] are shown 
(filled circles) for the sake of comparison. Inset shows experimentally measured 
enthalpy values for (NH3)nH+: uptriangles, [24]; downtriangles, [25]. 
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This stepwise decrease has been explained as due to increased charge dispersion 

and dielectric shielding in high nuclearity clusters [22]. We have also compared the 

values with the corresponding experimentally measured enthalpies, AH° [24, 25] 

(see inset of Fig. 5.6), to demonstrate similar trends as the calculated values. The 

energy required to complex a HCN molecule with the N H / ion is much lower (20.6 

kcal/mole) than that in the case of an NH3 molecule (26.3 kcal/mole), primarily due 

to the lower proton affinity of the former. Interestingly, the complexation energy 

increases to 22.2 kcal/mole with the addition of an NH3 molecule to (HCN)(NH3)H^ 

(at the second site of NH4'̂ ). Such an increase could be related to weaker dielectric 

shielding in the presence of the HCN molecule. With further additions of NH3, the 

energy follows a similar trend as that of the pure ammonia system. The 

(HCN)n(NH3)mH^ species being more polarized, the stabilization energies are also 

somewhat higher ('-1.7 kcal/mole). Thus, it is clear that the solvent preference of 

ammonium ion changes as the cluster size increases, just as in water-amine ion 

clusters [26]. 

In Fig. 5.4e, we have shown the optimized structure of (HCN)2(NH3)3H^ as 

an example of the cluster species containing two HCN molecules. Here, the N H / 

ion is solvated by two HCN molecules and two NH3 molecules, on the four 

available H-bonding sites. The solvent shell being complete, its mass peak is 

associated with a high intensity (Fig. 5.2). The proton affinity of NH3 molecules 

being greater than that of HCN, the NH3 molecules get closer to the central N H / 

ion with H-bond distances of 1.94 A (angle, -180") than the HCN molecules (2.09 

A and 2.10 A). The incremental complexation energy that results following the 

addition of HCN to (HCN)i(NH3)3H"' is 9.4 kcal/mole. It is to be noted that the 

complexation energies of the two magic nuclearity clusters differ by about 5.6 
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kcal/mole indicating that (HCN)2(NH3)3H'̂  is slightly more stabilized than 

(HCN),(NH3)4r. 

5.5 Conclusions 

We have examined the reaction products formed by interaction of carbon 

vapor generated by laser ablation of graphite with NH3 seeded in He. The presence 

of even a small concentration of ammonia (~1%), inhibits the formation of carbon 

clusters and leads to the formation of cluster species of the type (HCN)m(NH3)„H'̂  

along with the (NHs)̂ !!'̂  clusters. The populations of these products reach 

maximum values for a NHs/He ratio of ~ 0.2 implying that there is a balance 

between the adiabatic cooling provided by helium and the reactivity of ammonia. 

The cluster species with n+m ~ 5, corresponding to fully coordinated NH/ ions, are 

the most preponderant species as one would expect intuitively. Ab-initio molecular 

orbital calculations show that the complexation energy afforded by addition of each 

NH3 to the HCN-NH/ cluster decreases after the first addition. 
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Chapter 6 

6. Reactive laser ablation of oxides of group 13 and 14 
elements in N2 / NH3 seeded in He 

SUMMARY 

Reactive laser ablation of oxides of group 13 elements, B2O3, AI2O3 and 

Ga203 and of group 14 elements, Si02 and Ge02, in pure form as well as in mixture 

with carbon, has been carried out in the presence of nitrogen or ammonia in a pulsed 

supersonic jet of helium. The product species have been analyzed using time-of-

flight mass spectrometry. Nitridic species such as Si2Ny* (y < 5) and GeNy"*" (y < 4) 

are formed in nitrogen while B̂ Ny"̂  (x < 2 and y ^ 4) and GaN* species require the 

presence of carbon as well. Oxynitride species predominate in the presence of NH3 

in the case of B, Al and Ge but the nitride species are prominent in the case of Si. 

Interestingly, in the presence of both carbon and NH3 (or N2), nitride species 

dominate in the case of Ga. With AI2O3, A10>r is the abundant species under all the 

reaction conditions studied. B2O3, Si02 and Ge02 form carbidic species on reaction 

with carbon in presence of helium jet. 
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6.1 Introduction 

Nitrides of group 13 elements such as B, AI and Ga are all, important 

materials, of technological interest. Thus, BN, which has a layered structure like 

graphite, has many attributes - a lubricant, a hard material and a good dielectric [1], 

while AIN and GaN, particularly the latter, are important electronic materials. It is 

noteworthy that GaN is a wide-gap semiconductor, which finds immense use in 

producing a variety of lasers and is likely to be used in spintronics and power 

transistors [2]. Similarly, nitrides of group 14 elements such as C and Si are being 

investigated widely for potential applications. Several workers have recently 

synthesized nitrides of group 13 and 14 elements especially in the form of 

nanowires or nanotubes. An important commonality in the method of synthesis 

employed for most of these nitrides is the use of oxide precursors. Thus, boron 

nitride has been synthesized by the reaction of boric oxide (B2O3) with ammonia or 

nitrogen in the presence of carbon [3,4]. Similarly, AIN can be prepared using oxide 

precursors in the presence of ammonia [5] while GaN is produced from gallium sub­

oxide (GaOx) obtained by reacting Ga203 with ammonia [6,7]. Silicon oxynitride 

(Si2N20) and Si3N4 are obtained by the reaction of Si02 or silicon sub-oxide (SiOx) 

with ammonia or nitrogen [8,9]. These reactions are all facilitated by the presence 

of carbon. It is therefore of interest to find out the mechanism of formation of 

nitrides, oxynitrides and carbonitrides by the reaction of the corresponding oxides 

with nitrogen or ammonia. Also of interest is to understand the reactions of the 

oxides in the presence of carbon. In other words, the pertinent question to be 

answered is whether nitridic or oxynitridic species of the various metals are formed 

in the vapor phase on the reaction of the metal oxides with nitrogen or ammonia 

while carbon may be present or absent along with the oxide. 
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Laser ablation is an effective way to bring about reactions involving 

refractory materials [10]. It has been employed to form nitridic species of group 13 

elements such as boron [11], aluminum [12] and gallium [13] as well as of group 14 

elements such as silicon [14] and germanium, in the presence of ammonia or 

nitrogen. Carbidic species of boron [15] and silicon [16] have also been obtained by 

ablating the elements in the presence of carbon or methane. We have carried out 

reactive laser ablation of the powders of the oxides of group 13 elements, namely 

B2O3, AI2O3 and Ga203 and of group 14 elements, SiOz and Ge02 in the presence of 

nitrogen or ammonia in a pulsed helium supersonic jet. We have also performed.a 

series of experiments wherein an intimate mixture of the oxides with carbon is made 

to react with nitrogen or ammonia and have analyzed the reaction products by time-

of-flight mass spectrometry. 

6.2 Experimental 

Boric oxide (B2O3), alumina (AI2O3 activated, a-form), gallium oxide (Ga203) 

and germanium oxide (Ge02) were procured from Aldrich (purity > 99.5%) and 

amorphous silica (Si02) was prepared in the laboratory by the hydrolysis of 

tetraethylorthosilicate (TEOS). Nitrogen, ammonia and helium of high purity 

(99.999%) were used for the experiment. The reactant gas, nitrogen or ammonia was 

introduced into the sample cell along with carrier gas He (99.999%) through the 

pulsed supersonic valve, at a total back-pr6ssure of ~ 3 atmospheres (see schematic 

in Fig. 6.1). A laser-traced spiral groove on a stainless steel target rod was first 

machined to a depth of 0.3 mm with 0.7 mm pitch. The oxide powder sample was 

ground and mixed with distilled water to form a thin paste which was filled ;intOi the 

groove. This way, the vaporization laser was incident only on the powder-filled 
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Stepper 
Motor Vaporization 

Oxide 
Powder Diffusion 

Pump 
Fig, 6.1 A schematic of the reactive laser ablation experimental set-up. 

groove. To perform the ablation of the oxide powder in presence of graphite, a 

grooved graphite rod was machined in a similar fashion and the powder sample was 

painted onto it. Once loaded, the sample lasted for about 7 minutes during ablation. 

The power of the vaporization laser was ~ 100 mJ/pulse. The delay of the laser with 

respect to the peak of the current pulse driving the pulsed valve spring was typically 

90[isec. 

6.3 Results and discussion 

Interaction of nitrogen with B2O3, AI2O3 and GozOs 

The TOF mass spectra obtained during the reactive ablation of B2O3, AI2O3 

and Ga203 in N2 are shown in Fig. 6.2. Ablation of B2O3 in presence of supersonic 

jet of N2 in helium results in mass peaks at 98 and 196 u (Fig. 6.2a), which are 

assignable to species of the type (B203)N2'̂  and (B203)2N4'*', respectively. 
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Fig, 6,2 Time-of-flight mass spectra of the cluster species obtained by laser ablating group 
13 oxides in N2-He mixture, (a) B2O3, (b) AI2O3 and (c) GaiOs. 
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These species correspond to the most abundant boron isotope (B, 1 lu). Thus, boric 

oxide does not seem to dissociate in the presence of nitrogen, instead,(vforms 

molecular adducts with it. We find that the relative populations of these species are 

about a tenth of the parent B2O3 species. The mass spectrum obtained by ablating 

AI2O3 in the presence of nitrogen (Fig. 6.2b) shows peaks at 55, 57, 71 and 73 u, 

which are assigned to AIN2*, A10>r, A10N2'̂  and A102N'̂  species, respectively. The 

AlON* species exhibits the highest intensity with its relative abundance being about 

6% with respect to the AlO"*" species. Gallium oxide under similar conditions is not 

veryi reactive and produces a spectrum (Fig.6.2c) with peaks of smaller intensities 

(abundance ~ 2% with respect to Ga* species). These are assigned to GaO"̂  (85 u), 

GaN2'*' (97 u) and GaON2* (113 u), the species corresponding to the most abundant 

gallium isotope (Ga, 69 u). Dimers of the two isotopes of Ga are seen at 138 and 

142 u, respectively. We observe that for AI2O3 and Ga203, the dissociated metal and 

metal oxide species attach to N2 or N, while B2O3 attaches molecularly to N2 or N4. 

However, N attachment directly to the metal species does not occur and accordingly 

BN"̂ , AIN"̂  and GaN^ are not observed. Thus, oxides of group 13 elements exhibit 

varying reactivity when ablated in the presence of nitrogen. 

Interaction of ammonia with B2O3, AljOs and GaiOs 

The ablation of group 13 oxides was also carried out in the presence of a 

supersonic jet of NH3 in helium (Fig. 6.3). The reactive ablation of B2O3 produces 

mass peaks at 63, 65 and 71 u which are assignable to B30N'^, B302'̂  and B203H'^, 

respectively (Fig. 6.3a), with the first species having the highest population of 58% 

with respect to the B"̂  peak. It is clear that B2O3 seems to dissociate partially in the 

presence of ammonia. The mass spectrum in the case of AI2O3 (Fig. 6.3b) gives 

peaks at 57 and 114 u corresponding to AlON"̂  and Al202N2'̂  with nearly equal 
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populations, ~ 4% with respect to AlO"*̂ , The oxynitride species found here are 

similar to those seen during the ablation of AI2O3 with N2 (Fig. 6.2b). In the case of 

reactive ablation of Ga203 (Fig. 6.3c), many intense mass peaks are seen which are 

assigned to species belonging to two different mass series, Ga(NH3)n* (beginning at 

86 u, n upto 5) and Ga2(NH3)n'̂  (beginning at 155 u, n upto 6), the highest 

abundance being found for Ga(NH3)5* and Ga2(NH3)'̂ . Thus, GazOs seems to reduce 

completely in the presence of NH3 to produce Ga metal, which in turn forms 

molecular adducts. 

Interaction ofNi and NH3 with B2O3, AI2O3 and Ga203 in the presence ofC 

.Mass spectra were also obtained in the case of reactive ablation of the group 

13 oxides supported on carbon, in an atmosphere of nitrogen (Fig. 6.4). In the 

presence of carbon, B2O3 produces nitridic species such as BN"̂  (25 u), BN2^ (39 u), 

BNa^ (53 u), B2N3"' (64 u) and B2N4'' (78 u) (Fig. 6.4a), in contrast to molecular 

adducts in the absence of carbon (see Fig. 6.2a). Among these, BN* and BN2'̂  have 

appreciable intensities of 57% and 127%, respectively, with respect to B"̂  species. 

These observations may be compared with BN3 and B2N species obtained by the 

laser ablation of boron nitride rod in argon stream and also from elemental boron 

condensed in an Ar/N2 atmosphere [11]. Interestingly, B2O3 and carbon (in absence 

of nitrogen) produce carbidic species, BC" (23 u), (BC)2'̂  (46 u) and (BQs"*" (69 u) 

(see inset of Fig. 6.4a), along with Cn̂  species. Here, (BC)3'̂  is quite predominant. 

Similar species are known from laser ablation experiments on pressed pellets of 

boron-graphite mixture [15]. When the B2O3/C reaction was carried out in the 

presence of ammonia, no reactivity was observed and consequently only peaks 

corresponding to Cn* species were prominent. In the case of ablation of AI2O3 with 

carbon in nitrogen atmosphere, mass peaks at 51, 53, 55, 57 and 71 u corresponding 
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Fig. 6.4 Time-of-flight mass spectra of the cluster species obtained by laser ablating group 13 
oxides in the presence of carbon and N2-He mixture, (a) B2O3, (b) AI2O3 and (c) Ga203. Mset 
of (a) shows the product peaks from reaction of B2O3 and carbon. Inset of (c) shows the 
product species from the reaction of GajOa + C + NH3. Cj,̂  species are also seen alongside with 
other peaks. 
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to AlCz^ AICIST, A1N2 ,̂ AlON^ and AlONj^ respectively, are observed (Fig. 6.4b). 

The A10>r peak has the. highest intensity with a relative abundance of 6% with 

respect to AlO* species. AlCN* and A10N2'̂  have relatively smaller intensities of 

about 2%. It has been reported that AIN2 along with AI2N, AI2N2, AIN3 and AI3N 

species form, when laser ablated Al atoms are co-deposited with pure N2 in an argon 

atmosphere [12]. Similar peaks are observed when ammonia is used instead of 

nitrogen in the above reaction. Likewise, the ablation of GaaOs supported on carbon 

in the presence of nitrogen (Fig. 6.4c), gives small mass peaks assignable to GaN"̂  

and''GaN2'* .̂ However, Ga>r is formed with a substantial intensity (~ 17% with 

respect to Ga"̂ ) in ammonia atmosphere (see inset of Fig. 6.4c). It may be recalled 

that GaN films have been reported to form by reactive ablation of liquid Ga metal in 

ammonia [13]. 

Laser ablation of the oxides results in their dissociation in spite of high 

lattice energies. However, the dissociated products (the metal and the various sub-

oxidic species) may recombine before reaching the detector, depending on their 

respective reactivity with carbon, oxygen, nitrogen or ammonia, as the case may be. 

In the case of B2O3 (Fig. 6.2a), the dissociated boron is highly reactive to oxidizing 

agents at high temperatures [17]. It readily recombines with oxygen to form 6203"^, 

which is its most stable oxidic species. In the presence of Nj, it gives rise to adducts 

of the form (B203)N2^ and (B203)2N4'*". In the case of AI2O3 and Ga203, the tendency 

to recombine is less due to their diminishing reactivity with oxygen, especially in 

the case of Ga (see Fig. 6.2b and 6.2c). Accordingly, the metal (Al and Ga) and the 

suboxides (AlO and GaO) react with N2 or N. However, pure AIN or GaN species 

are not formed. Ammonia, which is more reactive than N2, is partially able to reduce 

B2O3 and AI2O3, giving oxynitride species. The reduction is more facile in the case 

of GajOs, and as a result, adducts of the form Ga(NH3)/ and Ga2(NH3)n"̂  are 
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formed. In the presence of carbon, B2O3 has a higher tendency to react to produce 

(BC)n^ species. This is in tune with the known stable boron carbide compounds 

formed in the bulk phase. Carbon has a somewhat different effect in the case of 

AI2O3 and Ga203 in that the respective carbides are not formed. In the case of 

AI2O3, AlON^ is the most prominent species in both N2 and NH3 atmosphere. For 

GajOs, the formation of pure Ga>r species is promoted in both N2 and NH3 

atmospheres as oxygen gets driven away in the form of CO or CO2. In ammonia 

atmosphere, carbon is not able to bring much reactivity between ammonia and the 

metal because of its own reaction with the former. Graphite ablation in the presence 

of ammonia produces adducts of HCN attached to various ammonia clusters as 

discussed in section 5.3. 

Interaction of nitrogen with Si02 and Ge02 

The mass spectra in Fig. 6.5 show the reactivity pattern of Si02 and Ge02 in 

nitrogen atmosphere. In the case of Si02 (Fig. 6.5a), we see mass peaks at 70, 71, 

85, 99, 113 and 127 u which are assigned to SizH^, SiaNH"", Si2N2H^ SisNsH^, 

Si2N4H'̂  and Si2N5H^, respectively. Si2>r and Si2NH'̂  peaks have relatively high 

intensity, ~ 45% and 32% of 812̂  species respectively. The H attachment may arise 

from the ambient in the cluster apparatus. Si2N species is also known to form during 

pulsed laser ablation of Si rod subjected to NO2 and N2O [14] as well as from laser 

ablation of Si3N4 [18]. There is some degeneracy in the mass assignments for these 

peaks, for instance Si2N2H'̂  and Si2N4H'̂  could also be assigned to SiaH"̂  and Si4H'̂ . 

However, the presence of Si3 and Si4 seems unlikely as they are not observed when 

Si02 is ablated in pure helium. The mass spectrum of Ge02 under similar reaction 

conditions, is shown in Fig. 6.5b. Germanium has several isotopes of approximately 

equal abundance. We observe that various isotopes of Ge attach to Nx giving rise to 
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Fig. 6.5 Time-of-flight mass spectra of the cluster species obtained by laser ablating group 
14 oxides in N2-He mixture, (a) Si02' and (b) GeOa. The it' attachment to some species 
comes from the ambient in the mass spectrum. 
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several low intensity mass peaks of GeN^, GeN2^, GeNa"̂  and GeN4^. Various 

isotopic species put together, the intensity of GeN* is comparable to that of Ge"̂ . 

Interaction of ammonia with Si02 and Ge02 

Figure 6.6 shows the mass spectra obtained when the ablation of Si02 and 

Ge02 was carried out in the presence of NH3. Reactive ablation of Si02 (Fig. 6.6a) 

shows similar species as in Fig. 6.5a with 8121^ being the strongest peak (~ 32% of 

Si2'̂ ). Surprisingly, in the case of Ge02 (Fig. 6.6b) we observe oxy-nitridic species 

of the different Ge isotopes, Ge02N^ at 116, 118 and 120 u respectively with nearly 

half the intensity of Ge"*". The Ge02N'^ peaks may alternatively be also assigned to 

different isotopic oxynitride species (GeON2^). 

Catenation is an important property of group 14 elements. The tendency to 

cluster with itself decreases down the group (C » Si > Ge). This may be related to 

their bond energies, Ge-Ge = 188 kJ/mol, Si-Si = 210-250 kj/mol, C-C = 356 

kJ/mol [19]. In the case of silicon, therefore, the formation of the dimer is favored, 

which in turn reacts with the nitrogen species to give rise to Si2Nx type of species. 

Similar nitridic species are formed in the presence of NH3 as well. On the other 

hand, Ge has a relatively lesser tendency to cluster with itself and as a result, 

monomeric Ge forms various oxynitridic species. 

Interaction ofNi and NH^ with Si02 and Ge02 in presence of carbon 

Under similar conditions, Si02 and Ge02 powders were also ablated in the 

presence of carbon (Fig. 6.7). The reactive ablation of Si02, even in the presence of 

carbon (Fig. 6.7a), gives similar products as in Fig. 6.5a and 6.6a, though the 

intensities of Si2N2ir, SisNaH" and SizNsH^ are, in this case, comparable to that of 

SisNH" .̂ However, we have observed that its reactivity with NH3 is completely 
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jisec 
Fig. 6.6 Time-of-flight mass spectra of the cluster species obtained by laser 
ablating group 14 oxides in NHa-He mixture, (a) Si02 and (b) GeOz. 
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suppressed in presence of carbon (similar to the case of B2O3). In case of Ge02, the 

mass spectrum shows peaks with small intensities assignable to GeON" ,̂ GeCjN*, 

GeON2*, GeC2N2"̂  and Ge2N2'*̂  (abundance ~ 3%). The presence of carbon during 

reactive ablation with Nj does not seem to enhance the formation of GeN instead 

GeCxNy"̂  or GeONy*̂  type species are formed along with carbon clusters. A similar 
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Fig. 6.7 Time-of-fiight mass spectra of the cluster species obtained by the laser 
ablation of Si02 in the presence of carbon and N2-He mixture. 

trend was observed with NH3 as well. It is interesting to'note that in the absence of 

N2 or NH3 in He, carbidic species are observed in both cases, though with very 

small intensities. Laser ablation of SiC has been reported to produce SinCm^ clusters 

(n= 1-3 a n d m = 1-2) [20]. 

It is well known that Si-C bonds are strong (Si-C = 250-335 kJ/mol) and are 

readily formed in bulk phase to produce the hard material. Thus, carbon is able to 
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react effectively at such high temperatures, as shown by the prominent carbidic 

species of silicon and germanium. Carrying out the reactive ablation of Si02 with 

N2, in the presence of carbon does not enhance its reactivity. With NH3, the 

reactivity of Si02 gets completely suppressed. A similar behavior is observed with 

B2O3 (see above). In the case of the ablation of Ge02 in the presence of N2 and NH3, 

the transient CN and ON species react with GeO fragment to give rise to GeCN^ and 

GeON* species. 

6.4 Conclusions 

We have carried out laser ablation of the group 13 metal oxides, B2O3, 

AI2O3 and Ga203 and of the group 14 metal oxides, Si02 and Ge02, in nitrogen as 

well as ammonia atmospheres in a pulsed supersonic jet. The resulting product 

species have been mass analyzed using a time-of-flight mass spectrometer. Another 

set of reactive ablations have been performed after mixing the oxides with carbon. 

Table 1 lists all the product species obtained under the different reaction conditions. 

B2O3 produces nitridic species in nitrogen when mixed with carbon, otherwise only 

molecular adducts are seen. With ammonia, however, it has limited reactivity. In 

contrast, AI2O3 and Ga203 exhibit rich reactivity patterns giving rise to nitridic as 

well as oxynitridic species. Interestingly, Ga203 forms molecular adducts with NH3, 

while in the presence of carbon, it produces GaN^ both in nitrogen and ammonia 

atmosphere. In the case of the group 14 oxides. Si tends to cluster into dimeric 

species, which react with ammonia and nitrogen giving protonated nitridic species 

while GeOi produces oxjTiitridic species along with nitridic species. It is 

noteworthy that the presence of carbon in the reaction mixture is essential to the 
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formation of nitridic species of both boron and gallium, a situation much similar to 

the synthesis of their nanostructures [3,6]. 

Table 2 gives the essential summary of the work where only the most 

abundant species are denoted. 

Thus, the observation of the formation of nitrides or oxynitrides in the vapor 

phase is illustrated by the following vapor-solid reaction mechanism 

MO, (g) +^N, (g) H.MO,Ny (g),MN, (g) 

MO, (g) +xC(g) + ^ N 2 (g) ->MN,(g) +xCO(g) 
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Table 2 Most abundant species 

^:i N2 NH3 C + N2 

B2O3 BON BON BN 

AI2O3 AlON AlON AION 

Ga203 GaN, GaON Ga.NHs GaN 

S i 0 2 SiN SiN .SiN 

G e 0 2 *2eN GeON GeN,GeON 
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Chapter 7 

7- Preliminary investigations of the laser ablation of M0S2 
and M0S3 

SUMMARY 

A preliminary study has been carried out on the products obtained by laser 

ablation of M0S2 and M0S3 by employing transmission electron microscopy. Laser 

ablation for M0S2 was carried out in an atmosphere of jet-cooled helium as well as 

in a solvent medium. Inorganic fuUerene-like structures of M0S2 were obtained 

when the laser ablation of M0S2 was carried out in a solvent medium such as CS2. 

M0S3 formed inorganic fuUerene-like structures of M0S2 when the ablation was 

performed in t-butyl disulphide medium. Laser ablation of other layered compounds 

such as WS2 and h-BN has also been carried out in a solvent medium. 
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7.1 Introduction 

Among several different physical and chemical methods available for the 

production of clusters or nanoparticles in gas-phase or in solution, the use of lasers 

to deposit nanocrystalline assembled films on substrates [1] or to ablate metal strips 

immersed in a solution having a capping agent [2] has drawn some attention, lately. 
Ih^)' 

(ThelLaser plays a role in altering the size distribution of the clusters formed in^^gas-

phase as well as the sizes of the nanocrystalline sols. In the case of the gas-phase 

clusters, not only the laser fluence, but also the back-pressure of the carrier gas and 

the position, temperature and potential at which the substrate is kept, also play a 

vital role in the formation of the deposited nanocrystalline films. For the 

nanoparticles formed in solution, the laser power and the nature of the solvent 

medium are important. However, the mechanism of formation of nanoparticles by 

laser ablation in solution is yet to be well understood [3]. 

Graphite, which is a layered material, can form closed-cage structures such 

as fuUerenes, nanotubes and onions on electron beam irradiation of graphite 

nanoparticles, has been known [4]. It was proposed that materials with quasi-two 

dimensional character have a large fraction of their atoms (in the plane 

perpendicular to the basal plane) with unsatisfied dangling bonds and thus are 

unstable in the planar structure. Hence, they form hollow-cage nanostructures that 

are devoid of dangling bonds [5]. Thus, it became of interest to find if other layered 

materials would also form similar closed-cage structures as graphite. Towards this^end,, 

several layered materials such as metal dichalcogenides (MX2, M = W or Mo and X 

= S or Se) and hexagonal boron nitride (h-BN) have been investigated for the 

formation of nested inorganic fullerenes (IFs). Inorganic fullerenes of M0S2 and 
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WS2 find important application as solid lubricants, used to reduce the friction and 

wear of metal surfaces under heavy load. 

Encapsulated polyhedral particles of boron nitride have been prepared by. 

heating hexagonal-boron nitride in the presence of a metal catalyst such as tantalum 

in a nitrogen atmosphere [6]. Tenne and co-workers [7,8] prepared inorganic 

fuUerenes of M0S2 and WS2 by heating thin metal films of Mo and W in an 

atmosphere of hydrogen sulphide. M0S2 and WS2 IFs have also been produced by 

heating the oxides of molybdenum (M0O3) and tungsten (WO3) in H2S atmosphere 

[9]. Recently, encapsulated and hollow closed-cage structures of WS2 and M0S2 

were prepared by laser ablation of the corresponding layered structures in an argon 
ân'j 

atmosphere in.electric furnace heated to different temperatures [10]. 

We have carried out a preliminary study of the laser ablation of M0S2 in an 

atmosphere of pulsed jet-cooled helium as well as of M0S2 and M0S3 in a solvent 

medium supplying excess sulphur. Laser ablation of WS2 and h-BN were also 

attempted in a solvent medium. 

7.2 Experimental 

M0S2 and WS2 were prepared by decomposing ammonium thiomolybdate 
> 

and ammonium thiotungstate around 800 °C in flowing hydrogen [11]. Powder x-

ray diffi*action (XRD) patterns were recorded using a Siemens Seifert 3000 XRD, 

employing Cu Ka radiation. The XRD of final product confirmed the formation of 

the hexagonal phase of M0S2 and WS2. Hexagonal-BN was commercially procured. 

M0S2 was mounted on a grooved rod as described in section 6.1 and placed 

in front of the mouth of the pulsed supersonic valve emitting short pulses (60-100 

l̂ s) of cooled helium. The gas-phase clusters, thus formed by the mixing of the 
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ablation products and jet-cooled helium, were deposited on glass substrates placed 

at -3 cm from the ablation zone (before the skimmer) and at ~10 cm from the 

ablation zone (after the skimmer). The deposited films were examined by XRD to 

confirm the phase of the reactant material formed. A portion of the film was scraped 

and dispersed in methanol and sonicated for a minute. A drop of this suspension was 

placed on a holey carbon coated Cu grid and analyzed by Transmission electron 

microscopy (JEOL-3010 TEM), operating at 300 KV. Q-switched output of 532 nm 

of Nd-YAG laser was used for ablation with laser power varying in the range of 10-

70 mJ/puIse. 

For performing the laser ablation of M0S2 in solution, M0S2 powder was 

sonicated in the solvent in a 5 ml beaker. The solvents used were carbon disulphide 

(CS2) and tert-butyl disulphide (TBS). The beaker, containing the powder and the 

solvent, was placed in the laser beam path (aperture ~ 5mm) such that the laser 

beam was scattered within the solution portion, inside the beaker (see schematic in 

Fig. 7.1). 

Nd-YAG 
(532 nm, 10 Hz) 

y^C^^A^ 

Magnetic 
Stirrer 

Sample powder + 
^ Solvent 

^Magnetic pellet 

Fig. 7.1 A schematic of the set-up used for laser ablation in a solvent medium. 

The solution was also continuously stirred using a magnetic stirrer to 

homogeneously expose the entire solution. The ablation was performed for a 

duration of about 30 minutes. The solvent was evaporated after the ablation and the 

ablation products were washed with methanol and a dispersion of the products in 

methanol was placed on the TEM grid for analysis. The same procedure was 

adopted for M0S3 and WS2 powders also. 
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Hexagonal-boron nitride was similarly laser ablated in a medium of aqueous 

ammonia. Another solvent medium consisting of liquor ammonia and 

dimethylamine was also used. 

7.3 Results and discussion 

Laser ablation under jet-cooled Helium 

TEM images of M0S2 nanoparticles obtained when M0S2 is ablated using 

532 nm Nd-YAG of- 70 mJ/pulse in an atmosphere of pulsed jet-cooled helium are 

shown in Fig. 7.2. The helium back-pressure was varied between 8 atms to 2 atms. 

Spherical nanoparticles were observed under TEM with size ranging from 20-110 

nm in diameter when the ablation was carried out with helium back-pressure of 8 

atmospheres (see Fig. 7.2a). Lower helium back-pressure (~2 atms) produced much 

smaller (10-25 nm) spherical nanoparticles (see Fig. 7.2b). Electron diffraction 

pattern obtained on the nanoparticles corresponded to the (103) (d= 2.27 A) and 

(101) (d= 2.67 A) plane of h-MoS2. Thus, higher back-pressure of helium produces 

larger nanoparticles on account of higher cooling, as expected from the principle of 

supersonic expansion [12]. 

- • < j - < v . : / ; 

> ' • * * 

50 -nm 

Fig. 7.2 TEM images of M0S2 nanoparticles obtained with laser power of -70 mJ/pulse 
and helium back-pressure of (a) 8 atms and (b) 2 atms. 
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We, then, studied the effect of the laser energy on the formation of the 

particles. High resolution TEM (HREM) images of nearly spherical M0S2 

nanoparticles obtained by laser ablation with a helium back-pressure of 2 atms using 

different laser power are shown in Fig. 7.3. At a low laser power of 12 mJ/pulse 

(see Fig. 7.3a), M0S2 lattice fringes corresponding to (100) plane, spaced ~ 2.6 A 

apart are seen inside the particle. 

Fig. 7.3 HREM images of M0S2 nanoparticles obtained 
using helium back pressure of 2 atms and laser power of (a) 
~12 mJ/pulse and (b) ~70 mJ/pulse. 
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The image appears to have fringes at the periphery of the particle, suggesting a 

possible IF-structure. Thus, we observe lattice fringes with a spacing of 6.14 A 

corresponding to (002) basal plane of M0S2. On the other hand, with a higher laser 

power of ~70 mJ/pulse (helium back-pressure remaining the same), the M0S2 

nanoparticle tends to break as Mo and S as revealed by the HREM image in Fig. 

7.3b. The inner portion of the nanoparticle reveals Mo lattice fringes spaced at ~ 2.1 

A corresponding to (110) plane of cubic-Mo while the circumference of the 

particles shows discontinuous lattice fringes of ~ 3.1 A corresponding to (401) 

plane of orthorhombic-S. 

«s • 

I f 50 nm. 

Fig. 7.4 TEM images of M0S2 nanoparticles obtained using laser power of ~70 
mJ/pulse and by keeping the substrate at different positions from the ablation zone 
(a) before the skimmer, ~3 cm and (b) after the skimmer, ~ 10 cm. 

The placement of the substrate does not seem to influence the size 

distribution of the ablated products deposited. TEM images of M0S2 nanoparticles 

obtained when the substrate was placed close to the sample cell (~ 3 cm, before the 

skimmer) and far from it (~ 10 cm, after the skimmer) are shown in Fig. 7.4a and b, 

respectively. There seems to be no effect on the size of the nanoparticles obtained in 

either case. 
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Laser ablation under solvent medium 

Laser ablation of M0S2 was carried out in a CS2 medium where M0S2 

powder was dispersed. CS2 was chosen since it provides easy liberation of sulphur 

on account of the covalent nature of the bonds in the molecule. Fig. 7.5 shows the 

TEM images of the M0S2 nanoparticles obtained by carrying out laser ablation in 

CS2 medium using different laser power settings. With a laser power of 

~40mJ/pulse, quasi-spherical nanoparticle of M0S2 of diameter ~ 35 nm are 

obtained as shown in Fig. 7.5a. The image reveals a few discontinuous concentric 

layers of M0S2 around the inner core. As the laser power is increased to ~60 

mJ/pulse, the number of concentric layers of M0S2 in the image increases, with the 

interlayer spacing of 6.3 A (see Fig. 7.5b). Such concentric layers seem to reduce 

with a further increase in the laser power (~ 70 mJ/pulse). From the above variation 

of the laser power, it seems that a power of ~ 60mJ/pulse is optimum for producing 

inorganic fullerene-like nanoparticles of M0S2 by this method. 

The solvent medium was changed to tert-butyl disulphide and the laser 

ablation was carried out at two different laser power settings. Fig. 7.6a and b show 

the TEM images of M0S2 nanoparticles obtained at laser power of ~ 60 and 70 

mJ/pulse, respectively. The size range of the particles increases to 20-80 nm from 

10-40 nm with increase in laser power. The inset in Fig. 7.6a shows a HREM image 

of a quasi-spherical nanoparticle with two concentric layers of M0S2 on its 

periphery. 
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Fig. 7.5 HREM images of M0S2 nanoparticles obtained laser ablation 
in CS2 solvent using laser power of (a) -40 mJ/pulse, (b) -60 mJ/pulse 
and (c) -70 mJ/pulse. 
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Fig. 7.6 TEM images of M0S2 nanoparticles obtained by laser ablation of 
M0S2 in tert-butyl disulphide solvent using laser power of (a) ~60 mJ/pulse 
and (b) ~70mJ/pulse. Inset in (a) shows HREM image of a nanoparticle. 

We performed laser ablation of M0S3, in solvent media of CS2 and t-butyl 

disulphide at varying laser power settings. When M0S3 was laser ablated in CS2, we 

obtained nanoparticles with size range of 5-80 nm. Some nanoparticles revealed 

lattice fringes with spacing of ~ 2.8 A corresponding to (100) plane of M0S2. 

However, no concentric layers of M0S2 were found. On the other hand, laser 
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ablation of M0S3 in a medium of t-butyl disulphide gave many nanoparticles 

showing partial concentric layers of M0S2 on the periphery of the particle, as shown 

in Fig. 7.7. Nanoparticles with diameter of -30 nm showed concentric layers of 

M0S2 with a spacing of 6.14 A (see Fig. 7.7a) while those with larger diameters (60 

nm) showed an expansion in the interlayer spacing (~ 6.32 A) of the concentric 

layers surrounding the core of the nanoparticle (see Fig. 7.7b). 

Fig. 7.7 Laser ablation of M0S3 in t-butyl disulphide using laser power of-60 mJ/pulse 
(a) nanoparticle of diameter - 26 nm (b) nanoparticle of diameter - 70 nm. 

We carried out laser ablation of WS2 in tert-butyl disulphide (TBS) medium 

using a laser power of -60 mJ/pulse for 30 minutes. Subsequent to ablation, we 

evaporated TBS by heating for a couple of minutes to 200 °C. The nanoparticles 

were then dispersed in methanol by sonication and a drop placed on the TEM grid 

for analysis. We observed formation of a self-assembly of closely packed faceted 

particles of sizes around 10-20 nm (see Fig. 7.8a). A zoomed-up region of the 

assembly is shown in Fig. 7.8b, however no high-resolution image was obtained. 

The electron diffraction pattern of particles in Fig. 7.8b points that the particles are 

indeed WSj. 
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Fig. 7.8 TEM images of WS2 nanoparticles obtained by laser ablation in tert-butyl 
disulphide solvent using laser power of -60 mJ/pulse (a) self-assembly of closely 
packed faceted particles and (b) enlarged view of the same. 

Figure 7.9 shows the TEM images of BN nanoparticles obtained when laser 

ablation of h-BN was carried out in liquour ammonia. Extremely small 

nanoparticles (3-5 nm) were obtained in the case of liquour ammonia being the 

solvent medium (Fig. 7.9a). The addition of dimethylamine to liquour ammonia 

helped in increasing the particle size to 7-10 nm (see Fig. 7.9b). 

Fig. 7.9 TEM images of BN nanoparticles obtained by laser ablation using laser 
power of -60 mJ/pulse in solvent medium of (a) liquour ammonia and (b) 
liquour ammonia + dimethylamine. 
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7.4 Conclusions 

Laser ablation of M0S2, M0S3 and WS2 has been investigated in an 

atmosphere of jet-cooled helium and in solvent media such as CS2 and t-butyl 

disulphide. The present preliminary study has revealed that the formation of 

inorganic fullerene-like nanoparticles of M0S2 and WS2 is more likely in a solvent 

medium than in gas-phase, probably because of lower direct impact of the laser 

energy. A laser power of around 60 mJ/pulse (532 nm of Nd-YAG) appears to be 

optimal for the formation of fullerene structure showing concentric layers of M0S2 

around the core of the nanoparticle. M0S3 also formed inorganic fullerene-like 

M0S2 structures when the ablation was carried out in t-butyl disulphide medium. 

Laser ablation of h-BN in liquour ammonia yields nanoparticles and addition of 

dimethylamine increases the size of the nanoparticles. 
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