


Heterogeneous catalysis

The remainder of this chapter is devoted to developing and applyving concepts of
structure and reactivity in heterogeneous catalysis. For simplicity, we consider only
sasS/solid systems. To understand the catalytic role of a solid surface we begin by

describing its unigue structural features. Then., because Many reactions catalysed by
surfaces involve reactants and products in the gas phase, we discuss adsorption. thhe
attachment of particles to a solid surtace, and desorption., the reverse process. Finally,
we consider specific mechanisms of heterogeneous catalysis.

MNany catalysts depend on co-adsorption., thhe adsorption of two or more species. (One
conseguence of the presence of a second species may be thhe modification of thhe elec-
tronic structure at the surface of a metal. For instance, partial coverage of d-mmetal suar-
faces by alkali mmetals has a pronounced effect on the electron distribution and reduces
the work function of the metal. Suach modifiers can act as promoters (to enbance thhe
action of catalysts) or as poisons (to inhibit catalytic action ).

Figure 23.29 shows the potential energy curve for a reactiomn influenced by the
action of a heterogeneous catalyst. IDifferences between Fig. 23.29 and 23.1 arise from
the fact that heterogeneous catalyvsis mormally depends on at least one reactant being
adsorbed (usually chemisorbed ) and modified to a form in which it readily undergoes
reaction, and desorption of products. Modification of the reactant often takes the
form of a fragmentation of the reactant molecules. ITn practice. the active phase is dis-
persed as wvery small particles of limear dimmension less thamn 2 mm on a porowus oxide
support. Shape-selective catalwvsts, such as the zeolites (frmypacey I23 1), which hawve a
Ppore size thhat can distinguish shapes and sizes at a molecular scale, have high intermnal
specific surface areas., in the range of 100 —S00 < g L.

The decomposition of phosphine ( PH: ) on tungsten is first-order at low pressures
and zeroth-order at high pressures. T o account for these observations., we write down
a plauvsible rate law in terms of an adsorption isotherm and explore its formm in the limmits
of high and low pressure. If the rate is supposed to be proportional to the surface
Ccoverage and we suppose thhat & is given by the Langmmuir isotherm ., we would write



K K
1 + Kp

=k = (23.26)

where pis the pressure of phosphine. When the pressure is so low that Kp =< 1, we can
neglect Kp in the denominator and obtain

o= k_Kp (Z3.27a)
and the decomposition is first-order. When Kp = 1, we can neglect the 1 in the
denominator., whereupon the EKp terms cancel and we are lefit with

= &k, (23 .27b)

and the decomposition is zeroth-order.
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In the Langmuir-—-Hinshelwood mechanism {(LH mechanism} of surface-catalysed
reactions, the reaction takes place by encounters between molecular fragments and
atoms adsorbed on the surface. We therefore expect the rate law to be second-order in
the extent of surface coverage:

A+ B > P = k_&, e, (23.28)

Imsertion of the appropriate isotherms for A and B then gives the reaction rate in
terms of the partial pressures of the reactants. For examyple., if A and B follow
Langmmuir isotherms, and adsorb without dissociation. so thhat

= E
1 + K, p., + K Pa 1+ K, p.,+ K, P

then it follows thhat thhe rate law is

P o The rate law according to
iy — r ™ attn PaA Pi — the Langmuir—Hinsheaelhwood (23_30)
(1 + K, s+ KgPg) mechanism

The parameters K in the isotherms and the rate constant &£ are all temperature—

dependent, so the overall temperature dependence of the rate may be strongly non-

Arrhenius (in the sense that the reaction rate is unlikely to be proportional to e F2/817)

The Langmmuir— Hinshelwood mechanism is dominant for the catalytic oxidation of

COr to O,

In the Eley—Rideal mechanism (ER mechanism) of a surface-catalysed reaction., a
gas-phase molecule collides with another molecule already adsorbed on the surface.
The rate of fornmation of product is expected to be proportional to the partial pressure,
e of the non-adsorbed gas B and the extent of surface coverage, &,. of the adsorbed
gas A It follows that the rate law should be

A4+B — P =k e, (23.31)

The rate constant, &£, might be mmuch larger than for the uncatalysed gas-phase
reaction because the reaction on the surface has a low activation energy and the
adsorption itself is often not activated.



If we know the adsorption isotherm for A, we can express the rate law in terms of its
partial pressure, p,. For example, if the adsorption of A follows a Langmuir isotherm
in the pressure range of interest, then the rate law would be

kK The rate law according
o= aPaPp to the Eley-Rideal (23.32)
1+ Kp, mechanism

If A were a diatomic molecule that adsorbed as atoms, we would substitute the
isotherm given in egn 23.14 instead.

According to egqn 23.32, when the partial pressure of A is high (in the sense Kp, = 1)
there is almost complete surface coverage, and the rate is equal to k. pp. Now the rate-
determining step is the collision of B with the adsorbed fragments. When the pressure
of A is low Kp,., == 1, perhaps because of its reaction, the rate is equal to k. Kp ., Pgp; now
the extent of surface coverage is important in the determination of the rate.

Almost all thermal surface-catalysed reactions are thought to take place by the
LH mechanism, but a number of reactions with an ER mechanism hawve also been
identified from molecular beam inwvestigations. For example, the reaction between
Hig) and INMad) to form HD/(g) is thought to be by an ER mechanism involving the
direct collision and pick-up of the adsorbed I atom by the incident H atom. How-
ewver, the two mechanisms should really be thought of as ideal limits, and all reactions
lie somewhere between the two and show features of each one.




Collords

A colloid, or disperse phase, is a dispersion of small particles of one material in
another that does not settle out under gravity. In this context, “small” means that one
dimension at least is stnaller thhan abowut 5S040 mnm in diameter (about the wavelength of
wvisible light). Many colloids are suspensions of nanoparticles (particles of diameter up
to about 100 nm ). In general, colloidal particles are aggregates of numerous atoms
or molecules, but are commonly but mnot universally too small to be seen withh an
ordinary optical microscope. They pass through most falter papers. but can be
detected by light-scattering and sedimmentation.

The mame given to the colloid depends on the two phases involved. A sol is a disper—
sion of a solid imn a liguid (such as clusters of gold atom s in water) or of a solid in a solid
(such as ruabyv glass, which is a gold-in-glass sol. and achieves its colour by light
scattering). An aerosol is a dispersion of a liguid in a gas (like fog and many sprays)
or a solid in a gas (such as smolke): the particles are often large enough to be seen
wiithh a microscope. An emulsion is a dispersion of a liguid in a ligwuid (such as millk ).
A foam is a dispersion of a gas in a liguid.

A further classification of colloids is as Ivophilic, or solvent attracting, and Ivopho-—
bic., solvent repelling. If thhe solvent is water, the terms hydrophilic and hydrophobic.
respectively, are used instead. Lvophobic colloids include the metal sols. Lyvophilic
colloids generally have some chemical simiilarity to the solvent, such as «(OH groups
able to form hydrogen bonds. A gel is a semirigid mass of a lvophilic sol.




The preparation of aerosols camn be as simple as sneezing (which produces an im-
perfect acsrosol). Laboratory and commercial methods make use of several technigues.
Material (for example, guartz) mayv be ground in the presence of the dispersion
medium. Passing a heavy electric current through a cell mav lead to the sputtering
(crumbling) of an electrode into colloidal particles. Arcing between electrodes
immersed in the support medium also produces a colloid. Chemical precipitation
sometimes results in a colloid. A precipitate (for example, silver iodide) already
formed may be dispersed by the addition of a peptizing agent (for example, potassiunm
iodide). Clays may be peptized by alkalis, the OH ion being the active agent.

Emulsions are mnormally prepared by shaking the two components together vigor-
ously, although some kind of emulsifyving agent usually has to be added to stabilize the
product. This emulsifying agent may be a soap (the salt of a long-chain carboxylic
acid) or other surfactant (surface active) species, or a lyvophilic sol that forms a pro-
tective film around the dispersed phase. In milk, which is an ermulsion of fats in water,
the emulsifying agent is casein, a protein containing phosphate groups. It is clear from
the forrmation of cream on the surface of milk that casein is not completely successtul
in stabilizing milk: the dispersed fats coalesce into oily droplets which float to the sur-
face. This coagulation may be prevented by ensuring that the emulsion is dispersed
wvery finely imitially: intense agitation with ultrasonics brings this dispersion about, the
product being “homogenized™ milk.

One way to form an aerosol is to tear apart a spray of liguid with a jet of gas. The dis-
persal is aided if a charge is applied to the liguid, for then electrostatic repulsions help
to blast it apart into droplets. This procedure may also be used to produce emulsions,
for the charged liguid phase mavy be directed into another liguid.

Colloids are often purified by dialysis (Irmpace I5.1). The aim is to remove much
(but not all, for reasons explained later) of the ionic material that may have accom-
panied their formation. A membrane (for example, cellulose) is selected that is
permeable to solvent and ions, but not to the colloid particles. IDialyvsis is veryv slow,
and is normally accelerated by applyving an electric field and making use of the charges
carried by many colloidal particles; the technigue is then called electrodialysis.




CCeanlllaoidls are thermodyvyrmnarmically mmstalble wwith respect o the bhuallk. T'his imdstabhility
care bhe exprressad thermmoaodyrmnarmically by rraeoertire thhat bhecannss the charnes i Flaelrrnbheelt=
SEIMeETr Y, A . wwiihier thhe suaarfacs area of thhe sarmiprle chharmnges bhy der at comnstant termpaeratiunre

ard prressuarese is dA — prder. wihherses 3 is thhe imterfacial suarfacs temnsicorn Secticor 17 S b
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At FAarst sight, evernn thhe kimetic arguarmeaent seerres tax Fail: collaidal particles attract each
othher owver large distanceas,. s tThhere is a lomnme-—ranmngese force thhaat termnds o coormndernse theran
irte» = simngle blaol. The reasonimg bhbehind thhis rermmark is as followws. T he emnergsy b
attraction bhetvweesn tweaor individuaal atormms £ anmnd j separated by a distamce R . ome i each
Canllanidal particle, waries with thheir separaticorn as 1S F2T (SectioT 1 7.5, The sy azryan «»f
all thhese prairvwise interactions., howewver, decreases only as approximately LT (thhe
Precisse variation deprerdirng ormn the shape of thhe particles and their closemness ), wihere
Fr s the separaticomn «of thhe cemntres of the prarticles. T he chhanmnngee i thhe provwer froryn & taor
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armnother, armnd comntriboaote egually o thhe starmm (Fig. 1&_ 21 3, s« thie total imteraction does
ot fall off as fast as thhe sinnole molecule—agrmolecule imnteracticore.




Several factors oppose the long-range dispersion attraction. For example, there
may be a protective film at the surface of the colloid particles thhat stabilizes the inter-
face and cannot be penetrated when two particles touch. Thus the surface atoms of
a platimum sol in water react chhemically and are turmed into —Pt(OH)  H,. and this
layver encases the particle like a shell. A fat can be emulsified by a soap because the long
hvdrocarbon tails penetrate thhe oil droplet but thhe carboxvlate head groups (or other
hyvdrophilic groups in synthetic detergents) surround the surface. formm hvdrogen
bonds with water, and give rise to a shell of negative charge that repels a possible
apprroach from another similarly charged particle.

The electrical double layer
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A, major sounrce of kinetic nonlability of colloids is the existence of an eleciric charge
on the suarfaces of thhe particles. On account of this charge, ions of opposite charge tend
to cluster mnearby, and an ionic attmosphere is formmed., just as for ions (Sectiomn S.13).

W e meed to distimguish two regions of charge. First, there is a fairly immmobile layver
of ions thhat adhere tightly to the surface of thhe colloidal particle, anmnd which nmay
include water molecules (if thhat is the support mediuvum ). The radius of the sphere that
captures this rigid laver is called the radius of shear and is thhe major factor deterrmin-
ing thhe mobility of thhe particles. The electric potential at the radius of shear relative to
its value in thhe distant, bulk mmedinm is called the zeta potential, £, or the electro-—
kinetic potential. Second, the charged unit attracts an oppositely charged atmosphere
of Tmobile ions. The inner shell of charge and the outer ionic atmosphere is called the
electrical double laver.

The theory of the stability of lyvophobic dispersions was developed by B. Derjaguin
and I.. Tandawu and independently by E. Verwey and J. T G, Overbeek., and is knowmn as
the DLVO theory.! It assumes that there is a balance between the repulsive interaction
between the charges of the electrical double layers on neighbouring particles and the
attractive interactions arising frorm van der Waals interactions between thhe molecules

im the particles. The potential energy arising from the repulsion of double layvers on
particles of radius @ has the form

Aﬂzgz

Viepuision =+ —=— e o (18.14)



where A is a constant., g is thhe zeta potential, R is the separation of centres, 5 is the
separation of the surfaces of the two particles (s = IR — 2a for spherical particles of
radius «), and r,, is the thickness of the double layer. This expression is valid for stmall
particles with a thick double laver (a == r). When the double layver is thimn (ro <= a).
the expression is replaced by

Viepulsion — 4@l In(1 + e %) (18.15)
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In each case, the thickness of the double layver can be estimmated from an expression like
that derived for the thickness of the ionic atmosphere in the Debye—Hiuickel theory
(egmn 5.91) in which there is a competition between the assembling influences of the
attraction between opposite charges and the disTruptive effect of thhermmal motion:

152

_ eI Thickness of the
> = 2o FXIb electrical double layer (18.16)
where I is the ionic strength of the solution, @ its mass density, and #2—= 1 mol kg !

( FFis Faraday’ s constant and £ is the permittivity., £— £_£,). The potential energy arising
from the attractive interaction has the form

Vattraction = —— (18.17)
where B is another constant. The variation of the total potential energy with separa-—
tion is shown in Fig. 18.22_

At high ionic strengths, the ionic atmosphere is dense and the potential shows a
secondary minimuurm at large separations. Aggregation of the particles arising from
the stabilizing effect of this secondary minirmuum is called flocculation. The flocculated
material can often be redispersed by agitation because the well is so shallow.
Coagulation., the irreversible aggregation of distinct particles into large particles,
occurs when the separation of the particles is so small that theyv enter the primmary
minimmum of thhe potential energy curve and van der Waals forces are dominamt.
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Fig. 18.22 T he«e potential energy of
interaction as a function of the separatiomn
of the centres of the two particles and its
wvariation with the ratio of the particle size
( radius o for spherical particles) o the
thickness of the electrical double layer, .-
The regions labelled coapulationmn amnd
flocculation show the dips in the potential
energy curves where thhese processes ooour.



The ionic strength is increased by the addition of ions, particularly those of high
charge tyvpe,. so such ions act as flocculating agents. This increase is the basis of thhe erm-
pirical Schulze—Hardy rule, thhat hvdrophobic colloids are flocculated most efficiently
by ions of opposite charge tyvpe and high charge mnumber. The A1°" ions in alurm
are very effective, and are used to induce the congealing of blood. When river water
containing colloidal clay flows into the sea, the salt water induces flococulation and
coagulation., and is a mMmajor cause of silting in estuaries. hWlietal oxide sols tend to be
positively charged., whereas sulfur and the noble metals tend to be negatively charged.

The primary role of thhe electric double laver is to confer kimetic mon-lability.
Colliding colloidal particles break through the double layver and coalesce only if the
collision is sufliciently energetic to disrupt the layers of ions and solvating molecules,
or if thermal motion has stirred away the surface accummulation of charge. This dis-
ruption may occur at high temperatuares, which is one reason why sols precipitate
when they are heated.

Micelles and biological membranes

Fig. 18.23 A schematic version of a spherical
miicelle. The hydrophilic groups are
represented by spheres and the
hydrophobic hydrocarbon chains are
represented by the stalks: these stalks are
mobile.



Micelle formation

Micelles form only abowve the critical micelle concentration (CMC) and abowve the
EKrafft temperature. The CMNC is detected by moting a pronounced change in physical
properties of the solution, particularly thie Tnolar conductivity (Fig. 18.24). There is no
abruapt change in properties at the CMIC;: rather, there is a transition region corres—
ponding to a range of concentrations around the CMC where physical properties
vary smmocothly but mnonlinearly with the concentration. The hydrocarbon interior of a
miicelle is like a droplet of oil. INuclear magnetic resonance shhows thhat thhe hyvdrocarbon

tails are mobile, but slightly more restricted than in the bulk. Micelles are important
in industry and biology on account of their solubilizing function: matter can be trans-
ported by water after it has been dissolved in their hydrocarbon interiors. For this
reason, micellar systems are used as detergents, for organic synthesis, froth flotation,
and petroleum recovery.

Non-ionic surfactant molecules may cluster together in clumps of 1000 or more,
but ionic species tend to be disrupted by the electrostatic repulsions between head
groups and are normally limited to groups of less than about 100. However, the dis-
ruptive effect depends more on the effective size of the head group than the charge. For
example, ionic surfactants such as sodium dodecyl sulfate (SDS) and cetyl trimethyl-
ammonium bromide (CTAB) form rods at moderate concentrations, whereas sugar
surfactants form small, approximately spherical micelles. The micelle population is
often polydisperse, and the shapes of the individual micelles vary with shape of the
constituent surfactant molecules, surfactant concentration, and temperature. A use-
ful predictor of the shape of the micelle is the surfactant parameter, N_, defined as

.V Definition of the
hﬁ-_m surfactant parameter [18.18]
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Fig. 18.24 The typical variation of some
physical properties of an agueous solution
of sodinum dodecylsulfate close to the
critical micelle concentration ( CMC).



where Vis the volume of the hydrophobic surfactant tail, A is the area of the hydrophilic
surfactant head group. and { is the maximum length of the surfactant tail. Table 18.1
summarizes the dependence of aggregate structure on the surfactant parameter.

In agueous solutions spherical micelles form. as showmn in Fig. 18.23, with the
polar head groups of the surfactant molecules on the micellar surface and interacting
favorably with solvent and ions in solution. Hydrophobic interactions stabilize the
aggregation of the hvdrophobic surfactant tails in the micellar core. Under certain
experimental conditions, a liposome may form, withh an inward pointing inner sur-—
face of molecules surrounded by anm outward pointing outer laver (Fig. 18.25).
Liposomes may be used to carry nonpolar druag molecules in blood.

Increasing the ionic strength of thhe agueous solution reduces repulsions between
surtface head groups, and cylindrical micelles can form. These cylinders may stack
together in reasonably close-packed (hexagonal) arrays, fornming lyvotropic meso-—
morphs and, more colloguially., “liguid crystalline phases’.

Reverse micelles form in nonpolar solvents, with stnall polar surfactant head groups
in a micellar core and more voluminous hydrophobic surfactant tails extending into
the organic bulk phase. These spherical aggregates can solubilize water in organic sol-
wents by creating a pool of trapped water molecules in the micellar core. As aggregates
arrange at high surfactant concentrations to vield long-range positional order. mmany
other types of structures are possible including cubic and hexagonal shapes.

The enthalpyv of micelle formation reflects the contributions of interactions
between micelle chains within the micelles and between the polar head groups and the

Fig. 18.25 The cross-sectional structure of
a spherical liposome.




Table 18.1 Variation of micelle shape with the surtactant parameter

T aluae or ramnge of the Micelle shape
surfactamnt paramueter, M
= .35 Spherical
.33 o O S0 Cwlindrical rodds
O S0 e 1 o0 Wesicles
1 Onw Planar bilayvers
= 1.0k Rewverse micelles and other shapes

surrounding mediunm. Conseguently., enthalpies of micelle formation display no readily
discermible pattermn amnd may be positive (endothermic) or nmegative (exothermic).
Many non-ionic micelles form endothermmically, with A of the order of 10 kKJ per mole
of surfactant molecules. That such micelles do formTm abowve the CMC indicates that the
entropy change accompanying their formation mmuast then be positive, and measure—
ments suggest a value of about +140 J K ! mol™! at room temperature. The fact that
the entropy change is positive even though the molecules are clustering together
shows that hvdrophobic interactions are important in the formation of micelles.

Bilayers, vesicles, and membranes

Some micelles at concentrations well abowve the CMC form extended parallel sheets
two molecules thick, called planar bilayers. The individual molecules lie perpendicu-
lar to the sheets, with hydrophilic groups on the outside in agueous solution and on
the inside in nonpolar media. When segments of planar bilayvers fold back on them-
selves, unilamellar vesicles may form where the spherical hvdrophobic bilaver shell
sgparates an inner agueous compartment from the external agueous environment.




MNICH) Bilayvers show a close resemblance to biological membranes, and are often a useful
model on which to base investigations of biclogical structures. Howewver, actual

( membranes are highly sophisticated structures. The basic structural element of a
?‘ membrane is a phospholipid, such as phosphatidyl choline (9), which contains long
=P —0 hyvdrocarbon chains (typically in the range C,,—C,,) and a variety of polar groups,
(!} such as . CH,CH,N(CH;)3. The hydrophobic chains stack together to form an exten-
O o sive layer about 5 nm across. The lipid molecules form layvers instead of micelles

'\f' because the hydrocarbon chains are too bulky to allow packing into nearly spherical

o

(CH)> clusters.
] The bilayer is a highly mobile structure, as shown by EPR studies with spin-labelled

o Cis :é::: phospholipids (Ifmpace I14.2). Not only are the hydrocarbon chains ceaselessly twist-
" ing and turning in the region between the polar groups, but the phospholipid and

CH (CHz)» cholesterol molecules migrate over the surface. It is better to think of the membrane

-|::':|---|3 as a viscous fluid rather than a permanent structure, with a viscosity about 100 times

that of water. In common with diffusional behawviour in general (Section 20.8), the

9 Phosphatidyl choline average distance a phospholipid molecule diffuses is proportional to the square-root

of the time:; more precisely. for a molecule confined to a two-dimensional plane., the
ﬁR average distance travelled in a time ¢ is equal to (42¢) "2 Typically, a phospholipid

o

(H,C) .

molecule migrates through about 1 pum in about 1 min.
All lipid bilayers undergo a transition from a state of high to low chain mobility at

a temperature that depends on the structure of the lipid. To visualize the transition,

we consider what happens to a membrane as we lower its temperature (Fig. 18.26).

There is sufficient energy available at normal temperatures for limited bond rotation

to occur and the flexible chains writhe. However, the membrane is still highly organ-

ized in the sense that the bilayer structure does not come apart and the system is best
(a)

described as a liguid crystal. At lower temperatures, the amplitudes of the writhing
motion decrease until a specific temperature is reached at which motion is largely
frozen. The membrane is said to exist as a gel. Biological membranes exist as liguid
crystals at physiological temperatures.

A




Phase transitions in membranes are often observed as "'melting” from gel to liguid
crystal by differential scanning calorimetry (frrmpace I2.1). The data show relations
between the structure of the lipid and the melting temperature. For example,. the
melting temperature increases with the length of the hyvdrophobic chain of the lipid.
This correlation is reasonable, as we expect longer chains to be held together more
stronglv by hvdrophobic interactions than shorter chains. It follows that stabilization

of the gel phase in membranes of lipids with long chains results in relatively high melt-
ing temperatures. On the other hand., any structural elements that prevent alignment
of thhe hvdrophobic chains in the gel phase lead to low melting temperatures. Indeed.,
lipids containing unsaturated chains, those containing some C—C bonds, formm mernm -
brames with lower melting temperatures thhan those forrmed from lipids withh fually
saturated chains, those consisting of C—C bonds only.

Interspersed among the phospholipids of biological membranes are sterols, suauch as
cholesterol (10), which is largely hyvdrophobic but does contain a hyvdrophilic —«(OH
group. Sterols, which are present in different proportions in different types of cells,
prevent the hyvdrophobic chains of lipids from “freezing”™ into a gel and. by disrupting
the packing of thhe chains, spread the melting point of thhe membrane over a range of

temperatures.

MMolecular self-assembly can be used as the basis for manipulation of surfaces on the
nanometre scale. Of current interest are self-assembled monolayers (SANSsS), ordered
molecular agegregates that form a single layver of material on a surface. To understamnd
the formnmation of SAMs, consider exposing molecules such as alkyl thiols RSH, where
R represents an allkyl chain, to an Awv(0) surface. The thiols react with the surface,
forming RS Au(l) adducts:

RSH + Awu(0),, — RS Au(l)-Au(0), , + =+ H,



If R is a sufficiently long chain, van der Waals interactions between the adsorbed RS
units lead to the formation of a highly ordered monolayer on the surface, as shown in
Fig. 18.27. It is observed that the Gibbs energy of formation of SAMNs increases with the
length of the alkyl chain, with each methylene group contributing 400—4000 J mol™!
to the overall Gibbs energy of formation.

A self-assembled monolayer alters the properties of the surface. For example, a
hyvdrophilic surface may be rendered hydrophobic once covered with a SAM.. Further-
maore, attaching functional groups to the exposed ends of the alkyl groups may impart
specific chemical reactivity or ligand-binding properties to the surface, leading to
applications in chemical {(or biochemical) sensors and reactors.

Fig. 18.27 Self-assembled monolayers of
alkylthiols formed on to a gold surface by
reaction of the thiol groups with the surface
and aggregation of the alkyl chains.







