
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



THE ADSORPTION OF SIMPLE AMINES ON 
PLATINUM SURFACES

A thesis submitted to 

THE UNIVERSITY OF DUBLIN 

for the degree of 

DOCTOR IN PHILOSOPHY

by

ANTHONYIGOE

Department of Chemistry 
University of Dublin 

Trinity College 
Dublin 2 
Ireland.

1999



DECLARATION

This thesis is subm itted  by the undersigned to the U niversity o f D ublin for exam ination for 
the degree o f D octor in Philosophy. This thesis has not been subm itted for a degree in this or 
any other university. Except where acknow ledgem ent is given, the work described herein is 
original and carried out by the author alone.

A nthony C .lg o e



WTfinoAtfvagii
looz Nfirz z



DECLARATION

I agree that the Library may lend or copy this thesis upon request.

Antho



SUMMARY

T his thesis presents the results of an investigation of the adsorption of methylamine, 

dim ethylam ine, trimethylamine and ethylenediamine on P t ( l l l )  and Pt(331). The chemical 

com position and geometric structure of the clean crystals were characterised by Auger 

electron spectroscopy, low energy electron diffraction, and X-ray photoelectron 

spectroscopy.

Therm al desorption experiments have shown that, on heating the P t ( l l l )  crystal, 

m ethylam ine undergoes decomposition into H 2 , HCN and C 2 N 2 . A small amount of 

m ethylam ine decomposes completely to leave carbon and nitrogen residues on the surface. 

The decomposition o f m ethylamine on Pt(331) produces the same decomposition products 

as are produced on P t ( l l l ) .  However, HCN desorption occurs at significantly lower 

temperatures. On both P t ( l l l )  and Pt(331) a high tem perature C 2N 2 peak is observed 

consistent with previous studies on methylamine, cyanogen and hydrogen cyanide adsorption 

on platinum.

D im ethylam ine decom poses on both P t ( l l l )  and Pt(331) to form H 2 , HCN and CEU- 

No C 2 N 2 desorption is observed, in contrast to methylamine decomposition. M ethane 

production is in direct com petition to H 2  production. The decomposition pathway involves 

cleavage of the C-N  bond, at which point either decomposition of the methyl group occurs to 

give H 2 , or the m ethyl group picks up a hydrogen to form methane. Trimethylam ine 

produces the sam e desorption products as dimethylamine on platinum  and undergoes 

decom position in a sim ilar manner. The decomposition processes for both chemicals are 

essentially the sam e on both P t ( l l l )  and Pt(331). However, HCN desorbs at lower 

tem peratures on P t(3 3 1) than on P t(l 11), as was noted for m ethylam ine decomposition.

Ethylenediam ine decomposition on platinum  is a dehydrogenation process, forming H 2  

and C 2N 2 , with C-C  bond cleavage to form HCN providing a com petetive process. C 2N 2 

desorbs at low tem peratures, the result o f dehydrogenation. No high tem perature C 2N 2 

desorption event occurs. XPS results indicate that there are no CNads. species on the surface. 

Adsorption and decom position of ethylenediamine on Pt(331) occurs at step sites, producing 

C 2N 2 at a higher tem perature than on P t ( l l  1).
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CHAPTER 1 INTRODUCTION

1.1 GENERAL INTRODUCTION

In order to develop a clear understanding of the fundamental processes involved in 

catalysis and corrosion it is necessary to study the chemical composition and atomic 

arrangement of solid surfaces and to investigate the mechanisms of adsorption and reaction 

on these surfaces. In the case of catalysis, for example, more active and selective catalysts 

may be designed once a detailed knowledge of the interaction of the reacting species with 

the surface of the metal catalyst can be ascertained.

The development of ultra-high vacuum technology made possible the preparation and 

maintenance of clean surfaces on a time scale sufficient to carry out surface characterisation 

and surface-adsorbate interaction experiments. The adaptation of Auger electron 

spectroscopy [1-4] and X-ray photoelectron spectroscopy [5] to surface studies in the late 

1960’s provided a reliable means of determining the surface composition of clean and 

adsorbate-covered surfaces. Over the intervening years numerous techniques have been 

developed or adapted to probe the geometry and electronic structure of surface systems, 

including low energy electron diffraction [6-9], ultraviolet photoelectron spectroscopy [5, 

10, 11], high resolution electron energy loss spectroscopy [12], reflection absorption infra

red spectroscopy [13-15], molecular beam studies [16, 17], secondary ion mass spectrometry 

[18], photoelectron diffraction [19] and normal incidence X-ray standing waves [20]. 

Thermal desoiption spectroscopy [21-23], or temperature programmed desorption as it is 

also known, provides information on the number and nature of adsorbed species as well as 

on the thermal stability of the species and the kinetics of their evolution.

Surface chemistry experiments are generally performed on single crystal surfaces, 

usually of low Miller indices, in order to minimise surface heterogeneity and allow the effect 

of a limited number of adsorbate binding sites to be determined.

The surface chemistry of platinum has been the subject of extensive research, due to its 

catalytic activity [24]. It is one of the most versatile heterogeneous catalysts, used for 

hydrocarbon conversion reactions and for hydrogenation in the chemical and petroleum-
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refining industries [25 , 26], as w ell as in the oxidation  o f  am m onia during fertiliser 

production, and CO and unbumed hydrocarbons in the control o f  car em ission s [27, 28], 

Pt(l 11) is one o f the most studied crystal surfaces. It is an atom ically flat, face-centred cubic 

surface in which each atom is surrounded by six near neighbours. Its lack o f  steps and kinks 

gives it m inim um  heterogeneity and is therefore ideal as a starting point in surface chem istry 

studies. Few  investigations have been made o f  the (331) orientated surface [29-31]. The 

(331) surface consists o f  three atom w ide (111) terraces with one-atom  high (111) steps. A s 

such the (331) provides the opportunity to exam ine the effect o f  introducing a system atic 

‘defect’ to the (111) plane. It is w ell established that steps, kinks and defects play an 

important part in surface reactions [32-37]. The change in the electronic density at step sites 

results in different adsorption sites, different lateral interactions betw een adsorbed species  

and different reaction probabilities. Adsorbed atoms and m olecu les generally have higher 

heats o f adsorption at defect sites [38].

In this work the thermal decom position o f  sim ple organic am ines - m ethylam ine, 

dim ethylam ine, trim ethylam ine and ethylenediam ine - on P t ( l l l )  and P t(3 3 I) is studied. 

Organic am ines are known for their poison ing effect in catalysis and are used to control the 

selectivity in hydrogenation reactions [39],

The adsorption and decom position  o f  ethylenediam ine on P t ( l l l )  have been  

investigated using thermal desorption spectroscopy. X-ray photoelectron spectroscopy and 

high resolution electron energy loss spectroscopy [40-42]. K ingsley  et  al. proposed that 

ethylenediam ine undergoes dehydrogenation o f the am ine groups to form an 

ethylenedinitrene surface species at or above the adsorption temperature o f  285K . This is 

fo llow ed  by sequential removal o f hydrogens from the methyl groups at higher temperatures 

to produce a m ixture o f  partially hydrogenated species on the surface, resulting in the 

desorption o f cyanogen and hydrogen at 430K  fo llow ed  by hydrogen cyanide. An alternative 

model was proposed by Lloyd and H em m inger [41] fo llow ing H REELS investigations and 

Lindquist et al. [42] from XPS studies. They suggested that a d i-im ine rather than a dinitrene 

species is formed betw een 273K  and 373K .

M ethylam ine has been the subject o f  a number o f investigations on platinum [43-46]. 

The main desorption products noted have been H 2 , H C N  and C 2 N 2 . There is general 

agreement that m ethylam ine thermal decom position occurs through a pathway o f
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dehydrogenation and that the N -C  bond is not broken. D iscu ssion  now  centres on the nature 

o f the interm ediate or interm ediates form ed during the decom position  process.

Few investigations have been carried out on di- and trim ethylam ine adsorption on 

single crystal surfaces. Pearlstine and Friend [47] exam ined  trim ethylam ine adsorption on 

clean, carbide and o x id e  covered W(IOO). The main desorption products from these surfaces 

were trim ethylamine, methane, hydrogen and nitrogen. N unney et al. [48] found that 

trim ethylamine adsorbs m olecularly through the nitrogen lone pair on N i ( l l l )  at llO K . 

Erley et al. [49] found that it decom poses com pletely into atom ic species on P t(l 11).

Work carried out by W alker and Stair [50, 51] on M o(lOO) resulted in the formation o f  

H C N  and CO (on oxid ised  Mo(lOO) surfaces only) as w ell as methane, hydrogen and 

nitrogen. N o m olecular trimethylamine was detected as a desorption product from  

m olybdenum . They concluded from their research that trim ethylam ine undergoes com plete 

dissociation  into atom ic surface species upon adsorption at low  coverages at 333K . These 

products ‘partially passivate’ the surface allow ing m olecular adsorption o f  trimethylamine at 

higher coverages which decom poses to form H CN  and C H 4 desorption products.

The techniques used in this work were Auger electron spectroscopy, low  energy  

electron diffraction, X-ray photoelectron spectroscopy and thermal desorption spectroscopy. 

The rem ainder o f this chapter is devoted to a brief description o f the theory behind each o f  

these techniques. Their application is described in chapter 2.
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1.2 LOW ENERGY ELECTRON DIFFRACTION

In the LEED experiment, a beam of energetically well-defined electrons is directed 

onto the crystal surface, and the angular distribution of elastically back-scattered electrons is 

monitored to yield information on the periodicity of the surface.

The theory of low energy electron diffraction has been discussed and reviewed in 

detail [6-8, 52], Only a brief description of LEED and the information attainable from it will 

be given here.

An incident beam of electrons of energy between 10 and 200eV produces electron 

wavelengths of 3.9 to 0.93A, given by:

arises at these electron energies because the corresponding wavelengths are similar to the 

interatomic distances in the crystal lattice. The electrons have a high elastic back-scattering 

cross-section resulting in a high probability of being back-scattered before penetrating any 

great distance into the bulk.

A =  V  (150.4/E) ( 1.2 . 1)

where X, the wavelength, is in A and E, the energy, is in eV. The possibility of diffraction

<t>

- I

Square | a,. | = | a,.
Rectangular Centred Rectangular

I a , ,  k  I I <t> =  9 0 "
<t) =  9 0 ‘’

Hexagonal 

(t)= 120°

J

O blique

I 3 i .  I I a ^ .  I <1) 9 0 '

Fig. 1.1 Unit meshes o f the five possible surface nets.
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The periodic two-dimensional arrangements o f  atom s at the surface can be grouped 

into five types o f  surface nets, whichi describe all p ossib le diperiodic surface structures. The 

unit areas or unit m eshes o f  these five; possib le nets are show n in figure 1.1.

T*ie periodicity o f  the surface is  described by the tw o vectors ai and a2. In reciprocal 

space, the corresponding vectors are a i*  and aj*, defined by:

ai*.aj = 27r5ij (1.2.2)

where 6ij is the Kronecker delta (8ij =  1 for i = j; Sy = 0  for i j ). The 2n  in the equation 

replaces the value o f unity conventionally used in X-ray diffraction, allow ing the wave 

vectors k to be drawn on the reciprocal crystal lattice diagram. The energy E o f  the incident 

ekctron is given by:

E = (h^/2m).k^ (1.2.3)

where h = h/27i (h is P lanck’s constant) and m is the mass o f  the electron. The w ave vector is 

related to the wavelength o f  the electron by:

k = 2ti/A. (1-2.4)

Diffraction occurs when the conservation o f energy and m om entum  selection rules are 

satisfied. T hese rules are given by:

l k ' | = l k o l  (1-2.5)

k'li = k o | | + g , x -  (1 .2 . 6 )

where k' and ko are the wave vectors o f  the diffracted and primary electrons respectively. 

Since there is a loss o f periodicity in one dim ension, only the com ponent o f the momentum  

parallel to the surface is conserved, hence the n subscript. g,,k is a general reciprocal lattice 

vector, which lies in the plane o f the surface, and is given by

g t̂ = h.a\* +  k.a2* (1-2-7)

where h and k  are integers.

It is possib le to derive the symmetry and dim ensions o f the clean surface unit mesh and 

also the symmetry and dim ensions of ordered adlayers relative to the clean surface from a
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knowledge of the direction of the diffracted beams and the prim ary beam  energy. The 

relationship betw een the surface unit m esh and that o f a m onolayer o f som e adsorbed species 

can be described by using a transform ation matrix M:

M  =
( 1.2 .8)

such that:

ais -  miiaib + m^aab ( 1.2 .9 )

a2s -  rn2iaib + n\22SHb ( 1.2 . 10)

or, in m atrix notation:

3s =  Mab ( 1.2 . 11)

where as represents the translation vectors o f the adsorbed layer unit m esh, and ab represents 

those o f  the substrate unit mesh. The areas o f the two unit m eshes are given by:

The type of superposition of adlayer upon substrate can be defined by reference to the values 

o f detM :

(a) if detM  is an integer, the structure is referred to as a sim ple lattice;

(b) if detM  is a rational fraction, the structure is a coincidence lattice;

(c) if detM  is an irrational fraction, the structure is incoherent.

(a) and (b) are illustrated in figure 1.2.

A — I  a j s  X  a2s ( 1.2 .12)

B = I  aib X  a 2 b ( 1.2 . 13)

It can be shown that:

A = BdetM ( 1.2 . 14)
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(a) SIMPLE det Ml integer

a 2 X 1 overlayer

(b) COINCIDENCE det M a rational fraction

M  =
3/2 0 

0 1/2

2 a , s  -  S B i j ,

Fig. 1.2 Relationship between surface and bulk meshes. The sim ple and coincidence m eshes ure 

illustrated by the cases o f  deposit atoms (filled circles) on the bulk exposed (110) plane o f  an 

f.c.c. material (open circles).

A simple notation has been proposed by W ood [53] where the relationship between the 

unit m eshes is described by the ratio of the lengths o f the translation vectors and by a 

rotation R expressed in degrees. This notation is illustrated in figure 1.3. U nfortunately, 

W ood’s notation is inadequate in describing certain surface structures, for exam ple 

incoherent structures. However, its sim plicity and suitability for very many structures m eans 

that it is widely and frequently used.



Deposit

Substrate Substrate Centred Surfact'substrate
surface mesh mesh ritios
normal

(a)

a,. M =

®ooo®o o®ooo® oomo0^ 
o .Q 'o 'm  ©<D‘’
®’O,0'O®O®'®ooo®

e.g. Pt(lOO) (V2x2V2) R 45° - O

(b)

Fig. 1.3 Two notional examples of W ood’s notation for structures com pared with the matrix notation. In

example (a) for a N i(l 10) face exposed to oxygen, the notation can be shortened to N i(l 10)c2-0 

because the deposit mesh is rectangular.

In this work, LEED has been used for the determination o f surface and overlayer 

symmetries and dimensions as described above.
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1.3 A U G E R  E L E C T R O N  S P E C T R O S C O P Y

A uger elec tron  spectroscopy in v o lv es  analysis o f  the  energy  o f  the  secondary  electrons 

em itte d  by the A uger process [1] from  a surface.

In ad ia tio n  o f the surface w ith  a 2 -3keV  electron  beam  o r X -ray  p ho tons in a sim ilar 

en e rg y  range resu lts in the ion ization  o f  an atom ic core level (E i). T h is  then re laxes by an 

e lec tro n ic  transition  such as E 2 to E i. T h e  energy  re leased  by th is d eex cita tio n  process is 

tran sfe rre d  by a rad ia tion less m echan ism  to  a th ird  e lec tron  in E 3 w h ich  is em itted  from  the 

a to m  (see figure 1.4). T his em itted  e lec tron  is the A u g er e lec tron  and  has a characteristic  

k in e tic  energy Ek given  by;

Ek = E , - E / - E 3 '  (1 .3 .1)

w h e re  E j '  (~E 2) and  E 3 '  (~ E 3) take acco u n t o f  the shifts in energy  o f  these  levels due to 

io n iza tio n  o f the atom . T herefore, the k inetic  energy  im parted  to  the  e lec tro n  is independen t 

o f  the  prim ary  radiation. T he ion ization  cross-section  o f the co re  level, how ever, is 

d ep en d en t on the energy  o f the p rim ary  rad ia tion  (Ep), ris in g  from  0  fo r Ep< Ei to a 

m ax im u m  for Ep/Ei ~ 3, fo llow ed  by a slow  decrease at h ig h er v alues, but w ith  little 

v a ria tio n  in the range 2 < Ep/Ej < 6  [54],

A lthough  the prim ary elec tron  can  penetra te  deep in to  the  b u lk  o f  the specim en and
o

p ro d u ce  secondary  electrons w ith in  the b u lk  (due to an ine lastic  m ean  free  path o f  ~ 200A , 

fo r a typical beam  energy  o f 2  - 5keV ), the short escape dep th  (4 - lOA)  fo r secondary  

e lec tro n s m eans that only  those e lec tro n s at or near the surface escap e  w ith o u t sca tte ring  and 

are detected . F urtherm ore , by d ec reasin g  the angle o f incidence o f  the  p rim ary  e lec tron  beam  

to n ea r grazing  incidence, a g reater n u m b er o f surface atom s are sam p led , thus increasing  the 

su rface  sensitiv ity . E xperim enta lly , the  o p tim u m  angle lies b e tw een  10 and  15° from  grazing 

incidence.

E lec tron ic  d ifferen tiation  o f the signal from  the re ta rd in g  fie ld  ana lyse r during  A ES 

analysis y ields the secondary e lec tro n  d is trib u tio n  (N (E )) cu rve . A u g er elec trons are 

observed  as w eak pertu rbations on th is  total secondary  e lec tro n  d is trib u tio n ; how ever.
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fu rther d iffenentiation o f  the N(E) c-urve to  give d N (E )/d E  resu lts  in g rea te r sensitiv ity  and 

reso lu tion , such  tha t the low er limit o f  the detection is in the range o f 1 - 5% o f  a m onolayer.

It is im p o rtan t to no te that d e-excita tion  o f the io n ized  atom  can  also  resu lt in X -ray  

em ission , a co m p etitiv e  re laxation  p rocess to  A u g er em issio n  (again , see figure 1.4). 

Follow ing the  ion iza tion  o f  a K -shell, fo r atom ic n u m b ers  (Z ) < 19 m ore than  90%  o f the 

re laxation  is by  A u g er em ission ; at Z  = 32 (G e) there is an eq u a l p ro b ab ility  o f re laxation  via 

these tw o  co m p etin g  processes; and fo r Z  > 33 X -ray em issio n  b eco m es the dom inan t 

process [55]. T hus, the A uger yield is m ax im ised  for the firs t and  second  row  elem en ts, 

m aking  A ES m ost useful fo r the study o f  these elem ents ad so rb ed  on surfaces.

A uger e lec tron  spectroscopy is used  prim arily  as a m eans o f  m o n ito rin g  the chem ical 

co m p o sitio n  at the surface. H ow ever, it m ay also be used  to  m easu re  re la tive  coverages, 

d iffu sion  co effic ien ts  [56], rates o f adsorp tion  [57] and d eso rp tio n  [58], and  dep th  p ro files 

[59], as well as a m o n ito r in N E X A FS experim en ts [60].

Ep or X-ray

V v////'//nirnmmniin\
Vacuum

K ev:

•  E lectron
O  H ole

V V alence L evel

E 1 . 3  C ore E nergy  L evels

Ep E lectron  B eam

De-Excitation

X-ray

Vacuum

V7-,y7//77mi/l!lini!l!U\

A uger

Fg. 1.4 Schem atic  diagram  o f  A uger and X -ray processes.
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1.4 THERMAL DESORPTION S PECTROSCOPY

This technique involves heating the sample at a con tro lled  heating rate and m onitoring 

the partial pressure o f a species desorbing from  the surface as a function o f tem perature.

A nalysis o f desorption spectra yields information on the nature and num ber of 

adsorbed species, the num ber of various desorbing phases fo r each species and their relative 

populations; the activation energies of desorption (Ed) of the individual phases and the order 

of the desorption process.

Therm al desorption has been the subject of a num ber o f articles [21-23] and only a 

bnef d iscussion  of the technique will be presented here.

'W hen the pum ping speed to volume ratio is large, the partial pressure at any time is 

propoitional to the rate of desorption. The rate of desorption from  unit surface area is given

w here 9 is the surface coverage, n is the order of the desorption reaction, v„ is the rate 

constant, R the gas constant and T the tem perature. W ith linear heating rates, the integral of 

the partial pressure change over the tem perature range is proportional to the coverage. 

R edhead showed [21] that, in the absence o f any coverage dependence on Ed, the peak 

tem perature (Tp) for a first order desorption process is independent o f coverage:

w here (3 is the heating rate and vi is the pre-exponential (frequency) factor. Thus Ed can be 

determ ined directly from a m easurem ent o f Tp, provided a value o f vj is assum ed, using the 

Redhead formula:

by:

-de/dt = Vn.0".exp(-Ed/RT) (1.4.1)

Ed/RTp' = (v,/|3)exp(-Ed/RTp) (1.4.2)

Ed/RTp = /«(viTp/p) - 3.64 (1.4.3)

The relation between Ed and Tp is very nearly linear and for lO'^ >  vi/(3 > 10*, the error 

induced is small (approx. 2%).
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/n(Tp^/p) = Ed/RTp + Z/i(Ed/R) (1.4.4)

A plot of /n(Tp^/p) versus 1/Tp yields a straight line with a slope o f Ej/R. No value o f vi 

need be assumed using this equation, but can be calculated subsequently by substituting E<j 

in the rate equation (1.4.1).

A more general expression, valid for all desorption orders, n, greater than zero has 

been derived by Falconer and Madix [23]:

/n(P/Tp^) = In (R,v„.0"-'/Ed) -Ej/RTp (1.4.5)

Plotting //2(P/Tp^) versus 1/Tp for a number of heating rates yields a straight line o f slope 

-Ed/R.

In general, Tp increases as the heating rate is increased, but since the dependence o f Tp 

on (3 iis small, changes in (3 of several orders of magnitude are necessary to obtain reasonable 

accuracy in the determination of Ej from heating rate variation methods.

The desorption activation energy can be determined for any n without recourse to 

h^atin'g rate variation methods, by direct analysis o f the desorption profile. From (1.4.1) it 

Ciin be' shown that:

/7!(-d0/dt /e") = -Ed/RT (1.4.6)

By using the partial pressure change as a measure o f the rate and the area under the 

remaining higher temperature portion of the curve as a measure o f the coverage, a plot of 

//z(-d0/Mt /0") versus 1/T should yield a straight line o f slope -Ed/R for the appropriate order.

When analysing thermal desorption spectra, consideration must be given to the 

possibility of lateral interactions between adsorbed species, changes o f bond strength with 

coverage and the interconversion o f states in the adlayer. These can complicate spectral 

interpretation. In the case o f lateral interactions, the activation energy and peak temperature 

become dependent on coverage. Repulsive interactions can result in a first order desorption 

process displaying a second order peak shape and Tp versus 0 behaviour [61]; and a second 

order desorption process showing a much greater shift o f Tp with 0. A lso, lateral interactions 

can result in the appearance o f multiple desorption peaks from a single desorbing state, due 

to sharp decreases in Ed at, for example, 0 =  0.5 [62].
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1.5 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) provides information about the elemental 

ccomposition and chemical environment of a surface. The process involves the excitation of 

eelectrons in an atom or molecule into the vacuum by means of X-rays.

A photon with sufficient energy hv (where h is Planck’s constant and v is the 

ffrequency of the electromagnetic radiation) will ionize an electronic shell, imparting to an 

eelectron enough energy for it to escape into the vacuum. The kinetic energy of this 

Fph)toielectron is given by:

Ek = /zv-Eb  (1.5.1)

vwhere Eb is the calculated binding energy of the electron. The kinetic energy may be 

rmodified by several atomic parameters associated with the electron emission process, such 

ais relaxation of orbitals and core level screening. Therefore, equation (1.5.1) represents a 

hiighly simplified relationship between E^ and Eb.

Incident photons with energies in the ultra-violet and X-ray regions of the 

e;lectromagnetic spectrum provide sufficient energies to produce photoelectrons. In ultra

v io le t photoelectron spectroscopy (UPS) the energy of the incident radiation (21.2 eV using 

a helium discharge lamp) is insufficient to eject deep core electrons. UPS is therefore 

g'enerally used to study electrons in the valence band of the solid. X-rays on the other hand 

hiave energies capable of ionizing core electron levels. Since core level energies are element 

sjpecific XPS provides a powerful tool for identifying surface species.

In XPS the sources of radiation are usually aluminium or magnesium anodes which 

giive Ka lines at 1486.6 eV and 1253.6 eV respectively. Combining these two sources in a 

swvitchable twin-anode can enable the separation of those photoelectrons whose kinetic 

energies are directly dependent on the incident photon energy from Auger electrons, which 

ar e also produced during core level ionization, and whose energies are fixed, regardless of 

thie energy of the incident beam (see section 1.3).

In addition to Auger peaks, many other features appear in an XPS spectrum along with 

thie core electron lines, adding a degree of complexity to the spectrum. The most obvious
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feature is the step Hke background, the steps occurring at the low  kinetic energy (high 

binding energy) side o f the photoelectron lines. T hese steps are generated by cascades o f  

inelastic co llision s undergone by those photoelectrons generated at depths below  the surface 

much greater tlhan the mean-free-path for inelastic scattering.

As stated earlier, equation (1 .5 .1 ) represents a sim plistic picture in which the electrons 

remaining after ionization are assum ed to be in the sam e initial state as before the ionization  

event. H ow ever, as an electron is ejected  from a core level, the other electrons relax in 

energy to lower energy states to screen this hole and so make more energy available to the 

outgoing photoelectron. This is called a relaxation shift. Furthermore, an outgoing  

photoelectron may interact with a valence electron, either prom oting it to a higher energy  

lev e l (a  process referred to as a shake-up), or even prom oting it above the vacuum  level 

(know n as a shake-off). In doing so the outgoing photoelectron loses kinetic energy. This 

process results in satellite peaks at the high binding energy side o f  the photoelectron peak. 

Another potential source o f  spectral features are plasm ons, which are co llec tive  density  

fluctuations in the electron cloud in a solid.

Finally, the X-ray source itself contributes features to the X PS spectrum. Both A l-K «  

and M g-K a have K« 3,4  satellites som e 10 eV  below  the main Ka 1,2 lines, with around 10% 

o f  the;ir intensity.

Overall, these features essentially  reflect the difference in energy betw een the initial 

(unexcited) state and the final state.

In addition to identifying surface species XPS allow s inform ation about the chem ical 

environment o f an elem ent to be deduced. This is because the binding energy o f  a core 

electron is influenced by electrostatic interaction with the valence electrons. The 

contribution o f the valence electrons to the energy o f the core levels depends on the type o f  

bonding in which the valence electrons are involved. In sim ple terms, the greater the 

electronegativity o f the surrounding atom s that are involved  in chem ical bonding, the more 

the electronic charge is redistributed away from the atom and the higher the observed  

binding energies o f  the core electrons. T hese ‘chem ical sh ifts’ m ay be as large as 10 eV  and 

provide information on the valence states o f the surface elem ents and consequently their 

bonding.
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In XPS the energy resolutiom is lim ited by the line w idth o f the photon source. 

Therefore, if an elem ent exists in t\wo different chemical environm ents on the surface, the 

difference betw een their respective chem ical shift values m ust exceed the line width of the 

source to be fully resolvable in the spectrum. The line width o f the A l-K a and M g-Ka 

sources are about 0.85 eV and 0.7 eV  respectively.

Som etim es, the peaks in X-ray spectra are labelled by conventional X-ray notation 

where the principal quantum  numbers (n = 1, 2, 3, ...e tc .) of the orbitals are assigned the 

letters K , L, M, N, O, ...e tc ., with the orbital and total angular m om entum  quantum  num bers 

1 and j 0)f the hole left after photoem ission assigned respective suffixes. H ow ever, it is not 

tncommion for atom ic notation - is, 2pi/2, 2p3/2, etc. - to be used. It is this notation that is 

used in tlhis work.
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CHAPTER TWO 

EXPERIMENTAL TECHNIQUES
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CHAPTER 2 E XPERIMENTAL TECHNIQUES

2.1 THE EXPERIMENTAL SYSTEMS

Z. 1.1 The LEED/A uger System

This is a bakeable, 12 inch diameter, stainless steel chamber constructed by Vacuum 

Generators Ltd.. A number of ports were later added to the chamber by Vacuum Science 

Wo)rkshop Ltd.. These ports were positioned so as to give line of sight to the centre of 

curvature of the LEED optics.

The ports and flanges on the chamber are sealed using high purity copper gaskets; the 

mai n chamber is sealed using gold wire as a gasket.

A section through the experimental level of the chamber is shown in figure 2.1.

Key:
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E G l Auger Electron Gun

EG 2 LEED /A uger Gun 

G D  Gas Doser

E G 2
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V Viewport

Q M S Quadrupole M ass 
Spectrometer

R FA Retarding Field  
Analyser

L V  Leak V alve

A(

E G l

LV
V

Fig. 2.1 Schematic diagram through the experim ental level o f  the LEED -A uger system.

(not to scale)
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The chamiber was fitted withi a quadrupole m ass spectrom eter (V G  Supavac) for 

residual gas analysis and thermal des.orption spectroscopy; a display type three grid retarding 

field analyser (RFA ) (Vacuum Gemerators Ltd.) which could  be used for LEED or AES 

experim ents; a norm al incidence electron gun (LEG2) fo r LEED  and a glancing incidence 

electron gun (V acuum  Science W orkshop Ltd.) for AES; and tw o ionization gauges (Bayard- 

A lpert type), one for pressure m easurem ent in the torr pressure range, located

below the experim ental level o f the cham ber, the other for argon ion bom bardm ent (see 

section 2.3.3), located in the line of sight o f the sample.

T he  main cham ber attained pressures o f below 2 x l0 ‘ °̂ torr. This was achieved by use 

of a 5'0 litre per second diode ion pump in conjunction with a titanium  sublim ation pump. 

The diiode ion pum p works by ionizing the gas in the system  by m eans o f an electrical 

discharge which, under the influence of a m agnetic field of a few  thousand Gauss, follows a 

flat helical path, thus m axim ising the path length and resulting in a high efficiency of ion 

form ation. The gaseous ions are then captured or chem isorbed at the electrodes. The 

titanium  sublim ation pum p is located below  the main cham ber and is separated from the 

cham ber by a steel plate. Electrical resistance heating o f titanium /m olybdenum  alloy 

filam ents results in the sublim ation of titanium . This condenses on the cham ber walls and 

reacts chem ically with the active gases to form  low vapour pressure solid com pounds.

An auxiliary pum ping system was also em ployed to pum p the cham ber to less than 

10'^ torr, at which pressure the ion pum p could be started. This system  consists o f a liquid 

nitrogen trapped oil diffusion pum p and a rotary pum p with a liquid nitrogen cooled foreline 

trap. The rotary pum p is an oil-sealed m echanical pum p w hich traps and com presses a 

sam ple of gas to slightly above atm ospheric pressure with each rotation o f the vane. The gas 

is then expelled via an exhaust valve. O nce the rotary pum p has reached a pressure o f about 

10'^ torr, the oil diffusion pum p can be started. A je t o f oil vapour from  a heated well of 

liquid is directed downw ard and radially across a space within the  pum p. Gas particles are 

carried downwards with the je t and com pressed until they can be rem oved by the rotary 

pump. M eanwhile, the oil vapour is cooled back to liquid as it descends, to be reheated again 

in the well at the base of the pump. This auxiliary system  was also used to pum p the gas 

handling lines and it can be isolated from  the m ain cham ber by m eans o f an isolation valve.

20



The system contains two gas handling lines both o f which can be pumped to less than 

10"'’ torr by the auxiliary pumping system. One line is constructed mainly o f stainless steel. 

Gas dosing from this line is achieved by fillin g  the chamber to the required pressure. The 

other line is constructed o f glass, for handling gases which react in the steel line. Gas dosing 

iis achieved by means o f a doser attached to the leak valve. A  block diagram o f the entire 

pumping system is shown in figure 2.2.
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Fig. 2.2 B lock diagram o f the vacuum ard pumping systems.
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2.1.2 The ESC A System

The ESCA (Electron Spectnoscopy for Chemical Analysis) system is a three- 

chambered system constructed by VSW Scientific Instruments Ltd.. The three chambers are: 

a sample preparation chamber (SPC) which was used to clean and dose the sample; a sample 

analysis chamber (SAC), used to carrj out the XPS experiments; and a fast entry chamber 

(EEC) which was not used in this work.

The SPC and EEC are each separated from the SAC by means of a gate valve. The 

SPC and SAC are both pumped by their own liquid nitrogen trapped, water cooled 2001/s oil 

diffusion pumps. Each pump is backed by a two-stage rotary pump (Edwards). Additionally, 

the SPC is pumped by a standard TSP whilst the SAC is pumped by a water-cooled TSP.

A sketch of the experimental level of the SAC chamber is shown in figure 2.3.
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Fig. 2.3 Sketch o f  the experim ental level o f  the SA C  on the E SC A  system  (analyser not shown), 

(not to scale)
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Gas dosing (i.e. exposing it to th.e adsorbate) is lachieved by filling the cham ber from a 

:gas handling mianifold. Admission of the gas is via a leak valve (VG M D6 series). The 

m anifold is pum ped by a rotary-backed diffusion piurnp. A block diagram  of the entire 

pum ping  system is shown in figure 2.4.

The SAC is fitted with an X-ray photoelectron source (VSW  TAIO Tw in Anode), an 

u ltra-violet photoelectron source, an ion gauge (Bayard-A lpert type) and a hem ispherical 

electron analyser (VSW  HA 100) (not shown).

Crystal cleaning and dosing was carried out in the SPC. The XPS experim ents were 

carried o u t in the SAC.
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Fig. 2 .4  Blocic diagram o f  the E SC A  pumping system.
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2.2 E X P E R IM E N T A L  TEC H N IQ U ES

2.2.1 Low Energy Electron Diffraction

The apparatus consists o f a display-type 3-grid LEED optics and an axial LEG2 

electron gun, shown schematically in figure 2.5.

/  /  /

Electron Gun

Sample

G1 Al

A2 A3 A4

Screen Key:

G2 G3 G4 FilamentF

A1 - A4 Anodes 

G1 - G4 Grids

Fig. 2.5 Schematic o f the LEED optics.

Electrons from the directly heated filament emerge as a divergent beam into the anode 

A l as a result o f fie ld penetration from A l  at lOOOV through the grid G l. The beam is 

focused by the electrodes A l ,  A2 and A3. The beam current is trimmed down to a few 

microamps from an initial current o f approximately 0.5 m A by means o f an aperture at the 

end o f A l.
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The incidtent beam strikes thie sample, producing elastic, inelastic and secondary 

electrons. The imelastic and secondairy electrons are filtered out by a retard potential on grid 

G3. The anode A4 and grids G2 and G4 are held at earth; A4 and G4 to ensure that the 

electrons of the incident beam and the back-scattered electrons travel in a field free zone; 

and 02 to prevent field penetration from the screen to 0 3 . This set-up is known as a 

retarding field analyser.

The screen is coated with fine grain phosphor with no organic binders. Electrons 

elastic ally diffracted from the sample are accelerated to the screen by a 5kV potential on the 

screen. The accelerated electrons produce excitation of the phosphor to display the LEED 

pittem . The pattern can be viewed and photographed through the viewport opposite the 

L3E;D optics (see figure 2.1).
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2.2.2 Auger Electron Spectroscopy

Auger spectra are recorded by energy analysis of the secondary electrons emitted from 

the crystal upon irradiation with an electron beam of energy between 3 - 5keV. The source of 

the electron beam is an electron gun with focusing and deflection electrodes. Adjusting the 

intensity of the primary electron beam alters the intensity of the secondary electrons.

In the LEED/Auger chamber Auger electron spectroscopy was performed using a VG 

LEG! electron gun (EG l in fig. 2.1) and the VG LEED optics as a retarding field analyser 

(RFA). A field free zone was maintained around the sample by holding the sample, the 

outermost grid (G4) of the RFA and the final anode of the electron gun at earth. The 

collector of the RFA was held at +250V to ensure high collection efficiency by preventing 

losses due to secondary electron emission. Grid G3 (see fig. 2.5) was used as a high pass 

filter by placing a retarding potential (-E) upon it, so that only electrons with an energy 

greater than E were collected. Sweeping this retarding potential from E = 0 to E = Ep ( the 

energy of the primary electron beam) produced a retarding potential curve. By differentiating 

this curve, a secondary electron energy distribution curve (N(E) versus E) was obtained. 

Further differentiation of the N(E) curve to give the dN(E)/dE curve provided greater 

sensitivity. The spectra were recorded on computer. A detailed discussion of the electronic 

instruments used for data analysis is given in reference [63].
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2.2.3 Thermal Desorption Spectroscopy

In the thermal desorption experiment the partial pressure of a particular species is 

monitored as a function of crystal temperature. A block diagram of the experimental 

arrangement is shown in figure 2.6.

Sample

Thermocouple

Multimeter

Chart
Recorder

Quadrupole Mass 
Spectrometer

Mass Spectrometer 
Control Unit

Fig. 2 .6  B lock  diagram o f  the thermal desorption experiment.

Prior to dosing the crystal the mass spectrometer filament is degassed and the crystal 

flashed to lOOOK. Once the crystal had cooled to the desired temperature it was exposed to 

the gas under investigation by preferential front face dosing from a capillary tube. The
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degree of exposure is measured in Langmuirs, L, where IL  = lO'*" torr s exposure. The 

sample was then rotated to the line of sight of the mass spectrometer.

The mass spectrometer itself was set to the required e/m value by tuning the first mass 

control on the control unit. The partial pressure output was fed directly into the y-axis of an 

X-Y recorder, whilst the crystal temperature was measured using a chromel/alumel 

thermocouple which drove the x-axis of the X-Y recorder. For calibration purposes the 

thermocouple voltage was also displayed on a digital voltmeter.

By passing a current through the crystal support wires at a constant applied a.c. 

voltage, a linear heating rate of 13Ks‘' in the 300 - 800K region was obtained.

The data was collected directly onto the chart recorder. The thermocouple voltage 

could then be converted into a temperature scale by means of a standard conversion table, 

with the appropriate correction made for room temperature.



2.2.4 X-ray Photoelectron Spectroscopy

X-rays are produced by the acceleration of therm ally em itted  electrons from a hot 

filament at ground potential towards an anode. This anode is typically held at a potential 

between 12kV and 20kV. The anode used was a twin anode configuration o f alum inium  and 

m agnesium  (VSW  TA  10). The alum inium  anode provides a K« radiation energy o f 1486.6 

eV with a line width o f 0.85 eV. The m agnesium  generates K« radiation energy o f 1253.6 eV 

with a line width o f 0.7 eV.

The X-ray spectrom eter and the sam ple under investigation are connected electrically, 

ensuring that their Ferm i energy levels are at the same energy.

The analyser is a concentric hem ispherical sector analyser. T his is a dispersion 

analyser, and is norm ally operated in a m ode in which a constant potential difference, called 

the pass energy (Eq), is applied across the inner and outer hem ispheres so that electrons with 

energies close to Eo (w ithin a range AE) are focused on the exit slit of the analyser by means 

o f  electrostatic deflection between these hem ispheres.

In order to scan through a range of photoelectron energies, the electrons are retarded 

before they enter the analyser. This is achieved by means o f a retarding lens system. By 

ram ping the retarding field potential, electrons of different energies can be analysed.

Pre-retardation of the electrons also has the im portant advantage o f im proving the 

resolution. This is because the resolving power, p, of the analyser, given by:

p = Eo/AE (2.2.1)

is fixed by the geom etry of the system. Consequently, a decrease in Eo results in a decrease 

in AE, i.e. a decrease in the spread o f energies that arrive at the exit slit.

A channeltron (channel electron m ultiplier) detects the electrons that exit the analyser. 

It consists o f a cone like opening and a continuous tube o f high resistiv ity  sem i-conducting 

glass. W hen a high electric field is applied along the tube, electrons from  the analyser 

striking the channeltron create a show er o f secondary electrons. These in turn strike the tube 

w alls, resulting in further secondary electrons. The signal produced by these electrons is
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amplified and then counted by a ratemeter. The output is displayed and stored on computer. 

A schematic of the photoelectron detector/analyser set-up is shown in figure 2.7.
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Fig. 2.7 Schematic o f the X-ray source and photoelectron detector/analyser set-up.
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2.3 CRYSTAL PREPARATION

2.3.1 The Platinum Crystals

The Pt(331) sample was cut from a 99.99% pure single crystal rod at the Material 

Science Centre of the University of Birmingham. This rod was mounted on an X-ray 

goniometer, oriented to within 0.25° of the (331) direction and a disc, 9mm in diameter and 

1mm thick, was cut in a spark cutting machine. The crystal was then polished with 0.25)i 

diamond paste. The Pt(331) surface consists of three atom wide (111) oriented terraces 

divided by one atom high (111) oriented steps (see figure 2.8).

The P t(l 11) sample was supplied by MaTech (Jiilich). It was cut on both sides to the 

above specifications and polished on one side to 0.03|im.

fcc(100) fcc(111) fcc(331)

Fig. 2.8 Representations o f  the (100), (111) and (331) surfaces o f  platinum. The (100) diagram represents 

a bulk truncated surface. In reality, reconstruction occurs.

2.3.2 Crystal Mounting

Each platinum crystal was spot-welded between two tantalum wires of diameter 0.25 

mm, positioned opposite each other on the edge of the crystal. The wires were then clamped 

between the two plates of a copper holder.
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To the edge of each crystal was spot-welded a chromel/alumel thermocouple of 

diameter 0.05 mm. This assembly was treated in an ultrasonic acetone bath to remove any 

residues of grease that might be a source of contamination.

In the case of the LEED/Auger system the arms of the copper holder were screwed to a 

ceramic block to provide the connections for the heating wires and a channel for the 

electrical feed-throughs to the thermocouple wires (see figure 2.9).

Attached to the top of this ceramic block was a steel driving rod which in turn was 

attached to the sample manipulator, allowing the crystal to be manipulated through the x, y, 

z plane. The manipulator used was a standard Vacuum Generators sample manipulator 

(UMDI).

Heating the crystal was achieved by passing an a.c. current through the copper holders 

and tantalum wires.

Chromel/Alumel
Thermocouple

Drive Rod

Ceramic Blocks

Copper Cooling Braid

Copper PlatesMica Sheets

XL C l

Copper Holder Platinum Crystal

Fig. 2.9 Diagram o f  crystal mounting for the LEED-Auger system.
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In the ESCA system the copper holder was attached to a copper ‘L ’ piece. This in turn 

was screwed into the horizontally positioned stainless steel probe (see figure 2.10). 

Positioning the sample relative to the X-ray source was achieved by means of an x, y, z 

manipulator.

A liquid nitrogen well running through the core of the probe enabled cooling of the 

crystal. The end of the stainless steel probe is thick to allow the sample to be screwed into 

place. This, however, results in low thermal conductivity. To overcome this a copper sleeve 

was fitted tightly around the probe and the copper ‘L ’ piece attached to the probe through the 

sleeve [32]. With this arrangement the crystal could be cooled to 83K.

Probe and Liquid Chromel/Alumel Platinum
Nitrogen Well Copper Rod Thermocouple Crystal

Teflon Insulated Thermocouple Tantalum Heating Copper Holder
Heating Wire Clamp Wires

Fig. 2 .10  Diagram o f  crystal mounting for the ESC A  system.
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2.3.3 Crystal Cleaning and Characterization in Vacuo

M ere exposure to the atm osphere alone is sufficient to produce considerable surface 

contam ination o f a crystal sample. Once such a sam ple has been m ounted in the UHV 

cham ber this surface contam ination m ust be rem oved.

V olatile surface contam inants such as CO , C O 2 and SO 2 were desorbed from  the 

surface sim ply by heating. The m ain non-volatile contam inants o f the platinum  sam ples 

detected by AES w ere carbon, calcium  and sulphur. Rem oval o f these substances was 

achieved by heating the crystal at lOOOK in 5x10"’ torr o f oxygen, producing volatile oxides. 

Follow ing oxygen treatm ent, bom bardm ent o f the crystal surface with argon ions was 

necessary to  rem ove the oxygen incorporated into the specim en as well as any stubborn 

contam inants left behind. This procedure was repeated until a clean surface was established, 

as ascertained by AES and by com parison of the CO desorption spectrum  to that from  a 

previously established clean surface.

Leak
Valve Sample

500V dc

Ion Current 
Meter

Ion Gauge 
(producing Ar+ ions)

Fig. 2.11 Set-up for argon bombardment.
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Argon ion bombardment was performed using an ion gauge as the ionizing agent. The 

crystal surface was set facing the ion gauge and the ion gauge em ission controller was 

switched to 10mA. The pumps were then switched off and the chamber back-filled with 

argon to a pressure of -5x10"'^ torr. In the case of the LEED/Auger system, a bias of about 

-500V was placed on the crystal sample, resulting in an argon ion current o f 6 |0.A recorded at 

the sample (see figure 2.11). Argon bombardment leaves the surface in a heavily damaged 

condition and it is therefore necessary to anneal the sample to restore the order.

(b)

a
3ou

6000 500100 200 300 400
Binding Energy

Fig. 2 .12  X-ray photoelectron spectra o f  the Pt(331) crystal; spectrum (a): initial surface condition upon 

placem ent in the ESC A  system; spectra (b) -  (d): surface condition fo llow ing progressive 

cleaning cycles; spectrum (e): clean Pt(331) crystal.

Follow ing the cleaning procedure, the P t ( l l l )  crystal displayed a sharp (1x1) LEED 

pattern, as expected (see figure 2.14). The LEED pattern o f Pt(331) should show a pseudo- 

hexagonal pattern with a series o f extra spots along the [103] direction. However, a perfect
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LEED pattern was not attained in this work, but rather some streaking o f the spots was 

observed (see figure 2.15). This effect was also observed for Pt(331) by Cong et al. [29], 

who suggested that this was due to multiple step heights on some parts o f the (331) surface. 

Y. Seimiya et al. [30, 31] reported a sharp (1x1) pattern from Pt(331), although they did not 

mention observing double spots. Davies and Lambert [64] observed the expected LEED 

pattern for Pd(331) but with diffuse spots indicating poor long range order.

Immediately prior to adsorption o f the specimen gases the crystal was flashed to 600K, 

a temperature sufficient to drive o ff any CO and H 2 that may have adsorbed from the 

background. As soon as the crystal cooled to the required temperature it was exposed to the 

adsorbate under study.

A il o f the adsorbates studied in this work left carbon and nitrogen residues on the 

crystal surfaces. Consequently, it was necessary to argon bombard the surfaces between each 

exposure.

50000

40000

30000

20000

10000

0
6005000 100 400200 300

Binding Energy

Fig. 2.13 XPS o f clean Pt(331) surface (M g source).
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Fig. 2.14 Photograph of LEED of clean P t( l l  1) crystal. Primary beam energy = 75eV.

Fig. 2.15 Photograph of LEED of clean Pt(331) crystal. Primary beam energy = 90eV
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2.4 THE ADSORBATES

Methylamine and dimethylamine were prepared in this laboratory. They were prepared 

by addition of a solution of the corresponding HCl salts of these compounds to solid NaOH. 

Collection and purification of the resultant gases was achieved by fractionation on low and 

high vacuum gas-handling lines. The CH3NH2.HCI and (CH3)2NH.HC1 were supplied by 

Aldrich Chemical Co. and were of reagent grade.

g
c/5
Zu
H
Z

0 10 20 30 40 50 60

MASS

Fig. 2 .16  M ass spectrum obtained for methylamine.

The mass spectrum of each compound was recorded (see figures 2.16 - 2.19) and 

compared to those pubhshed in the ‘Eight Peak Index of Mass Spectra’ (MSDC) and T he  

Wiley/NBS Registry of Mass Spectral D ata’. The cracking pattern of a chemical can vary 

depending on the mass spectrometer and differences in experimental conditions. 

Consequently, the ‘Eight Peak Index of Mass Spectra’ contains up to a maximum of three 

spectra for any one compound, selected to reflect differing experimental conditions. In the 

case of the Wiley/NBS registry, a single spectrum is presented in the form of a bar graph. In
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figures 2.16 - 2.17 the peak at mass 40 is due to the presence of small am ounts o f argon in 

the gas-handling line.

0 10 20 40 50 60

MASS

Fig. 2 .17 M ass spectrum obtained for dimethylamine.

Trim ethylam ine was supplied by Fluka Ltd. with a purity > 99% . It was liquified and 

transferred to a glass gas bottle, after which it was subjected to a num ber of freeze-pum p- 

thaw cycles.

>
S3z

58

42

30

IS

I
18 40

59

H 1---- 1----- 1---- -̂--- 1---- h H 1----- 1
0 10 20 30 40 50 60

MASS

Fig 2.18 M ass spectrum obtained for trimethylamine.
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Ethylenediamine was supplied by BDH Ltd. with a purity >98.5%. At least three 

freeze-pump-thaw cycles were applied to the ethylenediamine sample to ensure complete 

degassing.

>-
H

50 6030 400 10 20

MASS

Fig. 2 .19  M ass spectrum obtained for ethylenediam ine.

Deuterium and argon were supplied by M esser Griesheim GmbH with purities greater 

than 99.7% and 99.997% respectively. They were used without further purification.
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CHAPTER THREE 

METHYLAMINE ON P t(lll) AND Pt(331)
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CHAPTER 3 METHYLAMINE ON P t(lll)  AND Ptr3:i)

3.1 RESULTS

3.1.1 Methylamine on Pt(111)

The main thermal desorption products observed upon exposure o f the Pt( 11) surface 

to methylam ine at 300K  were H CN, C 2N 2 , N 2 and H 2 . Sets o f  thermal desorptioi spectra for 

these products are show n in figures 3.1 - 3.5. A  number o f  minor product: were also 

detected. T hese are presented in figure 3.6.

Thermal desorption spectra for H C N  reveal three peaks, two at -3 9 6 K  and -447K , and 

a main peak at -4 9 2 K . In addition, there is a high temperature shoulder b etw een -5 2 7 K  and 

590K .

H CN/C H jNH j/Ptdll)27 aniu

us
L.ca
>
H
So
zu
H
Z

20.0L 

lO.OL 

■ 5.01.

2.0L

300 400 500 600 700 800 900

TEM PERATURE (K)

Fig. 3.1 Thermal desorption spectra o f  HCN follow ing exposures o f  methylamine to P t(l 11).
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Fig. 3.:

27 amu H{:N/CH,NH,/Pt(lll)

>>L.
CS
U

l.OI

0.5L

0.21.

300 400 500 600 700 800 900

TEMPERATURE (K)

T herm al deso rp tion  spectra  o f  H C N  follow ing low  exposures o f  m ethylam ine to P t( l  11).

A broad feature between 600K  and 800K  is produced at 52 amu, correspondiag to 

C 2 N: desorption. W ithin this feature there is a suggestion o f  a Pi peak at -6 7 2 K  anc a P2 

peak at -7 2 0 K .

CjN^/CHjNIIj/Ptdll)52 amu

L.
u

lO.OL

5.0L

l.OL

0.5L

300 900400 500 600 700 800

TEMPERATURE (K)

Fig. 3.3 T herm al desorp tion  spectra  o f  C 2 N 2 fo llow ing exposu res o f  m ethy lam ine  to  P t ( l l  1).
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The H 2 desorption spectra exhibit a main peak at -3 9 4 K , along with a shoulder 

betveen -4 4 2  - 503K  and a second shoulder at -5 0 8  - 543K .

H j/C H jN H j/P td ll)2 amu

u
CS

>■
H
53
zu
z

SO.OL

20.0L

lO.OL

5.0L

l.OL

600 800 900300 400 500 700

TEMPERATURE (K)

F ig. 3 4  T herm al d esorp tion  spectra  o f  H 2 fo llo w in g  exposu res o f  m eth yiam in e to Pt( 111) .

28 amu/CHjNHj/PtClll)28 amu

>-
H

Z
u
H
Z -2 0 .0 L

-lO.OL

5.0L

l.OL

300 400 500 600 7(M) 800

TEM PERATURE (K)

F ig . 3 .5  T herm al desorption  spectra at 2 8  am u fo llo w in g  ex p osu res o f  m eth y iam in e  to P t( l  11).
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Peaks for 16 amu (-417K), 17 amu (-460K ) and 30 amu (-382K ) were also observed.

Minor Products/CHjNHj/PUlll)

U
S ’

>
H
55z
H
Z

17 ami]

16 amu

30 amu

500300 400 600 700 800 900

TEMPERATURE (K)

Fig. 3.6 Therm al desorption spectra of minor products following lOL exposure o f methylamine t) 

P t ( l l l ) .
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The XPS data for P t(l 11) exposed to MA at 140K were recorded for a set of anneahng 

temperatures corresponding to the desorption processes of the various decomposition 

products (see figure 3.7). The electron analyser was set at a pass energy of 90eV. The photon 

source was the Al-Ka anode. Measurements were taken in the Cis and Nis regions. One 

hundred scans per and window were recorded, with a range for each window of 

25eV. All peaks were referenced to the Fermi level. The results are shown in figures 3.8 and 

3.9. Interpretation of the data is complicated by the fact that all spectra were taken after the 

crystal had been allowed to cool back to adsorption temperature. It is possible that some re

adsorption of MA may have occurred during the cooling process.

847 K447 K 597K

H

HCN

28 aim

300 400 500 600 700 800 900

TEMPERATURE (K)

Fig 3..7 Diagram o f  annealing temperatures em ployed during the X PS experim ents on P t(l 11) follow ing

M A  adsorption.
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Fig. 3.8 N ls  XPS following M A  adsorption on P t(l 11): 

(a) 132K; (b) 273K; (c) 447K; (d) 597K; (e) >874K.
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Fig. 3.9 C ls  XPS following M A  adsorption on P t(l 11): 

(a) 132K; (b) 273K; (c) 447K; (d) 597K; (e) 847K.
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.11.2 Methylamine on Pt(331)

The main thermal desorption products observed upon exposure of the Pt(331) surface 

D methylamine at 300K were HCN, C2 N 2 , H2 and 28 amu. Sets of thermal desorption 

spectra for these products are shown in figures 3.10 - 3.12.

Two peaks are noted for HCN at -439K  and -396K . The desorptior temperatures are 

s:gnificantly lower than for Pt ( l l l )  and clearly indicate the influence of the(331) steps.

27 amu HCN/CHjNHj/PtO:-!)

.a
n
>■
Sozu
H
Z 20.0L

2.0L

0.5L

0.2L

900300 800400 500 600 700

TEMPERATURE (K)

Fig. 3 .10  Thermal desorption spectra o f  HCN follow ing exposures o f  methylamine to P i(331).

A single peak is produced for C2N 2 desorption. This peak shifts to lov er temperatures 

upon increasing exposure of methylamine. This shift is from -722K  for a 0.02L exposure to 

-696K  for a IL exposure.

The H2 desorption spectra exhibit two peaks, a main peak at ~386K and a lesser peak 

at -437K.
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Fig. 3.11 Thermal desorption spectra o f  C 2 N 2  fo llow ing exposures o f  methylamine to Pt(331).
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Fig. 3.12 Thermal desorption spectra o f  H 2  follow ing exposures o f  methylamine to Pt(331).
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Measurements taken at 28 amu produced three desorption signals at -434K , -523K  

and -855K . Minor products were detected at -450K  for 16 amu, -445K  for 17 amu and 

-383K  for 30 amu.

28 amu/CHjNHj/ROSl)

u
u
£u
3
>-
H

z
u

z

300 400 500 600 700 800 900

TEMPERATURE (K)
Fig. 3.13 Therm al desorption spectrum  of 28 amu following exposure o f methylamine to Pt(331).

Minor products/CH,NHj/Pt(331)

CHjNH

960300 400 500 800600 700

TEMPERATURE (K)

Fig. 3 .14 Thermal desorption spectra o f minor products following exposures o f m ethylam ine to Pt(331).
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XPS spectra were collected under the same conditions as outlined in section 3.1.1. 

However, the Pt(331) crystal attained a lower temperature of 119K. The results are shown in 

figures 3.15 -  3.17.

785K385K 505K

HCN

28 amu

CH

300 400 500 600 700 800 900

TEMPERATURE (K)

Fig 3.15 Diagram o f  annealing temperatures em ployed during the X PS experim ents on Pt(331) follow ing  

M A  adsorption.
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Fig. 3.16 N l s  XPS following M A  adsorption on Pt(331): 

(a) 119K; (b) 273K; (c) 385K; (d) 505K; (e) 711K.
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3.: DISCUSSION

3.2.1 HCN desorption

The most striking difference between the HCN desorption spectra obtained from 

Pt(l 11) and those obtained from Pt(331) is the temperature o f the main desorption peak (see 

Table 3.1). On P t ( l l l )  the main peak is at 492K, whereas on Pt(331) it is at 439K, 

corresponding in temperature to the second desorption feature on the Pt(l 11) spectra.

P t ( l l l ) ‘ Pt(331)^ Pt(llO )^
(a) (b) (c)

H2 394  (M ) 4 20  (M ) 375 386 464
4 4 2  - 503 480 385 437 538 - 611
5 08  - 543 520 410

> 460
625 - 738

HCN 396 390 (low  0) 383 396 400
447 443 439  (M ) 434  (M)
4 92  (M ) 4 80  (M ) 471
527 - 590 520

560  (high 0)
513(M )
565

5 1 5 - 6 4 2

C 2N 2 611 - 800  
-6 7 2  (p ,)

7 0 0 -  1200 722 - 696  
696

- 7 2 0  (P 2) 710 751 722 730
810
1150

765
840

16 amu 320
417 420 420 450 425

17 amu 460 445 449
28 amu 386

458 420 434 434
500 -5 0 0 530 523 512

-7 8 0 >800 855 826
30 amu 382 -3 8 0 380 383

1 (a) this work
(b) Hwang ef a/. [75]
(c) Bridge and Som ers [43]

2 this work.
3 E. Tim othy, work in progress. 

(M ) =  main peak.

Table 3.1 Peak temperatures o f  desorption products fo llow ing methylamine adsorption.
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There is no ev idence o f a peak at 492K  on P t(331) (although at higher coverages its 

presence may be obscured by the presence o f a long high temperature tail). Chrysostom ou  

[32] obtained sim ilar results for H C N  desorption fo llow in g  H C N  adsorption on P t ( l l l )  and 

Pt(331) -  a peak at 460K  on P t ( l l l )  and a peak at 430K  on P t(331) (see Table 3.2). 

Furthermore, by exp osin g  pre-adsorbed CNads. species on P t(331) to H 2 , he was able to 

reproduce the 430K  peak. Sim ilar experim ents carried out by Hagans et al. [94] on Pt(112) 

and Levoguer and N ix  [95] on a polycrystalline platinum foil yielded sim ilar results, as did 

studies by Bridge and Lambert [96] o f  C 2 N 2 co-adsorbed with H 2 on Pt ( l lO) .  Pt(112) is a 

stepped crystal surface with three atom w ide ( i l l )  terraces separated by a single atom step 

sim ilar to P t(331), but with a (100) step. The platinum foil used by L evoguer and N ix was 

found to contain a large concentration o f  step-like defects and com paratively few  ( i l l )  

terrace dom ains [97]. Clean Pt ( l lO)  exhibits “m issing row ” reconstruction, in which  

alternate row s o f  platinum  atoms along the [110] direction are rem oved com pletely  from the 

surface giving a stepped surface consisting o f (111)  oriented terraces. From these 

experim ents it is reasonable to assum e that the H CN  peak at 439K  on Pt(331) is the result o f  

Hads. +  CNads. recombination.

A s stated earlier, the H CN peak at 439K  on Pt(331) corresponds in temperature to the 

second feature on the H C N spectrum obtained in this work and that o f Bridge and Somers 

[43] fo llo w in g  M A  adsorption on P t ( l l l ) .  It is possib le, therefore, that Hads. + CNads. 

recom bination is the source o f this peak on P t ( l l l ) .  A  question arises, however, as to 

whether this peak is a product o f the (111)  surface or a product o f  defects on the surface. In 

the spectrum o f  Bridge and Som ers the 443K  peak, along with a peak at 51 OK, 

predom inates. H ow ever, the corresponding features in this work do not predominate and are 

in fact m erely low  and high temperature shoulders to a dominant 492K  peak. Hwang et  al. 

[75] detected no peak or shoulder around 445K  fo llow in g  M A  adsorption on P t(l 11) at room  

temperature and, as in this work, on ly  a high temperature shoulder to a predominant 480K  

peak. A s part o f  the same study H wang et  al  carried out CNads. +  H 2 coadsorption  

experim ents on P t ( l l l ) .  They detected no significant H CN production. Chrysostom ou  

repeated this experim ent during his study o f  H CN adsorption on Pt( l  11) and again no H CN  

desorption was detected, in contrast to the results obtained for P t(331), as m entioned earlier. 

Furthermore, the peak at 51 OK in the work o f Bridge and Som ers corresponded to a peak at 

the sam e temperature in the H C N  spectrum fo llow in g  H CN  adsorption on the sam e crystal
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[98]. Subsequent polishing of this particular crystal by Chrysostomou [32] resulted in the 

complete disappearance of this peak in the resulting HCN/HCN/Pt(l 11) spectrum. 

Chrysostomou concluded that this peak was generated at defect sites. The same conclusion 

was drawn by Hagans et al. [94]. The overall conclusion that can be drawn from these 

results is that the presence of the 447K feature and the high temperature shoulder to the 

492K peak in this work are probably the result of surface defects on the P t(l 11) crystal.

M A /P t ( l l l ) ' H C N /P t(lll)2 M A /P t(331)‘ HCN/Pt(331)^ MA/Pt(110)^ HCN/Pt(110)'‘

Hj 394 (M ) 
442-503  
508-543

395
460

386
437

380
430

46 4
538-611

-4 1 0

HCN 396
447
492  (M ) 
527-590

shoulder 

460  (M)

396
439

-3 7 0
430

40 0
43 4

515-642

-4 2 0

C 2N 2 611-800  
- 6 7 2 ( 3 , )  
-7 2 0  (32)

> 6 0 0 722-696
696
722

730
765
840

-7 6 0
-8 4 5

16 amu 417 450
17 amu 460 445
28 amu 458

500
434
523
855

30 amu 382 383

1 = this work.
2 = D. Chrysostom ou, Ph.D  thesis (1997).
3 = E. T im othy, work in progress.
4 = Bridge and Lam bert [96].

(M ) = main peak.

Table 3.2 Comparison of HCN and MA desorption products and peak temperatures (K).

Since no Hads. + CNads. recombination has been detected on P t ( l l l )  [32, 75] these 

peaks have both been assigned to decomposition processes in which the H-C-N bonds of the 

desorbing molecule remain intact. The high temperatures of desorption have been attributed 

to the formation of a stable intermediate species or complex. The results presented in this 

work offer ruo direc; evidence as to the nature of any intermediate state formed during the 

adsoiption/desorpticn process. However, various models have been proposed by others:
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F ollow ing  the adsorption o f  M A  on P t ( l l l )  at 85K  Erley and H em m inger [45] found, 

using IRAS and H REELS, that upon heating the M A covered surface to temperatures in the 

range 350K  to 390K  new  IR bands were observed in the spectrum. Bridge and Som ers [43] 

found that heating the surface to 380K  produced a change from a diffuse (1x1) LEED pattern 

to a (2x2) pattern. S im ply by adsorbing H CN onto P t ( I l l )  at 300K  without any subsequent 

heating, Jentz et al. [100] obtained an IR spectrum identical to that obtained by Erley and 

H em m inger above, as did Chrysostom ou et  al. [106], w ho also obtained a (2x2) LEED  

pattern. This led Chrysostom ou to conclude that the same or very simiilar species acts as the 

interm ediate in both H C N  and M A  adsorption. In the case o f  M A , the crystal clearly needs to 

be heated to 380K  in order to initiate dehydrogenation before this interm ediate can be 

formed.

Jentz et  al. [100, 46] suggested the formation o f am inom ethylidyne (see figure 3 .18) as 

the intermediate species in the decom position pathway o f H C N , M A  and azom ethane. In this 

proposed pathway decom position to Hads. + CNads. occurs, upon heating H CN  (m olecularly  

adsorbed at 85K ) above lOOK. Further heating to >250K  results in rehydrogenation o f som e  

of the CNads. species to form H NC initially, fo llow ed  by H 2 NC (am inom ethylidyne). At 

300K  this species coexists with CNads.- RAIRS and XPS studies [93] indicates that H 2 NC  

form s two-dim ensional hydrogen-bonded aggregates on the P t ( l l  1) surface.

Fig. 3 .18  Aminom ethylidyne intermediate surface species proposed by Jentz et al. [100].

This H 2NC  species fits the FT-IRAS spectral data very w ell [100]. H ow ever, a 

difficu lty arises in reconciling this structure with TDS experim ents [32, 94] in which no
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H CN  desorption w as detected fo llow in g  Hads. +  CNads. co-adsorption. If the 

am inom ethylidyne m odel is correct an H-C bond must be formed. It m ay be that the 

am inom ethylidyne interm ediate form ed below  300K  allow s intra-m olecular transfer o f  

hydrogen from the nitrogen to the carbon atom, w hilst the orientation o f  the CNads. species  

with the flat ( i l l )  surface either prevents Hads. +  CNads. recom bination or produces a 

hydrogenated interm ediate which dehydrogenates in preference to H C N  desorption. This 

explanation is not entirely satisfactory since Jentz et al. [100] detected the deuterated  

equivalent o f  am inom ethylidyne fo llow in g  Da + CNads. co-adsorption experim ents sim ilar to 

the H 2+ CNads. experim ents o f  Hagans et al. [94] and C hrysostom ou [32].

Erley and H em m inger proposed a cis -  H CNH  species as the interm ediate formed  

during M A  decom position  (see figure 3 .19). Chrysostom ou suggested  that the same IR data 

could also be explained in terms o f  a H C N /H N C  mixture, and proposed the formation o f a 

hydrogen-bonded com plex involving HCNads., HNCads., and upon heating, dehydrogenated  

CNads. m oieties, in which hydrogen-bonding provides stability for ‘H C N ’ on the surface. 

XPS experim ents by Lindquist et al. [42] on H C N /P t(l 11) produced tw o clearly resolved Nis 

signals o f equal intensity, with a separation o f 1.6 -  1.7 eV , in the temperature range in 

which a (2x2) LEED structure was observed [32]. Lindquist et al. proposed a partially 

dissociated  mixture o f  HCNads + Hads + CNads.- The IR data obtained by Chrysostom ou et al. 

[106] did not support the presence o f  CNads.- H ow ever, the presence o f  a 50 /50  mixture o f  

tw o separate nitrogen-containing species could be explained by the H C N /H N C  m odel if  

isom erization o f  alternate m olecules occurs. W hatever the interm ediate form ed, the evidence  

suggests that it forms a hydrogen-bonded com plex.

H

Fig. 3 .19  Formimidoyl intermediate surface species proposed by Erley and H em m inger [45].
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In the case o f  P t(331), the introduction o f a step to the (1 1 1 ) plane drastically alters the 

actv ity  o f  the surface. H CN desorbs at a significantly low er temperature on P t(331) than on 

Pt(l 11). Hagans et al. obtained a similar reduction in H C N  desorption temperature fo llow ing  

HCN adsorption on Pt(112). They suggested that H CN desorption from both P t ( l l l )  and 

Pt(L12) was the result o f  Hads. +  CNads. recom bination. T o prove this they carried out H 2+  

CN'ads. coadsorption experim ents on P t(112) and found that they could reproduce the HCN  

peak for that surface. H ow ever, they seem  to have made the assum ption that the desorption  

process on P t ( l l l )  is similar. A s already m entioned on page 57 the H CN peak was not 

reproduced fo llow in g  H 2+ CNads. co-adsorption experim ents carried out by both H wang et 

al. [75] and C hrysostom ou [32], H ow ever, Chrysostom ou was able to reproduce the 

H CN/H CN7Pt(331) peak by repeating the co-adsorption experim ent on Pt(331). Therefore 

Hads. + CNads does indeed seem  to be the pathway for H C N  form ation on Pt(331) fo llow ing  

HCN adsorption, but is clearly not the pathway for the production o f  H CN from P t ( l l  I). It 

may be that the tendency to form hydrogen-bonded ‘chains’ or aggregates may be lim ited or 

lost upon the introduction o f steps to the (111) surface. A s a result, d issociation may be 

favoured. This possib ility o f  associative H CN formation also ex ists  for M A  adsorbed on a 

stepped surface. Both M A  and H CN are believed to form the sam e intermediate on P t(1 11), 

it may be that their response to the P t(33I) environm ent is similar.

The low  temperature desorption feature in the HCN desorption spectra is present in all 

HCN spectra from M A  and H CN adsorption on P t ( l l  1), (331), (110), and (112), either as a 

peak or a low  temperature shoulder to the main peak. This low  temperature peak coincides 

with the main H 2 desorption peak, and is likely to be a decom position  product in which the 

original H -C -N  bonds remain intact.
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3.2.2 C2N 2 desorption

The C 2N 2 thermal desorption spectra on both P t ( l l l )  and Ft(331) exhibit broad 

features, in which there are probably the Pi and P2 desorption statts obtained fo llow ing  

adsorption o f  various CN  containing com pounds on the (111), (110), and (100) surfaces o f  

palladium and platinum [40, 67, 69-74]. The (3 desorption state is aitributed either to the 

recom bination o f  CNads. or the decom position o f a polym er-like CNads. surface com plex [42, 

68, 74, 91, 92], N etzer [67] proposed a polym er-like overlayer o f CNad;., suggesting that this 

w ould explain the apparent insensitivity to surface structure o f  the CNads. species. K ingsley  

and H em m inger [68] supported the proposition o f a surface pol>mer, suggesting the 

formation o f a ‘triazine-like’ polymer. H ow ever, Kordesch et al. [101] found no evidence for 

such a polym er fo llow in g  HREELS investigations on P d (l 11) and P d (l .0).

CNads. recom bination is regarded as the m ost likely alternative to com plex  formation. 

At low  coverages high temperature P2 predominates. At such coverages, CNads. m oieties 

w ould be expected  to have few  near neighbours. It is probable, under these circum stances, 

that surface diffusion o f CNads. occurs prior to association. Such a process w ould be expected  

to display second order kinetics, and indeed, the behaviour o f  the ^ 2  pea< is consistent with a 

second order thermal desorption process [21]. Furthermore, H offm an et al. [69] observed  

isotopic exchange in the ^ 2  peak after both sim ultaneous and consecutixe exposures to C 2N 2 

and ’^C2 '^N2 , consistent with the suggestion o f surface migration. In contrast, only  

sim ultaneous exposures to C 2N 2 and '^C2 *^N2 resulted in isotopic exchange in the low  

temperature Pi peak. They proposed the formation o f CNads. islands with increasing coverage  

which prevent isotopic exchange upon subsequent adsorption o f  '^C2 *^N2 . Bridge and 

Lambert [96] suggested that ‘island’ formation is not necessary to explain the lack o f  

isotop ic exchange in the low  temperature Pi peak, but rather that associative desorption o f  

CNads. occupying adjacent sites occurs. This is in keeping with the first-order characteristics 

observed for the Pi peak. Regardless, at least som e degree o f  surface migration is likely, 

prior to association to produce the P2 desorption peak.

O n Pt(331) the Pi peak rapidly dom inates the C 2N 2 desorption spectrum upon 

increasing coverage, whereas on P t ( l l l )  the P2 peak remains a significant presence even  

after a lOL exposure o f M A . It can also be seen in figure 3 .20 that the amount o f  C 2N 2
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produced relative to HCN is greatly increased on Pt(331). This was found to be the case for 

other stepped surfaces.

C2N2 X 100

□  Pt(111) 
BPt(331)

Fig. 3.20 Percentage increase or decrease in products desorbed from P t ( l l l )  and Pt(331). The values 

presented are uncorrected for mass spectrom eter sensitivity, and therefore do not reflect the 

absolute amounts o f each product, but only the relative increase/decrease.
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3.2.3 H2 desorption

The main hydrogen desorption peak on P t ( l l l )  is at 394K and spans a temperature 

range from 330K -  430K. W ork done by Bridge and Somers [43] on CD 3N H 2 adsorption on 

P t ( l l l )  produced desorption peaks for H 2 (375K), HD (385K) and D 2 (410K). The 

temperature spans for all three peaks are within that of the main H 2 peak for MA, indicating 

that dehydrogenation of both carbon and nitrogen atoms contributes to this peak. Based on 

these experiments, Bridge and Somers proposed a three-step dehydrogenation mechanism to 

form DCN, as shown:

<375K 385K 410K
CD.iNH^ads. --------- ► CDsNHads.  ► CD2Nads.  ► DCNads.

However, the dehydrogenation process may not be so straightforward since this 

mechanism suggests that from about 385K to 410K the primary species is a CH 2Nads. rnoiety, 

whereas HREELS and IRAS studies [45, 100] of the intermediate formed at this temperature 

indicate that the nitrogen atom is bonded to at least one hydrogen atom, as discussed in 

section 3.2.1.

The high temperature tails to the H 2 spectra on P t ( l l l )  coincide with the main HCN 

desorption feature and its high temperature shoulder. As the intermediate HCN complex 

breaks up, some dissociation occurs resulting in H 2 formation.

The peak at 437K in the H 2 spectra from Pt(331) is the result o f recombination of Hads. 

species in competition to Hads. + CNads. recombination.
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3.2.4 28 amu desorption

The 28 amu desorption spectra for MA on both P t ( l l l )  and Pt(331) exhibit two peaks. 

Two peaks are a characteristic of CO desorption from stepped P t ( l l l )  surfaces [79, 89], 

Since in both cases the desorption temperatures of the peaks correspond to desorption 

temperatures for CO on Pt(331) [32] they are assigned to CO adsorbed from the background. 

The low temperature peak is associated with desorption from (111) terraces, whilst the high 

temperature peak is associated with desorption from step edges. The P t ( l l l )  crystal used in 

this work has been shown in section 3.3.1 to contain defect sites which produce HCN 

desorption features similar to those found on Pt(331). These same defect sites are clearly 

responsible for the appearance of the high temperature CO peak.

3.2.5 Minor Products

Minor products at 16 amu corresponding to methane, 17 amu corresponding to 

ammonia and 30 amu corresponding to molecular methylamine were detected following MA 

adsorption on both P t(l 11) and Pt(331). They were also detected in the work of Somers and 

Bridge [98] on P t(l 11) and that of Timothy [102] on P t(l 10). However, the amount of these 

products generated in the desorption process is insignificant compared to the amount of main 

products formed, even when compared to the CO produced from background adsorption. 

These products can therefore be considered the result of defect sites.

3.2.6 XPS Experiments

The XPS data for methylamine are preliminary in nature, and further work will be 

undertaken in this laboratory in the future. The N ls  spectra provide the most reliable 

information, since adsorption of background CO may complicate interpretation of the C ls  

data. The N ls  peak for MA on P t ( l l l )  exhibits the high binding energy associated with 

amines [104, 105]. On heating to 447K there is a shift to a higher binding energy of 

400.5eV. This is prior to desorption from the main HCN peak and represents the formation 

of the intermediate species. The high binding energy suggests the amine character persists. 

Pt(33 1) seems to exhibit sim ilar behaviour.

64



3.3 CONCLUSIONS

The introduction o f  a step to the P t ( l l l )  surface does not alter the nature o f the 

products formed fo llo w in g  M A  adsorption. H ow ever, it does alter the reaction m echanism  

and relative amounts o f  product form ed, reducing the amount o f  H C N  form ed relative to H 2 

and C 2 N 2 , and the temperature at which the bulk o f  the H C N  desorbs.

M ethylam ine decom position  on P t(l 11) seem s to invo lve the formation o f a hydrogen- 

bonded interm ediate com plex  which stabilises the ‘H C N ’, resulting in H C N  desorption at an 

elevated  temperature. H C N  formation is therefore a decom position  rather than

recom bination process on P t ( l l l ) ,  in which the H -C N  bond in the original m olecule remains

intact. A schem atic representation o f the thermal reaction m echanism  for M A adsorbed on 

Pt( l  11) is shown in figure 3.21.

Adsorbed Species Desorbed Species

< 375K

--------------------------- ► H2

396K

--------------------------- ► 3 H 2 + HCN

H 2 + HCN  

^  C 2 N 2

^ g r a p h i t e  N n j t i - id e  r C S i d u C

Fig. 3.21 Schem atic o f  reaction pathway o f  methylamine on P t(l 11).

Intermediate Species
492K

CN
611K

2 C H 3N H 2

y
2 CHjNHads
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The decom position  o f m ethylam ine on Pt(331) occurs at low er temperatures than on 

Pt{l 11). It appears that com plete d issociation into Hads. and CNads species may be favoured. 

A sa  result H C N  formation may include a process involving recom bination o f Hads, +  CNads - 

T h s recom bination process is in direct com petition with Hads. + Hads, recombination. 

Consequently, the amount o f H CN produced relative to H i and C 2N 2 is sm aller than that 

obtained from the stabilised intermediate on P t ( l l l ) .  Figure 3 .22  outlines the reaction 

mechanism for M A  adsorbed on Pt(331).

Adsorbed Species Desorbed Species

CH,NH2

< 386K

--------------------------------------------------- ► H2

^ a d s .

439K

-► H , + HCN

696K

C ,N

C g ra p h i te  ^ n i t r i d e  r C S i d u C

Fig. 3.22 Schem atic o f  reaction pathway o f methylamine on Pt(331).
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Disparities between the thermal desorption spectra presented in this work and previous 

studies [43,75] of MA adsorbed on P t ( l l l )  can be explained in terms of surface defects. 

Peaks present in this work and that of Bridge and Somers [43] but absent in the work of 

Hwang et al. [75] correspond in temperature to peaks obtained from Pt(331) and other 

stepped surfaces, and can therefore be assigned to step-like defects on the P t ( l l l )  crystal 

surfaces used in this work and that of Bridge and Somers.
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CHAPTER FOUR

DIMETHYLAMINE & TRIMETHYLAMINE 
ON P t(lll)  AND Pt(331)
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CHAPTER 4 DIMETHYLAMINE AND TRIMETHYLAMINE ON

P t( lll)  AND Pt(331)

4.1 RESULTS

4.1.1 Dirnethylamine on Pt(111)

H CN , CHt and H 2 were the main thermal desorption products recorded fo llow in g  

exposure o f  P t ( l l l )  to dim ethylam ine (D M A ) at 300K . Figures 4.1 - 4 .4  show  the 

desorption spectra obtained for each o f  these products. Peaks were also detected fo llow in g  

measurements at 28 amu. N o  generation o f C 2 N 2 was observed.

HCN thermal desorption spectra show  a peak at -5 5 0 K , a shoulder at -5 7 0 K , and a 

long high temperature tail.

H C N A C H ^NH /Ptdll)27 amu

20.0L

lO.OL

5.0L

2.0L

0.5L

300 400 500 600 700 800 900

TEMPERATURE (K)

Fig. 4.1 Thermal desorption spectra o f HCN following exposures o f dimethylamine to Pt( 111).
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A broad methane peak at 446K was observed which saturated at 5L.

CH ^/CCH^NH /Ptdll)16 aniu

£

lO.OL

5.0L

l.OL

900300 400 500 600 700 800

T E M PE R A T U R E  (K)

F ig . 4 .2  Therm al d eso rp tio n  spectra o f  C H 4 fo llo w in g  e x p o su res o f  d im eth y lam in e  to P t ( l  1 1).

Three features are present in the hydrogen desorption spectra of DMA on P t( l l l ) .  

Peaks at -466K  and -527K  predominate, whilst a small peak at - 3 7 IK  is apparent at low 

coverages, becoming a shoulder to the 466K peak at higher coverages.

Measurement at 28 amu results in a peak at -442K  and a small rise in intensity 

between 550K and 650K.
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H2/(CH3),NH/Pt(lll)2 am u

>.L.
WL.

'Eura
>-
H

z
H
Z

lO.OL

5.0L

l.OL

0.5L

0.2L

300 400 500 700 800 900600

TEM PER A TU R E (K)

F ig. 4 .3  T herm al desorp tion  spectra o f  H 2 fo llo w in g  exp o su res o f  d im eth y lam in e  10 P t( l 11).

28 a m u /(C H 3)2N H /P t(lll)28 amu

lO.OL

l.OL

800600 700300 400 500

TEM PER A TU R E (K)

Fig. 4 .4  T herm al desorption  spectra at 28  am u fo llo w in g  ex p o su res o f  d im ethylam in e  to Pt( 111).
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XPS spectra for DM A/Pt(l 11) were collected under the same conditions as outlined in 

section 3.1.1. The results are shown in figures 4.5 - 4 .7 .

854K507K 659K

u

H
HCN

CH

900800300 400 500 600 700

TEMPERATURE (K)

Fig. 4.5 Diagram o f annealing temperatures employed during the XPS experim ents on P t ( l l l )  following 

DM A adsorption.
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Fig. 4.6 N ls XPS following DMA adsorption on P t( ll 1): 

(a) 136K; (b) 273K; (c)514K; (d) 659K; (e) 854K; (f) >1000K.
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C ls XPS following DMA adsorption on Pt(l 11): 

(a) 143K; (b) 273K; (c) 507K; (d) 659K; (e) 854K, (f)>1000K.
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4.1.2 Dimethylamine on Pt(331)

D im ethylam ine adsorption on Pt(331) produced H C N , CH4, and H 2 as the major 

them al desorption products. In addition, two small peaks were detected  fo llow in g  

measurements at 28 amu. T hese desorption spectra are presented in figures 4 .8  -  4 .11 . A s in 

the case o f  D M A  adsorption on P t(l 11), no C 2N 2 desorption was observed.

A main peak at -4 8 8 K  was obtained for HCN desorption, with a high temperature 

shoulder at -5 7 2 K  develop ing  at higher exposures.

H C N /(C H ,)2 N H /P t(3 3 1 )27 amu

lO.OOL

l.OOL

0.50L

0.05L

900800700300 400 500 600

TEMPERATURE (K)

Fig. 4 .8  Thermal desorption spectra o f  HCN follow ing exposures o f  dim ethylam ine to Pt(331).

A single peak is observed at ~473K  at 16 a.m.u. corresponding to CH4. This is a broad 

peak spanning about 300K  with desorption com m encing at -3 6 0 K  and ceasing above 

-6 4 5 K . C lose exam ination o f  the spectra indicates a low  temperature shoulder.
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CH4/(CH3)2NH/Pt(331)16 amu

>>u
!SU

XIu
- S

>-
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z
u
Hz

lO.OOL

5.00L

"  0.50L

~ 0.20L

0.05L

300 400 500 600 700 800

TEMPERATURE (K)

Fig. 4 .9  T herm al desorption  spectra o f  C H 4 fo llo w in g  exp o su res o f  d im ethylam in e  to P t(3 3 1 ).

T w o peaks were detected for H 2 desorption, the main peak at -4 6 0 K  and a second, 

lower temperature peak that shifts from -3 8 6 K  for a 0 .2L  exposure to -3 9 5 K  for a l.OL, 

becom ing a shoulder to the main peak at 10.OL.

T w o peaks are present in the spectra recorded at 28 amu, at -4 5 2 K  and - 4 9 IK.
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2 amu H 2 / ( C H 3 ) 2 N H / P t ( 3 3 1 )

lO.OL

l.OL

0.2L

700300 400 500 600

TEM PERATURE (K)

F ig . 4 .1 0  Therm al d esorp tion  spectra o f  H 2 fo llo w in g  exp o su res o f  d im eth y lam in e  to P t(3 3 1 ).

28 amuy(CH3)2NH/Pt(331)28 am u

L.
XIL.n
>>
H
K
Z
U
E-
Z

lO.OL

l.OL

0.5L

0.2L

800300 400 500 600 700

TE M PE R A T U R E  (K)

Fig. 4 .1 1  T herm al d esorption  spectra  at 28  am u fo llo w in g  ex p o su res o f  d im eth y la m in e  to P t (3 3 1).
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XPS spectra for DM A/Pt(331) were collected under the same conditions as outlined in 

se:tion 3.2. The results are shown in figures 4.12 -  4.14.

556K 664K

U
03
U

uss

CH

HCN

300 400 500 600 700 800 900

TEMPERATURE (K)

Fig. 4 .12  Diagram of annealing temperatures employed during the XPS experim ents on Pt(331) following 

DM A adsorption.
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N ls XPS following DMA adsorption on Pt(331): 

(a) 114K; (b) 273K; (c) 553K; (d) 687K; (e)>1000K.
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Fig, 4.14 C ls XPS following D M A adsorption on Pt(331): 

(a)114K; (b) 273K; (c) 556K; (d) 687K; (e) >1000K.
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4.1.3 Trimethylamine on Pt(111)

Thermal desorption experiments following trimethylamine adsorption on P t ( l l l )  

generated the same products as observed for dimethylamine. HCN, CH4 and H2 were the 

miin desorption products detected, along with features in the 28 amu spectra. The spectra 

are shown in figures 4.15 - 4.18.

Spectra taken at 27 amu exhibit a peak at -574K  with a low temperature shoulder 

be ween 450 and 500K.

HCN/(CH3)3N/Pt(lll)27 amu

eg
>-
oS
Zu
H
Z

lO.OL

5.0L

l.OL

0.5L

300 400 500 600 700 800 900

TEMPERATURE (K)

Fig. 4.15 Thermal desorption spectra o f HCN following exposures o f  trimethylamine to Pt(l 11).

A peak very similar to that obtained from DM A on Pt(l 11) was detected at -447K  for 

methane. A sharp peak at -4 5 8 K  was generated at 28 amu, with a high temperature shoulder 

at -570K .
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CH4/(CH3),N/Pt(]ll)16 amu
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TEMPERATURE (K)

F ig . 4 .1 6  Therm al d eso rp tio n  spectra o f  C H 4 fo llo w in g  exposu res o f  trim ethylam ine to P t ( l  11).

28 amu/(CH,),N/Pt(lll)28 amu
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F ig. 4 .1 7  T herm al d esorp tion  spectra  at 2 8  am u fo llo w in g  ex p osu res o f  tr im ethylam ine to Pt( 111).
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T \\o  main peaks at -4 1 3 K  and -4 9 7 K  are observed for H 2 desorption. A shoulder on the low 

tem perature side o f the 413K  peak is present at -370K .
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20.0L

lO.OL

5.0L

l.OL

0.2L

900600 700 800•400 500.WO

TEMPER.\TURE (K)

F ig . 4 .1 8  T herm al d esorption  spectra  o f  H 2 fo llo w in g  ex p osu res o f  trim ethylam ine to Pt( 111).
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XPS spectra for TM A/Pt(l 11) were collected under the same conditions as outlined in 

secion 3.2. The results are shown in figures 4.19 -  4.21.

534K 709K

U

X!
U

>-
H
NN

HCN

300 400 500 600 700 900800

TEMPERATURE (K)

Fig. 4.19 Diagram of annealing tem peratures employed during the XPS experiments following TM A 

adsorption on P t(l 11).
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Fig. 4.20 N ls XPS following TM A adsorption on Pt(i 11): 

(a) 140K; (b) 273K; (c) 553K; (d) 709K; (e)>1000K.
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C ls XPS following TMA adsorption on Pt(l 11): 

(a) 136K; (b) 273K; (c) 534K; (d) 706K; (e)>1000K.
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4.1.4 Trimethylamine on Pt(331)

Exposure o f the Pt(331) surface to trimethylamine (TMA) produced the thermal 

desorption products HCN, CH4 , N 2 /CO and H2 . They are shown in figures 4 .22  - 4.25.

The HCN desorption spectrum has a main peak at -498K  with the suggestion of a 

second, higher temperature shoulder at -548K .

IICN/(CH3)3N/Pt(331)27 amu

-Cu
C3

>■
H

Zu
10.01

5.01

''l.OL

0 .21.

300 400 500 600 700 800

TEM PERATURE (K)

Fig. 4 .22  Thermal desorption spectra o f  HCN follow ing exposures o f  trimethylamine to Pt(331).

A single broad peak at -4 6 7 K  is produced for CH4 desorption whilst N 2 desorption 

exhibits two peaks; a main peak at -458K  and a high temperature shoulder at -492K .
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Fig. 4 .23  Thermal desorption spectra o f  CH4 fo llow ing exposures o f  trimethylamine to P t(3 3 1).
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Fig. 4 .24  Thermal desorption spectra at 28 amu follow ing exposures o f  trim ethylam ine to P t(331).
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T w o peaks are observed for H 2, a main peak at -4 6 9 K  and a low er temperature peak at 

-3 8 5 K .

Il2/(C H ,),N /Pt(331)2 amu

lO.OL

S.OL
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TEMPERATURE (K)

Fig. 4 .2 5  T herm al desorption  spectra  o f  H 2 fo llo w in g  ex p osu res o f  tr im ethylam ine to P t(3 3 1 ).
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XPS spectra for TM A/Pt(331) were collected under the same conditions as outlined in 

section 3.2. The results are shown in figures 4.26 -  4.28.

568K 659K

CH

HCN

300 400 800 900500 600 700

TEMPERATURE(K)

Fig. 4.26 Diagram o f annealing tem peratures employed during the XPS experiments following TMA 

adsorption on Pt(331).
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N ls XPS following TM A adsorption on Pt(331): 
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Fig. 4.28 C ls XPS following TMA adsorption on Pt(331): 

(a) 114K; (b) 273K; (c) 563K; (d) 654K; (e) >1000K.
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4.2 DISCUSSION

4.2.1 Trimethylamine on platinum

4.2.1.1 H 2 desorpt ion

The initial step in TM A  decom position  appears to be at least partial dehydrogenation  

o f  a methyl group. H 2 desorption com m ences at a temperature below  that o f  all the other 

desorption products. C lose inspection o f  the low  temperature peak at low  coverages 

indicates the presence o f  a feature on the low  temperature side o f the peak, which seem s to 

becom e part o f the peak at higher coverages. This feature m ay represent H 2 desorption  

fo llow in g partial dehydrogenation o f  the first methyl group. It occurs in a temperature range 

associated with Hads. + Hads. recom bination [65, 66]. It is not clear whether initial 

dehydrogenation occurs upon exposure o f the surface to T M A , or early in the thermal 

process.

The thermal desorption spectra g ive little inform ation about the manner in which the 

TM A m olecule binds to the surface. Three possib ilities were suggested  for TM A on 

m olybdenum  [51] (see figure 4 .29 ), all o f  which are p ossib le on the platinum system s. The 

most likely o f  these, based on XPS m easurem ents, was considered by W alker and Stair [51] 

to be (a). H ow ever, they acknow ledged the possib ility  that it may be a mixture o f  the three 

species, the relative concentrations o f  each being dependent on the surface temperature.

Fig. 4 .2 9  T hree p o ss ib le  initial b inding states o f  trim ethylam ine on  platinum .
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HREELS and FT-IRAS experim ents carried out by Erley et al. [49] on T M A /P t ( l l l )  

indicated tinat TM A  adsorbs m olecularly at 85K  in a tilted geom etry w ith at least on e o f its 

C -N  bonds closer to the surface than the others. They suggested  that a m ethyl-nitrogen bond 

is broken at 280K  form ing (CH 3)2Nads. and CHsads. species, the m ethyl group then rapidly 

dissociating into Cads. + 3Hads.- In support o f  this, they note a sharp H i peak at 328K  and no 

CH4 in their TD S spectra. This is in contrast to the T D S results obtained in this work in 

which CH4 is a significant product in the decom position  process and the H 2 desorption event 

below  350K  is a minor feature, rather than a significant peak. H ow ever, these results 

fo llow ed  adsorption at 300K . Furthermore, the XPS spectrum obtained in this work for 

TMAyPt( 111) adsorbed at 136K  and annealed to 273K  (figure 4.21 (b), p .87) indicates the 

presence o f  tw o C ls  peaks, at 283 .4  eV  and 288 .9  eV . This seem s to lend support to the 

suggestion o f a break in the methyl-nitrogen bond. It m ay be the case that room temperature 

adsorption results in im m ediate dehydrogenation o f  the first methyl group and desorption o f  

H2 during the adsorption process.

Hydrogen is formed primarily in com petition to methane formation. XPS analysis 

indicates a residual carbon surface species fo llow in g  thermal desorption, so som e methyl 

groups clearly undergo com plete dehydrogenation. In the case o f  P t ( l l l ) ,  the two H 2 

desorption features peak at temperatures above that for Hads, +  Hads. recom bination [65,66], 

indicating that these two peaks are generated as a result o f  decom position  lim ited processes. 

The m ost probable source o f the two hydrogen desorption peaks is consecutive  

dehydrogenation o f  the rem aining methyl groups. T hese tw o peaks were present in the 

hydrogen desorption spectra obtained by Erley et al. [49]. In addition, they noted a peak 

between these tw o at 444K  which they attributed to the loss o f  a single hydrogen from the 

remaining methyl group:

2  C H jN ads. ---------------------------------------► 2  C H 2N ads. +  H 2

leading finally to com plete dehydrogenation at 495K  and scission  o f  the C -N  bond to g ive  

Cads and Nads. The absence o f  this peak in the hydrogen spectra presented in this w ork may
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be due to the faster heating rate applied. Erley et al. used a heating rate of IKs"', whereas a 

rate of 13Ks‘' was applied in this work.

On Pt(331) the low temperature peak saturates at lower coverages. This suggests that 

the stepped environment inhibits dehydrogenation of the second methyl group at higher 

coverages. This seems to favour CH 4  production, as would be expected from a competitive 

process. A chart of relative increase or decrease in products on going from P t ( l l l )  to 

Pt(331) shows an increase in CH 4  production (figure 4.30).

Despite the lower intensity of the low temperature peak on Pt(331) figure 4.30 shows a 

moderate overall increase in the relative amount of H 2  produced. This may be explained by 

the decrease in HCN production, reflecting a greater tendency for the first methyl group to 

dehydrogenate completely.

14

□  P t ( l l l )  

H P t(3 3 1 )

H 2 XO.I H C N  CH^

Fig. 4 .30 Percentage increase or decrease in products desorbed from P t ( l l l )  and Pt(331). The values 

presented are uncorrected for mass spectrometer sensitivity, and therefore do not reflect the 

absolute amounts o f  each product, but only the relative increase/decrease.
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4.2.1.2 HCN desorption

T w o possib ilities exist for the formation o f H CN, either decom position  o f  the parent 

m o lecu le  or intermediate species, or recombination o f Hads. and CNads. surface species. In the 

cases o f  TM A  and D M A  adsorption, the thermal desorption data suggest that HCN  

desorption is the product o f  decom position only. There are a number o f  reasons for this 

con clu sion . Previous studies o f C 2 N 2 , H CN  and M A adsorption on platinum [40, 41, 67-69, 

7 0 -7 4 ], including the results presented in chapter 3 o f  this work, have shown that the 

presence o f  CNads. species results in the formation o f C 2N 2 at temperatures between 600- 

900K . N o C 2N 2 desorption was detected fo llow in g either D M A  or T M A  adsorption on 

platinum . The possib ility that all CNads. species are used up in the formation o f H CN can be 

discounted  since it w ould be expected  that Hads. +  CNads. recom bination w ould be in 

com petition  with Hads + Hads. recombination. H ow ever, the bulk o f  H CN formation occurs at 

temperatures above that o f  H 2 formation. It is reasonable to assum e therefore that there is no 

Hads. available for recombination at the temperatures at which m ost o f  the H CN is formed. 

Furthermore, it has been shown [32, 75] that Hads. +  CNads. recom bination does not produce 

H CN to any significant extent on P t ( l l  1). It can therefore be assum ed that no CNads. species 

are formed during decom position.

H CN desorption occurs at significantly higher temperatures on P t ( l l l )  than on 

P t(33I). This is a com m on feature o f H CN  desorption fo llow in g  adsorption o f various CN  

containing com pounds including H CN itself.

4.2.1.3 CH4 desorption

It is clear from the TD S spectra o f methane that the first C -N  bonds are broken by 

3 5 0 -3 7 0 K . M olecularly adsorbed methane desorbs <IOOK [76]. It has been shown [77, 78] 

that surface methyl groups on P t ( lI I )  desorb as methane at 250-290K  by recom bining with 

background hydrogen and/or from partial decom position o f other m ethyl m oieties, and that 

further d issociation o f CHx fragments to produce H 2 occurs at 350K  and 550K  [77]. It is 

likely, therefore, that in the case o f  D M A  and TM A  adsorption m ethane formation occurs 

im m ediately upon scission o f  the m ethyl-nitrogen bond, with the m ethyl group im m ediately  

picking up a hydrogen atom. In thermal desorption studies on the adsorption o f T M A  on 

Mo(lOO) W alker and Stair [51] demonstrated, by pre-exposure o f  the surface to deuterium.
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that the methyl groups pick up a hydrogen atom from the surface rather than through  

intramolecular transfer. It is reasonable to believe that this process is sim ilar on platinum. 

Hydrogen thermal desorption spectra indicate that Hads. species are readily available to the 

methyl group from the outset o f  methane desorption to the com pletion  o f  the desorption  

process.

4 .2 .1 .4  2 8  amu desorption

The peak at 435K  for 28 am u/TM A/Pt( 111) corresponds to the desorption temperature 

for adsorbed CO on P t ( l l l )  [32, 78, 79]. L ikew ise , the peak and shoulder for 28 

am u/T M A /Pt(331) correspond to the desorption peaks for adsorbed CO on Pt(331) [32] (two 

desorption peaks for CO are a characteristic o f  stepped P t ( l l l )  surfaces [79-89], the lower 

temperature peak associated with desorption from terrace sites, the higher temperature peak 

with step sites). T hese peaks are therefore assigned to CO adsorbed from the background.

The small feature between 500K  and 600K  in the 28 amu spectra o f  TM A  on Pt ( I l  1) 

con'esponds to three peaks observed by Erley et al. [49] at 500K , 548K , and 595K  fo llow ing  

T M A  adsorption on P t ( l l l ) .  Since they also observed identical peaks fo llow in g  (CDsX-iN 

adsorption, the formation o f ethylene was discounted as a source o f these peaks. Appearing 

above the desoiption temperature established for CO [32, 78, 79], they were consequently  

assigned to N 2 formation [90]. A  small amount o f  T M A  must, therefore, com pletely  

decom pose into atom ic species on P t ( l l l ) .  N o corresponding features are v isib le in the 

desorption spectra for Pt(331).

4.2 .1 .5  XPS Experiments

The N ls  spectra for T M A  on both P t(l 11) and P t(331) are very sim ilar, and exhibit an 

alm ost constant binding energy o f  3 9 9 .5eV  for P t(l 11) and 4 0 1 .4eV  for Pt(331). T he results 

are preliminary in nature. The peaks are broad and o f  low  intensity m aking them difficu lt to 

interpret. Further experim ents using A RU PS are currently being designed for the 

TM A/platinum  system . It is hoped that more useful inform ation m ay be obtained from  this 

technique.
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4.2.2 Dimethylamine on platinum

Three desorption features are present in the H 2 desorption spectra for DM A on 

P t ( l l l ) .  The small, low temperature peak at 371K may be due to recombination of Hads. 

species originating on the nitrogen atom. It is not clear whether the H -N bond is broken upon 

adsorption or whether it is initiated by the heating process.

This is follow ed by a competitive process between methane formation and methyl 

group dissociation to form H2 and Cads.- It is likely that the H 2 peaks at 446K  and 527K  

represent dehydrogenation o f consecutive methyl groups. HCN production requires only 

partial dehydrogenation of one of the methyl groups. It is not clear from the H i spectra which 

peak represents partial dehydrogenation, but the lower intensity o f the 527K peak and the 

fact that it corresponds in temperature to the onset of HCN desorption suggests that this may 

be the HCN forming process.

The process of methane production is identical to that for TM A decomposition. The 

peak shape and temperature matches that of CH4 /TM A/Pt(l 11). This process is one in which 

the rate limiting step is scission of the C-N bond. The methyl group then immediately picks 

up a surface hydrogen [51]. It is possible to detect a slight shoulder to the low temperature 

side o f the methane peak, particularly on the Pt(331) spectra. There are two possible sources 

for the fourth hydrogen atom, the amine hydrogen and the hydrogens initially bonded to a 

methyl group. Since H-N bond cleavage is the likely initial step in DM A decomposition it is 

possible that this low temperature shoulder represents CH4  formed by picking up the amine 

hydrogen.

The peak at 442K  in the 28amu spectra corresponds to the desorption temperature for 

adsorbed CO on P t ( l l l )  [32, 78, 79], and is therefore assigned to background CO 

adsorption. The feature between 550K and 650K corresponds to N 2 formation [90] and 

indicates that complete dissociation occurs to a small degree.

Adsorption and thermal decomposition of DM A on Pt(331) produces the same 

desorption products as on P t ( l l l ) .  As in the case o f TM A on Pt(331), the HCN and H 2 

desoiption features peak at lower temperatures than on Pt(l II),  whilst CH4 peaks at a higher 

temperature.
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The stepped surface favours CH4 and HCN productiDn over H2, as is evidenced by a 

decrease in intensity of the 395K peak relative to the corresponding peak on Pt(l 11). A chart 

of relative change in the amounts of products between P c(lll) and Pt(331) (figure 4.31) 

clearly shows a relative increase in CH4 and HCN production and decrease in H2 production 

on Pt(331).

The two peaks present in the 28 amu spectra on ?t(331) can be assigned to CO 

adsorbed from the background [80, 89],
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H2XO.1 HCN CH,

□  P t ( l l l )  

OPt (331)

Fig. 4.31 R elative increase or decrease in products desorbed frcm P t ( l l l )  and Pt(331). The values 

presented are uncorrected for mass spectrometer sensitidty, and therefore do not reflect the 

absolute amounts o f  each product, but only the relative inciease/decrease.

The XPS results obtained for DMA on platinum are similar to those for TMA. The 

N ls binding energy remains constant throughout the annealirg cycles.
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4.3 CONCLUSIONS

4.3.1 Dimethylamine on platinum

Dimethylamine decomposes on platinum to form Hi, HCN, CH4 and small quantities 

of N 2 . The initial step in DMA decomposition is removal of the amine hydrogen. The first 

methyl group then undergoes C-N bond cleavage followed either by hydrogen take-up to 

form CH4 or dehydrogenation to form Cads, and /2H2 §. The final step involves partial 

dehydrogenation of the remaining methyl group to give HCN and H2 (see figure 4.32). In 

addition to this pathway, some of the DMA experiences cleavage of all the C-N bonds to 

produce a small amount of N 2 .

Adsorbed Species Desorbed Species

(CH,),NH  

-325K  

(CH,),N +H

350 - 600K

CH,N +

520K

- >  CH,

- >  H,

H,

550K

r  + Nresidue  residue

-► HCN

Fig. 4 .32  Schem atic o f  reaction pathway o f  dim ethylam ine on P t(l 11).
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Adsoqjtion on Pt(331) does not alter the desorption products. However, the stepped 

surface favours HCN and CH4 formation over complete decomposition to form Cads. + Nads. 

+  H2g.

4.3.2 Trimethylamine on platinum

Trimethylamine produces the same desorption products as dimethylamine. It initially 

undergoes limited C-H bond breaking on one o f the methyl groups. This is followed by C-N  

bond cleavage on the other methyl groups forming either methane, by picking up a surface 

hydrogen, or decomposing to form hydrogen and Cads, as indicated in figure 4.33.

Adsorbed Species Desorbed Species

(CH3),NCH3

-320K

(CH3),NCH +2H

350 - 600K

574K

2CH,

-► 2H^

-► HCN

C + Nres id u e  res id u e

Fig. 4.33 Schematic o f reaction pathway of trimethylamine on Pt(l 11).
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Pt(331) favours CH4 production over H2 formation. In contrast to DMA on Pt(331), 

HCN production decreases on the stepped surface.
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CHAPTER FIVE 

ETHYLENEDIAMINE ON P t(lll)  AND Pt(331)
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CHAPTER 5 ETHYLENEDIAMINE ON P t(lll)  AND Pt(331^

5.1 RESULTS

5.1.1 Ethylenediamine on Pt(l 11)

Following exposure o f the P t ( l l l )  surface to ethylenediamine (EDA) at 300K, the 

thermal desorption products detected were C 2 N 2 , HCN, NH 3 , CH4, H 2  and 28 amu. A set of 

thermal desorption spectra for each o f these products is shown in figures 5.1 - 5.6.

The C2 N 2 desorption spectra (52 amu) display a narrow, well-defined peak at -425K , 

with high temperature shoulder between 450K and 540K  consisting o f two features.

C2N2/NH2(CH2)2NH2/Pt(lll)52 am u

£u

20.0L

lO.OL

5.0L

l.OL
0.5L

300 800 900400 500 600 700

TEM PERATURE (K)

F ig. 5 .1  T herm al desorption  spectra o f  C 2 N 2  fo llo w in g  e x p o su res o f  e th y len ed ia m in e  to Pt( 111).
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The spectra for HCN (27 amu) exhibit three features - a peak at -470K ; a peak at 

-520K ; and a high temperature shoulder between 540K and 660K.

H C N /N H 2 (C H 2 )2 N H 2 /P t(l 11)27 am u

C9

Hs?zu
H
Z 20.0L

lO.OL

5.0L

l.OL

300 400 500 600 700 800 900

T E M PE R A T U R E  (K)

Fig. 5 .2  Thermal desorption spectra o f  HCN follow ing exposures o f  ethyienediam ine to P t(l 11).

The thermal desorption spectra for 16 amu and 17 amu both show a major peak at 

-420K  and -425K  respectively, with a lower temperature peak on both at -385K.

The H j spectra show a main peak at -375K  with a broad, high temperature shoulder, 

which appears to consist of four desorption features.
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Fig. 5 .3  T herm al d esorp tion  spectra o f  N H j fo llo w in g  ex p o su res o f  e th y len ed ia m in e  to P t ( l  11).
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F ig . 5 .4  T herm al desorp tion  sp ectra  o f  C H 4 fo llo w in g  ex p o su res o f  e th y len ed ia m in e  to P t ( l l l ) .
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H2/NH2(CH2)2NH2/Pt(lll)2 amu
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F ig . 5 .5  T herm al d esorption  spectra o f  H 2 fo llo w in g  exp o su res o f  eth y len ed iam in e  to Pt( 111).

At 28 amu a peak was observed which shifts to lower temperatures from -442K  to -423K  

with increasing exposures. A small feature was also noted at 526K.

N,/NH2(CH2)2NH2/Pt(l 11)28 amu

u
L.

lO.OL

5.0L

0.5L

9008U0300 400 500 600 700

TEM PERATUR E (K)

Fig. 5 .6  T herm al desorption  sp ectra  o f  2 8  am u fo llo w in g  ex p o su res o f  e th y len ed iam in e  to P t( l  11).
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XPS spectra for E D A /P t(lll)  were collected under the same conditions as outlined in 

section 3.1.1. The results are shown in figures 5.7 -  5.9.

440K 495K 699K

HCN

X!
U
05

>-
H

zu
H
Z

C,N.

CH

300 600 900400 500 700 800

TEMPERATURE (K)

Fig 5.7 Diagram o f  annealing temperatures em ployed during the X PS experim ents follow ing EDA  

adsorption on P t ( l l  1).
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N 1 s XPS following EDA adsorption on Pt( 111): 

(a) 140K; (b) 273K; (c) 440K; (d) 495K; (e) 699K; (f)>1000K.
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Fig. 5.9 C ls  XPS following EDA adsorption on Pt(l 11): 

(a) 136K; (b) 273K; (c) 435K; (d) 470K; (e) 735K; (f)>1000K .
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5 .1.2 E thylenediam ine on Pt(331)

Following exposure of the Pt(331) surface to ethylenediamine (EDA) at 300K, the 

main thermal desorption products detected were C2N 2 , HCN, NH 3 , CH4  and H2 . A set of 

thermal desorption spectra for each of these products is shown in figures 5.10 - 5.14.

A peak at -456K  is observed at 52 amu corresponding to C2N 2 . At the lower coverages 

two additional features are observed at -810K  (0.5L exposure) and -728K  (l.OL exposure).

C2N2/NH2(CH2)2NH,/Pt(331)52 amu

unu.

><
H
s?zuH
Z

lO.OL

5.0L

l.OL

0.5L

300 400 500 600 700 800 900

TEM PERATURE (K)

Fig . 5 .1 0  T herm al desorption  spectra o f  C 2N 2  fo llo w in g  exp osu res o f  ethy len ed iam ine  to P t(3 3 1 ).

The HCN desorption spectra show a sharp peak at -467K  with a high temperature 

shoulder developing at higher EDA exposures at -520K .
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HCN/NH2(CH2)2NH2/Pt(331)27 amu

u

>-
Hszu
H
Z lO.OL

5.0L

l.OL

0.5L

0.2L

300 400 500 600

TEMPERATURE (K)

700 800 900

Fig. 5.11 Thermal desorption spectra o f  HCN follow ing exposures o f  ethylenediam ine to Pt(331).

A single low intensity, broad desorption peak appears at -446K  for NH 3 (17 amu) and 

-441K  for CH4  (16 amu).

The H 2 desorption spectra exhibit a sharp peak at -460K  and a broad feature between 

~410K to -4 4 IK. This broad peak appears to consist of more than one component, with a 

feature at 410K dominating at low EDA exposures and another feature at 440K which 

dominates at higher exposures.
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N H 3 / N H 3 ( C I l 2 ) 2 N l l 2 / P t ( 3 3 1 )17 amu
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800 900300 400 500 600 700
TEMPERATURE (K)

Fig. 5 .12 Therm al desorption  spectra o f  N H 3  fo llo w in g  ex p osu res o f  e th y len ed iam in e  to P t(3 3 1 ).

CH4/NH2(CH2)2NH,/Pt(331)16 amu
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900800700300 400 500 600

TEMPERATURE (K)

F ig . 5 .1 3  T herm al desorption  spectra  o f  C H 4  fo llo w in g  ex p osu res o f  e th y len ed ia m in e  to P t(3 3 1 ).
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Fig. 5.14 Thermai desorption spectra o f  H i following exposures of ethylenediamine to Pt(331).
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XPS spectra for EDA/Pt(331) were collected under the same conditions as outlined in 

section 3.1.1. The results are shown in figures 5.15 -  5.17.

457K 480K

CH
cs
u

NH

H
HHcn
z
U
H
Z
NM

HCN

900800700600300 400 500

TEMPERATURE (K)

Fig 5.15 Diagram o f annealing temperatures employed during the XPS experim ents following EDA 

adsorption on Pt(331).
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N ls  XPS following EDA adsorption on Pt(331):

(a) IlO K ; (b)200K; (c) 273K; (d) 457K; (e) 480K.
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Fig. 5.17 C ls XPS following EDA adsorption on Pt(331): 

(a) 114K; (b) 200K; (c) 273K; (d) 457K, (e) 470K; (f)>1000K.
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5.2 DISCUSSION

5.2.1 C2 N 2  desorption

The C 2N 2 thermal desorption spectra fo llo w in g  ethylenediam ine adsorption on P t ( l l l )  

reveals three desorption features -  a sharp, dom inant peak at 425K , and a high temperature 

shoulder consisting o f  tw o features. The dom inant peak has previously been designated y in 

order to distinguish it from the a  and (3 desorption states that correspond to m olecular and 

recom binative desorption respectively o f  cyanogen [40, 91 , 92], This peak w as first detected  

fo llow in g H 2/C 2N 2 co-adsorption experim ents [40] and assigned to dehydrogenation o f  

hydrogenated C 2 N 2 species.

A high temperature shoulder on P t ( l l l )  has been a feature in previous 

C 2N 2/E D A /P t( ll  1) desorption studies [40-42]. A  striking difference between these 

desorption spectra on P t ( l l l )  and the C 2N 2/E D A /Pt(331) spectra is the absence o f any 

shoulder in the C 2 N 2 spectra o f Pt(331). T w o possib ilities for the source o f  this shoulder are 

defect sites or binding sites present on the (111)  surface but absent on the (331) surface. 

Exam ination o f  the desorption spectra fo llo w in g  m ethylam ine adsorption on P t ( l l l )  and 

Pt(331) indicated that the P t ( l l l )  crystal used in this work did indeed have defect sites (see  

section 3.3.1).  T hese defect sites had the effect o f  producing desorption features similar to 

those produced by the stepped P t(331) surface. Com paring the desorption spectra o f C 2N 2 

from both crystals, it can be seen that the first o f  the tw o features in the high temperature 

shoulder corresponds in temperature to C 2 N 2 desorption from Pt(331) and to the main H 2 

desorption peak from Pt(331). It is quite probable therefore that this feature represents C 2N 2 

desoiption from step-like defect sites. A s wil l  be seen in sections 5 .2 .2  and 5.2.3, minor 

features in the desorption spectra o f  H 2 and H C N  on P t ( l l l )  also correlate to the main 

desorption features for these products on Pt(331).

The second feature in the high temperature shoulder o f C 2 N 2 spectra on P t ( l l l )  does 

not have a corresponding feature on P t(331). It is not clear whether this peak is the product 

o f defect sites or alternative binding sites.

118



Turning specifically to C2 N 2 desorption from Pt(331), the absence o f either low or high 

temperature shoulders that can be assigned to desorption from the (111) terraces suggests 

that EDA adsorption/decomposition takes place entirely at step sites on Pt(331).

5.2.2 H2 desorption

The hydrogen desorption spectra obtained in this work show a number of features not 

previously detected [40-42], The main desorption peak matches that obtained by Kingsley et 

al. [40], which they attributed to dehydrogenation of the amine groups of EDA, following 

experiments on ethylene-d4 -diamine (NH2 -CD 2-CD 2 -NH 2 ). These experiments also revealed 

that the high temperature shoulder on the H 2 peak corresponds to HD and D 2 desorption, HD 

desorption commencing at a lower temperature than D 2 . The high temperature shoulder 

previously obtained [40-42] corresponds to the second and third features of the 

H2/ED A /Pt(l 11) spectra in this work. Therefore, these features can be attributed to 

dehydrogenation of the methylene groups of the EDA molecule, the second feature 

predominantly H a m i n e  +  H m e t h y l e n e  recombination, the third feature H m e t h y l e n e  +  H m e t h y l e n e  

recombination. These two features correspond in temperature to the main C 2N 2 desorption 

peak. C 2N 2 desorption is a decomposition process in which the rate limiting step is 

dehydrogenation of the methylene groups. Lloyd and Hemminger [41] noted, however, that 

the tail of the H 2 desorption peak in the ethylene-d4 -diamine experiment extends into the 

temperature range of the D 2 desorption phase. This coupled with HREELS studies carried 

out by the same group on the intermediate of H 2/C 2N 2  coadsorption led to the conclusion 

that the amine groups do not undergo complete dehydrogenation to form a dinitrene 

intermediate species (N-CH 2CH 2 -N) as originally suggested by Kingsley et al. but rather that 

the intermediate formed is a di-imine (NH=CH-CH=NH) (see figure 5.18).

The fourth and fifth features of the H 2 desorption process correspond to the second and 

third desorption features of C 2 N 2 . Examination of the spectra for EDA decomposition on 

Pt(331) reveals that the fourth feature on H 2/E D A /P t( lll)  coincides in temperature to the 

main H 2 and C 2 N 2 desorption peaks from Pt(331). As has been suggested in section 5.2.1, 

this desorption event is a product of step-like defects on the P t ( l l l )  surface. Whether the
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fifth feature is a product of defect sites or alternative b inding sites on P t ( l l l )  cannot be 

ascertained from  the results in this work. There are no corresponding features on the Pt(331) 

spectra.

Fig. 5 .18  Ethylenedi-im ine intermediate proposed by Lloyd and Hem minger [41].

On Pt(331), the m echanism  of ED A  decom position appears to be sim ilar to that on 

P t ( l l l ) .  The low tem perature peak o f H i can be associated with dehydrogenalion of the 

am ine groups [40], whilst the high tem perature peak represents a combination of amine and 

m ethylene group dehydrogenation.

5.2.3 HCN desorption

HCN desorption follow ing ED A  adsorption on Pt(331) produces a sharp peak at 467K  

with a high tem perature shoulder at about 520K. On P t(l 11), an initial peak appears at 470K  

followed by the main peak at 520K  and a high tem perature tail. It is clear that the first peak 

on P t ( l l l )  coincides in tem perature with the m ain peak on Pt(331), and the main peak on 

P t ( l l l )  coincides with the high tem perature shoulder on Pt(331). Since the P t ( l l l )  crystal 

used in this work has already been established to contain step-like defect sites, the low 

tem perature peak on the (111) spectra o f H CN  can be identified as desotption from  these 

sites. The high tem perature shoulder to the H C N  peak on Pt(331) seems to represent a 

desorption process sim ilar to  that from  P t(l 11). It is possible that this feature is a product of
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decom position  on the (111) terrace sites. H C N  desorption from P t ( l l l )  occurs at elevated  

temperatures due to the formation o f som e hydrogen-bonded interm ediate [32, 93]. The main 

peak o f the H C N /E D A /P t( ll l)  spectra exhibits this elevated  desorption temperature. 

H ow ever, as already m entioned in section 5 .2 .1 , no features are present in the C 2N 2 spectra 

on Pt(331) which correlate to desorption from P t ( l l l ) .  It w ould  seem  likely, therefore, that 

the H CN shoulder is not due to terrace adsorption/decom position, but may represent a 

situation in which som e o f  the HCNads. sp ecies from step site decom position  form the 

interm ediate com plex suggested for P t(l 11).

Hads +  CNads. recom binative desorption on P t(331) has been found [32, Chapter 3] to 

occur betw een 430K  and 440K  (see Table 3 .2). The desorption temperature for H CN  

fo llow in g  E D A  adsorption on P t(331) is significantly higher, at 467K . Clearly, this is not a 

Hads. +  CNads. process, but rather a decom position  process in which the rate hm iting step is 

likely to be C-C bond cleavage.

5.2.4 XPS experiments

The transition from m ultilayer to m onolayer E D A  resulted in a shift to higher binding 

energy for N ls  at 273K , giving a value 4 0 0 .3eV . A single peak at this energy is consistent 

with m olecular adsorption o f  E D A  through the lone pair electrons on both nitrogens [42]. 

Heating to 440K  results in a shift to 3 9 9 .7eV . This corresponds to the desorption o f the main 

C 2N 2 peak. A sim ilar shift w as noted by Lindquist et al. [42] for this temperature. Heating to 

495K  rem oves the low  temperature H C N  peak and C 2 N 2  shoulder that are both associated  

with defect sites. The resulting spectrum indicates the presence o f  tw o peaks, one at 398 .4eV  

and one at 4 00 .4eV . The low er binding energy peak can be associated with HCN [42]. The 

high binding energy peak remains upon heating beyond H C N  desorption, and is associated  

with som e nitrogen surface species that persists on the surface to temperatures in excess o f  

800K. Heating to 699K  results in the loss o f  the 3 9 8 .4eV  feature, with just the peak centred  

at 4 0 0 .4eV  remaining. At this stage H C N  has desorbed. This result is in contrast to the 

spectra obtained by Lindquist et  al. upon heating to temperatures o f 4 4 0 K  and above. They  

observed a peak at 397 .0eV  which is associated with cyanogen (3 states. Their C 2N 2 thermal
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desorption spectrum  indicates a (3 C 2N 2 desorption event. H ow ever, no such peak was 

observed in the TD S spectra in this work, and it is assum ed, therefore, that no CNads. species 

are present on the surface. The absence o f the 397eV  peak provides further evidence of this. 

The spectrum  follow ing heating above lOOOK is unreliable, since som e desorption from  the 

probe occurred, which may have resulted in gas re-adsorption onto the surface.

A nalysis o f the C ls  spectra is com plicated by the possibility  o f background CO 

adsorbing at low tem peratures.

The XPS data for ED A  on Pt(331) follow  the sam e trend as P t ( l l l ) ,  indicating the 

sim ilarity in the decom position process. Again, no peak at 397eV in the N ls  spectra was 

observed.
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5.3 C O N C L U SIO N S

Ethylenediamine decomposition on P t ( l l l )  is essentially a dehydrogenation process, 

in which the EDA molecule is systematically stripped of hydrogen to produce H 2 and C 2N 2 , 

with C-C bond scission to produce HCN providing a competitive process. The 

decomposition process is represented schematically in figure 5.19.

In addition to this pathway is one in which C-N bonds are broken to form NH 3 and 

carbon residue. No such process has been observed on P t ( l l l ) ,  suggesting this reaction 

occurs at step sites, and is in competition with CNads. formation.

XPS results do not indicate the presence of the (3 C 2N 2 desorption states.

H 2 +  C2N2 H C N C 2 N :

410K

N H 2 C H 2 C H 2 N H

1 i I 1

460K

N H - C H - C H - N H  -

467K >650K 

► C N ads

RECOMBINATION

Fig. 5 .1 9  Schem atic  o f  principal reaction pathway o f  e thy lened iam ine  on P t(331).

EDA decomposes on Pt(331) in a manner similar to that on P t ( l l l ) .  However, 

adsorption and decomposition occurs at step sites, with only a minor contribution from the 

( i l l )  terraces.
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CHAPTER SIX 

CONCLUSIONS AND FURTHER WORK
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CHAPTER 6 CONCLUSIONS AND FURTHER WORK

6.1 METHYLAMINE ON P t(lll)  AND Pt(331)

The results o f this work on m ethylam ine suggest that H C N  form ation is a result of 

recom bination o f Hads. and CNads. on Pt(331), whilst on P t ( l l l )  H CN  form ation is the result 

o f a decom position process. Valuable inform ation m ay be gained by undertaking D 2 /M A  co- 

adsoiption experim ents on Pt(331). D etection of D C N  as a desorption product in a sim ilar 

tem perature range should confirm  recom bination as the source of HCN on this crystal. 

D 2 /M A  co-adsorption experim ents on P t ( l l l )  should also be o f value as a m eans of 

confirm ing w hether recom bination is the source of any o f the H C N  peaks, in particular the 

peak at -4 4 7 K  obtained for the particular crystal used in this work.

6.2 DIMETHYLAMINE AND TRIMETHYLAMINE ON P t( lll)  AND Pt(331)

Trim ethylam ine and dim ethylam ine share a sim ilar decom position process following 

room tem perature adsorption on P t ( l l l )  and Pt(331), in which C-N bonds are broken to 

form  CH4, and C-H bonds are broken to form  HCN and H2. Initial bonding to the surface 

appears to be via the nitrogen lone pair. The sym m etrical TM A  and D M A  m olecules may be 

well suited to ARUPS analysis, which may provide confirm ation o f this initial binding state 

m echanism , as well as providing inform ation about changes in the bonding environm ent as 

these m olecules therm ally decom pose.

The results obtained by Erley et al. [49] suggest that a different decom position 

m echanism  m ay occur follow ing adsorption o f TM A  at low tem peratures. Repetition of 

these therm al desorption experim ents should confirm  their results, whilst therm al desorption 

studies o f D M A  adsorbed at low tem peratures should dem onstrate w hether or not DM A 

undergoes a sim ilar change in its decom position m echanism .
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Quantitative LEED studies of molecularly bound TMA and DMA may yield 

information on the absolute position of these molecules relative to the surface unit mesh for 

both P t( l l l)a n d  Pt(331).

6.3 ETHYLENEDIAM INE ON P t( l l l )  AND Pt(331)

Ethylenediamine decomposes in a similar manner on both P t( l l l )  and Pt(331). The 

absence of high temperature C2N 2 suggests that no CNads. species are formed, and by 

extension, that HCN is a decomposition rather than a recombination product. Measurement 

at 28 amu in search of DCN as a desorption product following D 2/EDA co-adsoiption should 

provide further evidence that this is the case.
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