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2.1  Introduction to Molecular Adsorption 

The adsorption of molecules on to a surface is a necessary prerequisite to any surface mediated chemical process. 

For example, in the case of a surface catalysed reaction it is possible to break down the whole continuously-cycling process into the following five basic steps : 

1. Diffusion of reactants to the active surface 
2. Adsorption of one or more reactants onto the surface 
3. Surface reaction 
4. Desorption of products from the surface 
5. Diffusion of products away from the surface 

The above scheme not only emphasises the importance of the adsorption process but also its reverse - namely desorption. It is these two processes which are considered in this Section. 

Notes on Terminology : 

Substrate - frequently used to describe the solid surface onto which adsorption can occur; the substrate is also occasionally (although not here) referred to as the adsorbent. 

Adsorbate - the general term for the atomic or molecular species which are adsorbed (or are capable of being adsorbed) onto the substrate. 

Adsorption - the process in which a molecule becomes adsorbed onto a surface of another phase (note - to be distinguished from absorption which is used when describing uptake into the bulk of a solid or liquid phase) 

Coverage - a measure of the extent of adsorption of a species onto a surface (unfortunately this is defined in more than one way ! ). Usually denoted by the lower case Greek "theta",  

Exposure - a measure of the amount of gas which as surface has seen; more specifically, it is the product of the pressure and time of exposure (normal unit is the Langmuir, where 1 L = 10-6 Torr s ). 

2.2  How do Molecules Bond to Surfaces ? 

There are two principal modes of adsorption of molecules on surfaces : 

	
	Physical Adsorption ( Physisorption ) 

	
	Chemical Adsorption ( Chemisorption ) 


The basis of distinction is the nature of the bonding between the molecule and the surface. With ... 

Physical Adsorption : the only bonding is by weak Van der Waals - type forces. There is no significant redistribution of electron density in either the molecule or at the substrate surface. 

Chemisorption : a chemical bond, involving substantial rearrangement of electron density, is formed between the adsorbate and substrate. The nature of this bond may lie anywhere between the extremes of virtually complete ionic or complete covalent character. 

Typical Characteristics of Adsorption Processes 

	
	Chemisorption
	Physisorption

	Temperature Range
(over which adsorption occurs) 
	Virtually unlimited
(but a given molecule may effectively adsorb only over a small range) 
	Near or below the condensation point of the gas
(e.g. Xe < 100 K, CO2 < 200 K) 

	Adsorption Enthalpy
	Wide range (related to the chemical bond strength) - typically 40 - 800 kJ mol-1 
	Related to factors like molecular mass and polarity but typically 5-40 kJ mol-1 (i.e. ~ heat of liquefaction) 

	Crystallographic Specificity
(variation between different surface planes of the same crystal) 
	Marked variation between crystal planes
	Virtually independent of surface atomic geometry 

	Nature of Adsorption
	Often dissociative
May be irreversible 
	Non-dissociative
Reversible

	Saturation Uptake
	Limited to one monolayer 
	Multilayer uptake possible

	Kinetics of Adsorption
	Very variable - often an activated process 
	Fast - since it is a non-activated process 


The most definitive method for establishing the formation of a chemical bond between the adsorbing molecule and the substrate ( i.e. chemisorption ) is to use an appropriate spectroscopic technique, for example 

IR ( see Section 5.4 ) - to observe the vibrational frequency of the substrate/adsorbate bond 

UPS ( see Section 5.3 ) - to monitor intensity & energy shifts in the valence orbitals of the adsorbate and substrate 

2.3  Adsorption Kinetics - The Rate of Adsorption 

The rate of adsorption of a molecule onto a surface can be expressed in the same manner as any kinetic expression : i.e. 

	
	Rads = k C x 
	where:
	x - kinetic order 

k - rate constant

C - gas phase concentration 

	or
	 
	 
	 

	 
	Rads = k' P x 
	where:
	x - kinetic order 

k' - rate constant

P - partial pressure of molecule 


If the rate constant in either of the above expressions is expressed in an Arrhenius form, then we obtain kinetic equations of the form : 

	
	Rads = A C x exp ( -Ea / RT ) 


where Ea is the activation energy for adsorption, and A the pre-exponential (frequency) factor. 

It is much more informative, however, to consider the factors controlling this process at the molecular level.... 

The rate of adsorption is governed by 

1. the rate of arrival of molecules at the surface 

2. the proportion of incident molecules which undergo adsorption 

i.e. we can express the rate of adsorption (per unit area of surface) as a product of the incident molecular flux, F , and the sticking probability , S . 

	
	Rads = S . F 
	[molecules m-2 s-1 ]


The flux of incident molecules is given by the Hertz-Knudsen equation 

	
	Flux , F = P / (2mkT)1/2 
	[ molecules m-2 s-1 ] 


	where
	 

	 
	P - gas pressure [ N m-2 ]

	 
	m - mass of one molecule [ kg ] 

	 
	T - temperature [ K ]


The sticking probability is clearly a property of the adsorbate / substrate system under consideration but must lie in the range 0 < S < 1; it may depend upon various factors - foremost amongst these being the existing concentration of adsorbed species (n) and the presence of any activation barrier to adsorption. In general ,therefore , 

	
	S = f () . exp ( -Ea / RT ) 


where, once again, Ea is the activation energy for adsorption and  f()  is some, as yet undetermined, function of the existing surface coverage of adsorbed species. 

Combining the equations for S and F yields the following expression for the rate of adsorption : 
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Note : 

1. It should be recognised that the activation energy for adsorption may itself be dependent upon the surface coverage , i.e. Ea = E(). 

2. If it is further assumed that the sticking probability is directly proportional to the concentration of vacant surface sites (which would be a reasonable first assumption for non-dissociative adsorption) then  f() = (1-) ; where, in this instance,  is the fraction of sites which are occupied (i.e. the Langmuir definition of surface coverage). 

For a discussion of some of the factors which determine the magnitude of the activation energy of adsorption you should see Section 2.4 which looks at the typical PE curve associated with various types of adsorption process. 

Estimating Surface Coverages arising as a result of Gas Exposure

If a surface is initially clean and it is then exposed to a gas pressure under conditions where the rate of desorption is very slow, then the coverage of adsorbed molecules may initially be estimated simply by consideration of the kinetics of adsorption.

As noted above, the rate of adsorption is given by :   Rads = S . F
i.e.
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where :   Nads is the number of adsorbed species per unit area of surface.

In general, this equation must be integrated to obtain an expression for Nads, since the sticking probability is coverage (and hence also time) dependent. 

However, if it is assumed that the sticking probability is essentially constant (which may be a reasonable approximation for relatively low coverages), then this integration simply yields:
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2.4  PE Curves & Energetics of Adsorption 
In this section we will consider both the energetics of adsorption and factors which influence the kinetics of adsorption by looking at the "potential energy diagram/curve" for the adsorption process. 

The potential energy curve for the adsorption process is a representation of the variation of the energy (PE or E) of the system as a function of the distance (d) of an adsorbate from a surface. 

Within this simple one-dimensional model, the only variable is the distance (d) of the adsorbing molecule from the substrate surface. Thus, the energy of the system is a function only of this variable i.e. E = E(d) 
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It should be remembered that this is a very simplistic model which neglects many other parameters which influence the energy of the system (a single molecule approaching a clean surface), including for example 

· the angular orientation of the molecule 

· changes in the internal bond angles and bond lengths of the molecule 

· the position of the molecule parallel to the surface plane 

The interaction of a molecule with a given surface will also clearly be dependent upon the presence of any existing adsorbed species, whether these be surface impurities or simply pre-adsorbed molecules of the same type (in the latter case we are starting to consider the effect of surface coverage on the adsorption characteristics). 

Nevertheless it is useful to first consider the interaction of an isolated molecule with a clean surface using the simple 1D model. For the purposes of this tutorial we will also not be overly concerned whether the "energy" being referred to should strictly be the internal energy, the enthalpy or free energy of the system.

CASE I - Physisorption 
In the case of pure physisorption ( e.g. Ar / metals ), the only attraction between the adsorbing species and the surface arises from weak, van der Waals forces. 

As illustrated below, these forces give rise to a shallow minimum in the PE curve at a relatively large distance from the surface (typically d > 0.3 nm) before the strong repulsive forces arising from electron density overlap cause a rapid increase in the total energy. 
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There is no barrier to prevent the atom or molecule which is approaching the surface from entering this physisorption well, i.e. the process is not activated and the kinetics of physisorption are invariably fast. 

CASE II - Physisorption + Molecular Chemisorption 

The weak physical adsorption forces and associated long-range attraction will be present to varying degrees in all adsorbate / substrate systems. However, in cases where chemical bond formation between the adsorbate and substrate can also occur, the PE curve is dominated by a much deeper chemisorption minimum at shorter values of d . 
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The graph above shows the PE curves due to physisorption and chemisorption separately - in practice, the PE curve for any real molecule capable of undergoing chemisorption is best described by a combination of the two curves, with a curve crossing at the point at which chemisorption forces begin to dominate over those arising from physisorption alone. 
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The minimum energy pathway obtained by combining the two PE curves is now highlighted in red. Any perturbation of the combined PE curve from the original, separate curves is most likely to be evident close to the highlighted crossing point. 

For clarity, we will now consider only the overall PE curve : 
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The depth of the chemisorption well is a measure of the strength of binding to the surface - in fact it is a direct representation of the energy of adsorption, whilst the location of the global minimum on the horizontal axis corresponds to the equilibrium bond distance (re ) for the adsorbed molecule on this surface. 

The energy of adsorption is negative, and since it corresponds to the energy change upon adsorption it is better represented as E(ads) or Eads . However, you will also often find the depth of this well associated with the enthalpy of adsorption, H(ads). 

(Note - the "heat of adsorption" , Q , is taken to be a positive quantity equal in magnitude to the enthalpy of adsorption ; i.e. Q = -H(ads) ) 

In this particular case, there is clearly no barrier to be overcome in the adsorption process and there is no activation energy of adsorption (i.e. Eaads = 0 , but do remember the previously mentioned limitations of this simple 1D model). 

There is of course a significant barrier to the reverse, desorption process - the red arrow in the diagram below represents the activation energy for desorption. 
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Clearly in this particular case, the magnitudes of the energy of adsorption and the activation energy for desorption can also be equated i.e. 

Eades = E (ads)    or    Eades ~  -H (ads)
CASE III - Physisorption + Dissociative Chemisorption 

In this case the main differences arise from the substantial changes in the PE curve for the chemisorption process 

Again, we start off with the basic PE curve for the physisorption process which represents how the molecule can weakly interact with the surface : 
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If we now consider a specific molecule such as H2 and initially treat it as being completely isolated from the surface ( i.e. when the distance, d , is very large ) then a substantial amount of energy has to be put into the system in order to cause dissociation of the molecule. 

H2      H + H

- this is the bond dissociation energy [ D(H-H) ], some 435 kJ mol-1 or 4.5 eV. 
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The red dot in the diagram above thus represents two hydrogen atoms, equidistant (and a long distance) from the surface and also now well separated from each other. If these atoms are then allowed to approach the surface they may ultimately both form strong chemical bonds to the substrate .... this corresponds to the minimum in the red curve which represents the chemisorption PE curve for the two H atoms. 

In reality, of course, such a mechanism for dissociative hydrogen chemisorption is not practical - the energy downpayment associated with breaking the H-H bond is far too severe. 

Instead, a hydrogen molecule will initially approach the surface along the physisorption curve. If it has sufficient energy it may pass straight into the chemisorption well ( "direct chemisorption" ) .... 
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or, alternatively, it may first undergo transient physisorption - a state from which it can then either desorb back as a molecule into the gas phase or cross over the barrier into the dissociated, chemisorptive state (as illustrated schematically below). 
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In this latter case, the molecule can be said to have undergone "precursor-mediated" chemisorption. 

The characteristics of this type of dissociative adsorption process are clearly going to be strongly influenced by the position of the crossing point of the two curves (molecular physisorption v's dissociative chemisorption) - relatively small shifts in the position of either of the two curves can significantly alter the size of any barrier to chemisorption. 

In the example immediately below there is no direct activation barrier to dissociative adsorption - the curve crossing is below the initial "zero energy" of the system. 
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whilst, in this next case …. 
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there is a substantial barrier to chemisorption. Such a barrier has a major influence on the kinetics of adsorption. 

Note - the depth of the physisorption well for the hydrogen molecule is actually very small (in some cases negligible), but this is not the case for other molecules and does not alter the basic conclusions regarding dissociative adsorption that result from this model; namely that the process may be either activated or non-activated depending on the exact location of the curve crossing. 
At this point it is useful to return to consider the effect of such a barrier on the relationship between the activation energies for adsorption and desorption, and the energy (or enthalpy) of adsorption. 
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Clearly, from the diagram 

	Eades - Eaads = - Eads


but, since the activation energy for adsorption is nearly always very much smaller than that for desorption, and the difference between the energy and enthalpy of adsorption is also very small, it is still quite common to see the relationship 

	Eades  ~  -Hads 


For a slightly more detailed treatment of the adsorption process, you are referred to the following examples of More Complex PE Curves & Multi-Dimensional PE Surfaces. 

2.5  Adsorbate Geometries & Structures on Metals

We can address the question of what happens when a molecule becomes adsorbed onto a surface at two levels; specifically we can aim to identify

1. the nature of the adsorbed species and its local adsorption geometry (i.e. its chemical structure and co-ordination to adjacent substrate atoms) 

2. the overall structure of the extended adsorbate/substrate interface (i.e. the long range ordering of the surface)

The latter topic is covered in detail in Section 6.1 : Classification of Overlayer Structures whist this section will consider only the local adsorption geometry and adsorbate structure.

Chemisorption, by definition, involves the formation of new chemical bonds between the adsorbed species and the surface atoms of the substrate - basically the same type of bonds that are present in any molecular complex. In considering what type of species may be formed on a metal surface, therefore, it is important not to abandon chemical common sense and, if in doubt, to look for inspiration at the structures of known metal-organic complexes.

Chemisorption of Hydrogen and Halogens

Hydrogen (H2 )

In the H2 molecule, the valence electrons are all involved in the H-H -bond and there are no additional electrons which may interact with the substrate atoms. Consequently, chemisorption of hydrogen on metals is almost invariably a dissociative process in which the H-H bond is broken, thereby permitting the hydrogen atoms to independently interact with the substrate (see Section 2.4 for a description of the energetics of this process). The adsorbed species in this instance therefore are hydrogen atoms.

The exact nature of the adsorbed hydrogen atom complex is generally difficult to determine experimentally, and the very small size of the hydrogen atom does mean that migration of hydrogen from the interface into sub-surface layers of the substrate can occur with relative ease on some metals (e.g. Pd, rare earth metals).

The possibility of molecular H2 chemisorption at low temperatures cannot be entirely excluded, however, as demonstrated by the discovery of molecular hydrogen transition metal compounds, such as W( 2-H2 )(CO)3(Pi-Pr3 )3 , in which both atoms of the hydrogen molecule are coordinated to a single metal centre.

Halogens (F2 , Cl2 , Br2 etc.)

Halogens also chemisorb in a dissociative fashion to give adsorbed halogen atoms. The reasons for this are fairly clear - in principle a halogen molecule could act as a Lewis base and bind to the surface without breakage of the X-X bond, in practice the lone pairs are strongly held by the highly electronegative halogen atom so any such interaction would be very weak and the thermodynamics lie very heavily in favour of dissociative adsorption [ i.e. D(X-X) + D(M-X2 ) << 2 D(M-X(-) ) ]. Clearly the kinetic barrier to dissociation must also be low or non-existent for the dissociative adsorption to occur readily.

Another way of looking at the interaction of a halogen molecule with a metal surface is as follows : the significant difference in electronegativity between a typical metal and halogen is such that substantial electron transfer from the metal to halogen is favoured. If a halogen molecule is interacting with a metal surface then this transferred electron density will enter the * antibonding orbital of the molecule, thereby weakening the X-X bond. At the same time the build-up of negative charge on the halogen atoms enhances the strength of the metal-halogen interaction. The net result of these two effects when taken to their limit is that the halogen molecule dissociates and the halogen atoms interact with the metal with a strong ionic contribution to the bonding.

Halogen atoms tend to occupy high co-ordination sites on the surface - for example, the 3-fold hollow site on fcc(111) surfaces (A) and the 4-fold hollow site on fcc(100) surfaces (B).
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(A)          Plan View         (B)  

This behaviour is typical of atomic adsorbates which almost invariably endeavour to maximise their co-ordination and hence prefer to occupy the highest-available co-ordination site on the surface.

As a result of the electron transfer from the metal substrate to the halogen atoms, each adsorbed atom is associated with a significant surface dipole.
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Cross-section

One consequence of this is that there are repulsive (dipole-dipole) interactions between the adsorbed atoms, which are especially evident at higher surface coverages and which can lead to a substantial reduction in the enthalpy of adsorption at specific coverages (if these coverages mark a watershed, above which the atoms are forced to occupy sites which are much closer together).

Another feature of the halogen adsorption chemistry of some metals is the transition from an adsorbed surface layer to surface compound formation at high gas exposures.

Chemisorption of Nitrogen and Oxygen

Oxygen

Oxygen is an example of a molecule which usually adsorb dissociatively, but are also found to adsorb molecularly on some metals (e.g. Ag, Pt). In those cases where both types of adsorption are observed it is the dissociative process that corresponds to the higher adsorption enthalpy.

As noted above, in the molecular adsorption state the interaction between the molecule and the surface is relatively weak. Molecules aligned such that the internuclear axis is parallel to the surface plane may bond to a single metal atom of the surface via both

1. -donor interaction, in which the charge transfer is from the occupied molecular -bonding molecular orbital of the molecule into vacant orbitals of -symmetry on the metal (i.e. M  O2 ), and 
2. -acceptor interaction, in which an occupied metal d-orbital of the correct symmetry overlaps with empty p* orbitals of the molecule and the charge transfer is from the surface to the molecule (i.e. M  O2 ).

Although the interaction of the molecule with the surface is generally weak, one might expect that there might be a substantial barrier to dissociation due to the high strength (and high dissociation enthalpy) of the O=O bond. Nevertheless on most metal surfaces, dissociation of oxygen is observed to be facile which is related to the manner in which the interaction with the surface can mitigate the high intrinsic bond energy (see Section 2.4 ) and thereby facilitate dissociation.

Once formed, oxygen atoms are strongly bound to the surface and, as noted previously, will tend to occupy the highest available co-ordination site. The strength of the interaction between adsorbate and substrate is such that the adjacent metal atoms are often seen to undergo significant displacements from the equilibrium positions that they occupy on the clean metal surface. This displacement may simply lead to a distortion of the substrate surface in the immediate vicinity of the adsorbed atom (so that, for example, the adjacent metal atoms are drawn in towards the oxygen and the metal-oxygen bond distance is reduced) or to a more extended surface reconstruction (see Section 1.6 )

Dissociative oxygen adsorption is frequently irreversible - rather than simply leading to desorption, heating of an adsorbed oxygen overlayer often results in either the gradual removal of oxygen from the surface by diffusion into the bulk of the substrate (e.g. Si(111) or Cu(111)) or to the formation of a surface oxide compound. Even at ambient temperatures, extended oxygen exposure often leads to the nucleation of a surface oxide. Depending on the reactivity of the metal concerned, further exposure at low temperatures may result either in a progressive conversion of the bulk material to oxide or the oxidation process may effectively stop after the formation of a passivating surface oxide film of a specific thickness (e.g. Al).

Nitrogen

The interaction of nitrogen with metal surfaces shows many of the same characteristics as those described above for oxygen. However, in general N2 is less susceptible to dissociation as a result of the lower M-N bond strength and the substantial kinetic barrier associated with breaking the NN triple bond.

Chemisorption of Carbon Monoxide

Depending upon the metal surface, carbon monoxide may adsorb either in a molecular form or in a dissociative fashion - in some cases both states coexist on particular surface planes and over specific ranges of temperature.

1. On the reactive surfaces of metals from the left-hand side of the periodic table (e.g. Na, Ca, Ti, rare earth metals) the adsorption is almost invariably dissociative, leading to the formation of adsorbed carbon and oxygen atoms (and thereafter to the formation of surface oxide and oxy-carbide compounds). 

2. By contrast, on surfaces of the metals from the right hand side of the d-block (e.g. Cu, Ag) the interaction is predominantly molecular; the strength of interaction between the CO molecule and the metal is also much weaker, so the M-CO bond may be readily broken and the CO desorbed from the surface by raising the surface temperature without inducing any dissociation of the molecule. 

3. For the majority of the transition metals, however, the nature of the adsorption (dissociative v.'s molecular) is very sensitive to the surface temperature and surface structure (e.g. the Miller index plane, and the presence of any lower co-ordination sites such as step sites and defects). 

Molecularly chemisorbed CO has been found to bond in various ways to single crystal metal surfaces - analogous to its behaviour in isolated metal carbonyl complexes.
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	Terminal ("Linear")
(all surfaces)
	Bridging ( 2f site )
(all surfaces)
	Bridging / 3f hollow
( fcc(111) )
	Bridging / 4f hollow
(rare - fcc(100) ?)
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Whilst the above structural diagrams amply demonstrate the inadequacies of a simple valence bond description of the bonding of molecules to surface, they do to an extent also illustrate one of its features and strengths - namely that a given element, in this case carbon, tends to have a specific valence. Consequently, as the number of metal atoms to which the carbon is co-ordinated increases, so there is a corresponding reduction in the C-O bond order.

However, it must be emphasised that a molecule such as CO does not necessarily prefer to bind at the highest available co-ordination site. So, for example, the fact that there are 3-fold hollow sites on an fcc(111) surface does not mean that CO will necessarily adopt this site - the preferred site may still be a terminal or 2-fold bridging site, and the site or site(s) which is(are) occupied may change with either surface coverage or temperature. The energy difference between the various adsorption sites available for molecular CO chemisorption appears therefore to be very small.

[ A description of the nature of the bonding in a terminal CO-metal complex, in terms of a simple molecular orbital model, is given in Section 5.4 ]

Chemisorption of Ammonia and other Group V/VI Hydrides

Ammonia has lone pairs available for bonding on the central nitrogen atom and may bond without dissociation to a single metal atom of a surface, acting as a Lewis base, to give a pseudo-tetrahedral co-ordination for the nitrogen atom.
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Alternatively, progressive dehydrogenation may occur to give surface NHx (x = 2,1,0) species and adsorbed hydrogen atoms, i.e.

NH3     NH2 (ads)  +  H (ads)     NH (ads)  +  2 H (ads)     N (ads)  +  3 H (ads)

As the number of hydrogens bonded to the nitrogen atom is reduced, the adsorbed species will tend to move into a higher co-ordination site on the surface (thereby tending to maintain the valence of nitrogen).
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Decomposition fragments of ammonia on an fcc(111) surface
(Picture adapted from the BALSAC Picture Gallery by K. Hermann, Fritz-Haber-Institut, Berlin)

Other Group V and Group VI hydrides (e.g. PH3 , H2O, H2S) exhibit similar adsorption characteristics to ammonia.

Chemisorption of Unsaturated Hydrocarbons

Unsaturated hydrocarbons (alkenes, alkynes, aromatic molecules etc.) all tend to interact fairly strongly with metal atom surfaces. At low temperatures (and on less reactive metal surfaces) the adsorption may be molecular, albeit perhaps with some distortion of bond angles around the carbon atom.

Ethene, for example, may bond to give both a -complex (A) or a di-adsorption complex (B):
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(A)       Chemisorbed      (B) 
Ethene

[ Further examples : models of chemisorbed ethene and ethyne on Cu(111) ]

As the temperature is raised, or even at low temperatures on more reactive surfaces (in particular those that bind hydrogen strongly), a stepwise dehydrogenation may occur. One particularly stable surface intermediate found in the dehydrogenation of ethene is the ethylidyne complex, whose formation also involves H-atom transfer between the carbon atoms.
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	Ethylidyne :
this adsorbate preferentially occupies a 3-fold hollow site to give pseudo-tetrahedral co-ordination for the carbon atom. 


The ultimate product of complete dehydrogenation, and the loss of molecular hydrogen by desorption, is usually either carbidic or graphitic surface carbon.

2.6  The Desorption Process 

An adsorbed species present on a surface at low temperatures may remain almost indefinitely in that state. As the temperature of the substrate is increased, however, there will come a point at which the thermal energy of the adsorbed species is such that one of several things may occur : 

1. a molecular species may decompose to yield either gas phase products or other surface species. 

2. an atomic adsorbate may react with the substrate to yield a specific surface compound, or diffuse into the bulk of the underlying solid. 

3. the species may desorb from the surface and return into the gas phase. 

The last of these options is the desorption process. In the absence of decomposition the desorbing species will generally be the same as that originally adsorbed but this is not necessarily always the case. 

(An example where it is not is found in the adsorption of some alkali metals on metallic substrates exhibiting a high work function where, at low coverages, the desorbing species is the alkali metal ion as opposed to the neutral atom. Other examples would include certain isomerisation reactions.) 

Desorption Kinetics 

The rate of desorption of an adsorbate from a surface can be expressed in the general form : 

	  Rdes = k N x 
	where
	x - kinetic order of desorption 

k - rate constant for the desorption process 

N - surface concentration of adsorbed species 


The order of desorption can usually be predicted because we are concerned with an elementary step of a "reaction" : specifically, 

I. Atomic or Simple Molecular Desorption 

	
	A(ads)    A(g) 

	
	M(ads)    M(g) 


- will usually be a first order process ( i.e. x = 1 ). Examples include … 

	  W / Cu (ads)    W (s) + Cu (g) 
	;  desorption of Cu atoms from a W surface 

	  Cu / CO (ads)    Cu (s) + CO (g) 
	;  desorption of CO molecules from a Cu surface 


II. Recombinative Molecular Desorption 

	
	2 A (ads)    A2 (g) 


- will usually be a second order process ( i.e. x = 2 ). Examples include … 

	  Pt / O (ads)    Pt (s) + O2 (g) 
	;  desorption of O atoms as O2 from a Pt surface 

	  Ni / H (ads)    Ni (s) + H2 (g) 
	;  desorption of H atoms as H2 from a Ni surface 


The rate constant for the desorption process may be expressed in an Arrhenius form, 

	
	kdes = A exp ( -Eades / RT ) 

	where
	Eades is the activation energy for desorption , and 

	
	A is the pre-exponential factor; this can also be considered to be the "attempt frequency",  , at overcoming the barrier to desorption. 


This then gives the following general expression for the rate of desorption 
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In the particular case of simple molecular adsorption, the pre-exponential/frequency factor () may also be equated with the frequency of vibration of the bond between the molecule and substrate; this is because every time this bond is stretched during the course of a vibrational cycle can be considered an attempt to break the bond and hence an attempt at desorption. 

Surface Residence Times 

One property of an adsorbed molecule that is intimately related to the desorption kinetics is the surface residence time - this is the average time that a molecule will spend on the surface under a given set of conditions (in particular, for a specified surface temperature) before it desorbs into the gas phase. 

For a first order process such as the desorption step of a molecularly adsorbed species : 

M(ads)    M(g)
the average time (  ) prior to the process occurring is given by : 

 = 1/k1
where k1 is the first order rate constant (no proof given). 

From the previously derived desorption formulae we know that 

k1 =  exp ( -Eades / RT )
and if we also substitute for Eades using the approximate relation Eades ~ -Hads discussed in Section 2.4 , then we get the following expression for the surface residence time 

  =  o exp ( -Hads / RT )
	where :
	o ( = 1/ ) corresponds to the period of vibration of the bond between the adsorbed molecule and substrate and is frequently taken to be about 10-13 s . 


