
S E T T I N G  O F  T H E  D I A M O N D  S U R F A C E

JOHN OLAF HANSEN

A Thesis submitted to  the Faculty o f Science, U n ive rs ity  o f  the 
W itwatersrand, Johannesburg fo r  the Degree o f Doctor o f Philosophy



ABSTRACT

The surface conditions which lead to  a wide v a r ia tio n  in  the w e tta b il ity  o f 

diamond surfaces have been investiga ted  using macroscopic surfaces ra ther 

than powders, to allow fo r  the c rys ta l an isotropy. A wetting balance 

method o f c a lcu la tin g  adhesion tension and hence contact angle has been 

used fo r  diamonds having major faces near the ( l l l j  and (110J la t t ic e  
planes. Three classes o f  behaviour have been Id e n t if ie d :  an extremely 
hydrophobic s ta te  (H) a fte r  hydrogenation a t > 870 K; a hyd ro p h ilic  (0) 

s ta te  a f te r  ox ida tion  a t 670 K; and an in te rm ed ia te , (1) but net 

hydrophobic, sta te  a fte r  mechanical po lish ing  o f the surface. Surface 
analyses by Rutherford Backscattertng o f helium, i.- is , X-ray Photoelectron 
Spectroscopy and Low Energy Electron D iffra c tio n  (LEED) hav? been used v  
de fine  the ro le  o f the oxygen coverage o f the surface in  the tra n s it io n  a 

-> 0 -> H, The H s ta te  corresponds to low (< 0,1 monolayer) coverage by 

oxygen, but no reconstruction  o f  the surface, and hence near to ta l coverage 

by surface hydrogen atoms o f w e t ta b i l i ty  s im ila r  to  the methyl groups in 

p a ra ff in  wax. the 0 sta te  is  characterized by more than 0,3 monolayer o f 

oxygen, some o f  which may be bonded to two carbon atoms, and a high 
w e t ta b i l i ty ,  atproaehlng th a t o f  an oxide or s i l ic a  surface. The I state 
is  characterized by a "one th ird "  monolayer coverage by oxygen, in the form 
o f  poorly ion iz ing  hydroxyl groups, the balance being hydrogen. The 

1-s ta le  hydropftobtctty (by advancing contact angle) is  greater than tha t o f 
bituminous coal (54 degrees), but less than tha t o f  cleaved graphite  {80 

degrees). The stab le co n figu ra tion  on the ( l l l j  face, tha t most frequently  

produced by abrasion, is thought to  be a random d is tr ib u t io n  o f hydroxyl 
groups which avoid nearest neighbour po s itio n s . A computer sim ulation has 
shown tha t th is  w i l l  produce between 0,23 and 0,32 monolayer coverage by 

oxygen, depending upon the r-- . icy  o f edge s ite s . At edge s ite s , 

b ridg ing  attachment o f oxygen '» possible. The exclusion o f nearest 

neighbours In th is  model re lie s  upon the rep u ls ive  Van der Waal's 
in te ra c tio n  between non-bonding oxygen atoms when approaching c loser than 

280 pm. The spacing o f carbon atoms in the diamond [ l l l j  rurface is 252 
pm. Because o f the randomized p o s itio n  o f the hydroxyl groups, there is  no 
surface  s u p e rla ttice , and so there is no appearance o f second order spots 

in  the LEED image.
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The hydroxyl groups present in  th is  sta te  are a lc o h o l- lik e  in character and 

poorly  ionized at pH in the range 1 to  11. There is  no dependence o f 

adhesion tension on io n ic  strength using a neutra l ( a lk a li metal h a lide ) 

so lu tion .

F e rric  ion has a h y d ro p h iliz in g  tt f fe c t on the diamond surface, thought to 

be the consequence o f attachment to  the hydroxyl groups a t the surface by a 
'igand mechanism. Other t ra n s it io n  metal Ions d id  not show th is  e ffe c t. 

The phenomenon o f  h yd va tiw  o f the surface, i . e .  progress ive ly  more 

h jd v o p h ilic  behaviour on prolonged exposure to  l iq u id  water, has been 

q u a n tif ie d . Im b ib itio n  or water penetration a t m icrocrack'. are thought 
u n lik e ly , and a water c lu s te r bu ild -up  a t h yd ro p h ilic  s ite s  is  thought to  

be the best exp lanation.

Dynamic studies In d ica ts  l i t t l e  dependence o f  the advancing contact angle 

on v e lo c ity  fo r  v e lo c it ie s  up to  10*s m/s, and s l ig h t  dependence o f  the 

receding contact angle. Hence advancing angles by th is  technique are 
s im ila r  to  e q u ilib ra te d  contact angles found by o p tic a l techniques, but the 

receding a n g lr i are lower than found by o th e r, non-dynamic measurements.
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PREFACE

I have undertaken th is  study because i t  flows n a tu ra lly  out o f the work 

which I ,  and several colleagues a t De Beers Diamond Research LaU>ratory, 

have done on the adhesion method o f diamond recovery from the ore. This 

in d u s tr ia l process involves the fusion o f three fa c to rs , the o i l  r ich  

"grease" phase which makes the adherent bond, the mechanical system o f 

spreading and s tr ip p in g  o f the p a r t ic le s , and the unique properties  o f the 
mineral surfaces which allow  adhesion o f some and removal o f others. The 

m otiva tion  fo r  a continued in te re s t in  th is  ra the r medieval technology 

comes from I ts  cost e ffectiveness and s e le c t iv i ty  fo r  diamonds.

Developments in the engineering systems fo r  the handling o f the adherent 
phase and the d is tr ib u t io n  o f the p a rt ic le s  have been completed w ith  
success, but the th ir d  ta c to r ,  the behaviour o f the diamond surface, 

remains less p red ic tab le  and even less c o n tro lla b le . As a general ru le , 
diamonds mined a t depth are tra c ta b le , while  those from a r iv e r in e  or beach 

deposit are not.

With a f i r s t  degree in  Chemical Engineering and several years o f work in 
applied e lectrochem istry , the study o f the diamond surface, and 

p a r t ic u la r ly  the rare p roperty o f natura l hydrophob ic ity , a ttracted  me. 
Because a de ta ile d  study would have involved more fundamental work than is  
usu a lly  ju s t i f ie d  in  an in d u s tr ia l labo ra to ry , I  was perm itted to  en ro ll as 
a postgraduate student w ith  the Department o f Chemistry a t the U n ive rs ity  

o f the W itwUersrand and to  pursue the study o f th is  fa sc ina ting  c ry s ta l, 
using add itiona l techniques ava ilab le  on ly a t the U n ive rs ity .

During the course o f th is  study, papers were de livered at two conferences 

on aspects o f the work :

"W etting o f the diamond surface" to  the 1986 Diamond Conference at Reading 
U n ive rs ity  in Ju ly  1985.

"A ca p illa rog raph ic  method fo r  the study o f hydrogen- and oxygen terminated 

diamond surfaces" to  the SA In s t itu te  o f Physics annual conference in  
Johannesburg in Ju ly  1986.

.Hk. i i i t t i i f t iA  ii MUiw-  -
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LIST OF ABBREVIATIONS

Meaning

Surface area, nr
Hamaker constant fo r species 1
A na ly tic  reagent
Laplace c a p illa ry  constant, m
Basis vectors fo r  u n it c e ll o f c rys ta l surface mesh
C a p illa ry  number, dlmensionless
Spacing o f d if fe r in g  centres on surface mesh, m
London constant fo r  species 1
Counts per second
Ion energy, eV
S tra in  energy o f a bond, U /mol 
E lectron Spectroscopy fo r Chemical Analysis 
(see XPS)
Gibbs free  energy, J/mol
Gibbs free  energy, J
Gibbs f r t i  energy per u n it volume, J/m3
General pviyose reagent
Acceleration due to  g ra v ity , 9,81 m/s2
Hydrogenated (hydrophobic) surface s ta te
Heat o f form ation, kJ/mol
A small he ight In te rv a l, m
Planck's constant, 6,626 x 10-34 6=
Interm ediate s ta te  o f w e t ta b i l i ty
Low Energy E lectron D iffra c tio n
Degree o f temperature on the Kelv in  scale
S pecific  t ra n s it io n  de fin ing  X-ray energy
K llo jo u le
length, m
Mass number o f nucleus 1 
Molar concentration, m o ls /H tr f/
Monolayer o f surface adatoms - corresponding 1:1 
w ith  carbon atoms in the c rys ta l surface 
P a rt ic le  mass, kg
M ill iJ o u le  per square metre, u n it o f surface energy 
num erica lly equrl to  the cgs u n it erg/cm2 
M illim e tre  (m x 10*3)
Gram mole o f a chemical species
A u n n a / i^ n 1 < mtmhov* f i 0 9 1  v 1 0 ^ 3Avogadro's number, 6,023 x ID2'
Number o f mols, dlmensionless 
Number o f dispersion fo rce  centres per u n it 
volume
Oxidized (h yd ro p h ilic ) surface s tate 
Pressure, N/in2
Counts in surface layer peak 
P o lyte tra fluo roe thy len e  
Perim eter, m
A c id ity  scale, log,[H *J x (-1 )
P1cometre (m x ID-12)
Rutherford Backscatterlng Spectroscopy 
Radii o f curva ture , m 
C a p illa ry  rad ius , m
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Revolutions per minute
Spreading c o e ff ic ie n t ,  mN/rn
Counts per channel in substrate spectrum
Absolute temperature, degrees Kelvin
Accelerating vo ltage, vo lts
I f  bra high p u r ity
U ltra  high vacuum
Molar volume, mVmol
P a rt ic le  v e lo c ity , m/s
Volume basis
X-ray photoelectron spectroscopy 
Atomic number o f species 
Height coord inate, m

Small increment
In fin ite s s im a l Increment
Surface free  energy o f sol id:vapour in te rfa ce
measured in  mJ/m2
Surface fre e  energy o f the s o l id : l iq u id  in te rface  
measured m mJ/m2
Surface free  energy o f the liqu id ivapour 
in te rfa ce
or equiva lent surface tension, measured in  mJ/m or

Cosine function  
Wavelength, #
Density, kg/m3
Contact angle measured through the liq u id  phase 
Frequency o f e xc itin g  X-ray 
V is c o s ity , kg/m s
C o e ffic ie n t to  include polar force in te rac tions  
(eqn. 6)
Slope o f 11quid:vapour in te rfa c e , degrees
Angle o f constructive  in te rfe rence in  d if f ra c t io n
patte rn

M ille r  indices fo r  octahedral c rys ta l plane 
M ille r  indices fo r  dodecahedral c rys ta l plane 
M ille r  indices fo r cube c rys ta l plane 
Id e n t if ic a t io n  o f LEEO patte rn  based on u n it ce ll 
o f surface mesh
F ir s t ,  spherical e lectron  o rb ita l 
Second, d ire c tio n a l e lectron o rb ita l 
H yb rid iza tion  o f one s and three p o rb ita ls  to  give 
four o rb ita ls  w ith  te trahedra l d isp o s itio n

Numerical constant ■ 3,14159 
Film  pressure o f an adsorbed f i lm ,  mN/m 
Bonding by o rb ita ls  which are not c o llin e a r w ith  
the axis jo in in g  the two nuclei
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Advancing 
Binding energy 
C r it ic a l

ca lc Calculated
c a p il l  C a p illa ry

d Due to  d ispersion forces alone
d ia  Diamond

g Graphite
i  At the in te rfa ce

inc Inc iden t at the ta rge t
k in  K in e tic

1 L iqu id
obs Observed
r  Receding
s Solid

th Thermodynamic
scat Scattered by ta rg e t

v Vapour
w Water
*  At in f in i t y  ( in  the bulk phase)
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CHAPTER 1 -  INTRODUCTION

The Diamond Crystal

Diamond is the u ltim a te  polymer, an extensive three dimensional la t t ic e  o f 

carbon w ith  sp3 h yb rid iza tio n  o f the bonding o rb ita ls  (McKervey 1980). A 
u n it c e l l ,  showing the in te ra tom ic spacing o f 154 pm, appears as Figure 1 

and a photograph o f a model c rys ta l appears as Figure 2 (100 pm = 1 

Angstrom u n it ) .  Because the u n it c e ll '  drawn to  show the diamond 
face-centred cubic c e l l ,  i t  is  less easy to  see the f l i l j  plane, 

i l lu s tra te d  in  th is  f ig u re  by the crosshatched carbon atoms. This is 
ca lled  the octahedral face, and has the lowest number o f carbon atoms per 

u n it area, and the lowest number o f bonds broken on rupture o f the crysta l 
and is therefore the most frequent cleavage face (Bansal and Vastola 

1972). I t  has been suggested (Wilks 1973) tha t diamond po lish ing  proceeds 
by the breaking out o f microfragments w ith [111J faces. Figure 3 shows the 

surface geometry o f (111J, [110] and [100] faces. The pos itions o f the 
dangling bonds, those formed by rupture o f the c rys ta l along the p a rticu la r 

c rys ta l plane, and the spacing between surface atoms is  shown.

Reactivity of Diamond

Diamond is  thermodynamically unstable with respect to  graphite  at normal 
temperatures and pressures. The standard free  energy o f g ra p h itiza tio n  is 

-2,89 kJ/mol. Diamond owes it s  existence, outside the laboratory or the 
upper mantle o f the earth , to  the k in e tic  re s t r ic t io n  on g ra p h itiza tio n . 

Davies and Evans (1972) have estimated the a c tiv a tio n  energy fo r  
g ra p h itiza tio n  at between 700 and 1050 kJ/mol, depending upon the crys ta l 

face at which the conversion occurs, and conclude th a t the mechanism 
requires the detachment o f a t r ip ly  or doubly bonded atom at the [1U J and 

[110J surface re sp e c tive ly . In vacuum or an in e r t atmosphere, th is  s ta rts  
on ly  at 1500 K (Davies and Evans 1972).

* . . r f el i Lu...



fig 1 the diamond unit celt

dim ensions In p lcom etres

sections on H i t ]  planes
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fig 2 two views of the diamond lattice

looking dow n [111]

looking across [111] I.e. along [211] 

note "double layers" pa ra lle l to  [111]



fig 3 surface views on low index planes  
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S im ila r ly ,  although formation o f the oxides from diamond is  thermo­

dynamically favoured. *he standard free energy changes being -399 kJ/mol to  
C02 and -141 kJ/mol to  combustion o f diamond does not s ta r t  below 900 K 

(F ie ld  1979). The o x i-. cion proceeds by a surface corrosion or etching 
mechanism, producing tr ia n g u la r  etch p its  on the ( l l l j  surface. During 

po lish ing  o f diamonds, stones which are run too hot develop a fro s ty  f in is h  
which is  also seen on stones which have been set in a r in g  w ith  too high a 

flame temperature. This is ascribed to  "burning" (Watermeyer 1980). The 
carbon atoms in the surface layer o f  a diamond w i l l  have one or more 

bonding o rb ita ls  ava ilab le  fo r  reaction w ith  hetero-atoms. Barrer (1936) 
has shown th a t chemisorption o f  oxygen on vacuum outgassed diamond powder 
s ta r ts  at 273 K. Apparently the surface o f diamond is moderately re a c tive , 
but the perfection  o f the c rys ta l prevents extensive bulk reaction .

Diamond Hydrophobicity

Isaac Newton (reported in Davies 1984) was reputedly the f i r s t  fo  suggest 

th a t diamond was a "coagulated unctuous substance" on the basis o f i t s  
o p tica l p rope rties . Diamond, amber and other waxes disobeyed h is
hypothesis fo r a simple re la t io n  between re fra c tiv e  index and density . The 
use o f the term unctuous ( o i l - l ik e )  was perceptive since the term organic 

d id  not come in to  use u n t il la te r .  This was even before Lavo is ie r ign ited  

diamonds in  a b e ll ja r  and concluded th a t the gas produced was carbon 
d iox ide .

Given tha t the diamond is  more than 99,5 % carbon, the hydrophobic (non 
wettab le) behaviour o f most diamond surfaces has sometimes been explained 

as a natura l consequence o f th e ir  "carbon character" :

"Adhesion o f  the diamonds to  grease is  no doubt re la ted  to  th e ir  nonpolar 
s tru c tu re  and to  the likew ise  nonpolar s tru c tu re  o f the hydrocarbon 

molecules o f  which the grease is  made "(Gaudin 1939), and, "Diamond, since 
i t  is  carbon, is o il-w e tte d  w ithou t chemical reaction" (Defoe 1985).

SU
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And yet Gaud1> e t al (1957) suggest tha t m inerals w i l l  e x h ib it natural 

hyrlrophoblc ity on ly when : "a t least some fra c tu re  or cleavage surfaces 

form w ithout rupture o f In teratom ic bonds other than res idua l bonds". 

Diamond cannot f a l l  in to  th is  category.

In p ra c tice  there are s itu a tio n s  where diamonds are found to  be la rg e ly  
h yd ro p h ilic . Most coastal and a llu v ia l deposits produce diamonds w ith 
wettable surfaces. Even in  k lm b e rlite  (the igneous rock in  which diamond 

was transported to  the surface o f the earth) there Is a trend o f more 
h yd ro p h ilic  behaviour 1n diamonds found In the "weathered" ground near the 
surface (Davies 1965). tevera l possible explanations have been o ffe red  and 

are discussed below.

Because the behaviour was often seen w ith  diamonds from beach deposits i t  
was thought to  be the re s u lt o f adsorbed surface layers o f " s a lt"  (Weavind 

1952). A lte rn a tiv e ly , the high surface energy o f the c rys ta l (Rebinder 
1952) anti the coverage o f the surface by a monolayer o f  oxygen (Kuryenkov 
1963) were suggested as explanations. These theories do not address the 
e a s ily  observed hydrophobic ity o f most diamond c ry s ta ls . The high 
th e o re tic a l surface energy o f diamond, c ite d  by Rebinder, has been 

ca lcu la ted from bond energies and the areal dens ity  o f ruptured bonds at 

5650 mJ/m2 (Adamson 1967). According to  Zisman (1964) diamond represents 
one o f the good examples o f a hard, high m elting s o lid  which, because o f 

the great in teratom ic forces in  the c ry s ta l, w i l l  produce a high surface 
energy when sheared. This surface ought then to  be very well wetted by 

o rd inary  liq u id s  (excluding l iq u id  metals) which have a surface energy o f 
less than 100 mJ/mz . Tabor (1975) also makes th is  po in t when remarking on 
the apparently low adhesion o f diamond to  diamond. As w il l  be apparent 
from the analysis in Chapter 2, I t  is  Important to  d is tin g u ish  between the 

to ta l surface energy formed by shearing a covalent s o lid  and th a t due to  
the forces which can operate between the diamond surface, water molecules 
and the vapour phase. Since these forces operate over a range o f a few 
atomic diameters, the composition o f the topmost layer o f the diamond 

surface has an ove rrid in g  e ffe c t on hydrophobic ity. Synthetic diamonds 

have been found to  be predominantly ly o p h illc  (h yd ro p h ilic ) but th is  is  
most probably caused by the high leve l o f metal im purities  1n the crys ta l
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(S h ilo  e t al 1986). This 1s not the case fo r  natura l diamonds, where the 
on ly  major c rys ta l Im purity  Is  n itrogen. The reason fo r  devia tion from 

hydrophobic behaviour mui ie  in m od ifica tion  o f the surface composition 
or s tru c tu re .

Reconstruction

The existence o f a modified s truc tu re  fo r  the surface atoms o f diamond, a 
phenomenon w ell established fo r  s i l ic o n , which has the same bulk s truc tu re , 

was f i r s t  proposed by Lander and Morrison (1966). A surface reconstruction 
o f  diamond occurs a fte r  vacuum outgassing a t 1400 K, leading to  a structu re  
w ith  p e r io d ic ity  a t tw ice the la t t ic e  spacing. This is  detected by Low 

Energy Electron D iffra c tio n  (LEED). Lander and Morrison proposed a surface 
layer o f "puckered benzene r in g s " although there are various other models 

which could expla in  the same observations (Pandey 1982). Derry et al 
(1986) conclude tha t the n-bonded chain o f Pandey best f i t s  the data from 

ion sca tte ring  experiments. The existence o f ir-bonds on the diamond 
surface could presumably impart hydrophobic behaviour, by analogy w ith the 
hydrophobic graphite  basal planes. However, LEED studies o f natural and 

po’ ished diamond surfaces show nr reconstruction  before heating to 1400 K, 

so th is  explanation can be dismissed. Recently, Pate (1986, Pate et al 
1982, Pate e t al 1983) and others (Himpsel e t al 1980 and 1981, V ida ll et 

a l 1983, Derry e t a l 1983, Waclawski 1982, Lowther 1985) have shown tha t 
the b u lk - lik e  surface s tru c tu re  In va ria b ly  seen by researchers using 

mechanically polished diamond surfaces in  ultravacuum is  terminated by 
hydrogen atoms. This is considered in more d e ta il below. However, There 

is  no s e lf  evident reason why hydrogen should be preferred to  oxygen.

Oxygen and Hydrogen on the Diamond Surface

Since the surface atoms appear to occupy th e ir  b u lk - lik e  po s itio n s , and 
since the frequency o f unreacted "dangling" bonds has been estimated by 
e lectron  spin resonance study to  be less than 1/1000 (Schlossin 1966) i t  
seems fe a s ib le  th a t the surface bonds are taken up by bonding w ith oxygen 
from the atmosphere.



Sappok and Boehm (1968) concluded tha t diamond was e ith e r h yd ro p h ilic , i f  

most re ce n tly  reacted w ith  oxygen, or hydrophobic i f  most re ce n tly  reacted 

w ith  hydrogen, and the natural surface was assumed to  have an I n i t ia l l y  
hydrogen covered surface which reverted to  an oxygen covered surface a fte r  
prolonged exposure to  atmospheric oxygen. A curren t theory o f diamond 
genesis (M itche ll and Crockett 1974) provides some support fo r  th is ,  The 

fu g a c ity  o f oxygen in the molten rock a t the leve l where diamond growth is 
assumed to  occur is  estimated at IQ-12, so tha t the e q u ilib ra t io n  o f free 

carbon and water would lead to  the formation o f methane, hydrogen and 
carbon monoxide. However, there Is strong evidence tha t conditions nearer 

the surface become o x id iz in g , w ith  etching and even complete resorption o f 
the diamond c ry s ta ls . (Dawson 1975).

The carbon-oxygen surface compounds (groups) responsible fo r  the 

hyd ro p h ilic  behaviour have been described as hydroxyls?C0H, carbonyl>C=0, 
oxirane ty p e X 0C<and, on surfaces oxidized at high temperatures, where C02 

desorption had begun, carboxy lic  acid groups,-C00H. h a rtle y  (1978) and 

Shergold and H artley (1982) provide add itiona l evidence fo r  the existence 
o f m u ltip le  oxygen groups but Hartley considers the hydroxyl group to  be 
the m a jc  oxyoen conta in ing group, ra ther than the oxirane COC preferred by 

Sappok and Boehm. Shergold and Hartley (1982) report values fo r the 
contact angle (w e t ta b i l i ty )  o f natural diamond surfaces which are 

considerably lower than had been prev iously reported. A low contact angle 
ind icates hyd roph ilic  behaviour, as w i l l  be discussed in Chapter 2.

TABLE 1 -  PREVIOUSLY REPORTED CONTACT ANGLES FOR 0IAM0ND:NATER

Reference Technique Contact Angle 
(degrees)

Lurie  and R is t ic  197? 

Nassau & Schonhorn 1977 

Tabor 1975

H artley & Shergold 1982

O p tica l, sess ile  drop 

O p tica l, sessile  drop 

O p tica l, sess ile  drop 

O p tica l, captive bubble

60 

47-55 

60 (approx) 

U -25



9

For comparison, the contact angles o f other n a tu ra lly  f lo a ta b le  m inerals, 

measured by the sess ile  drop method are shown in Table Z.

TABLE 2 -  CONTACT ANGLES OF NEWLY CLEAVED HYDROPHOBIC MINERALS:WATER

Reference Mineral Contact Angle 
(degrees)

A rb ite r 1975 Graphite 80

A rb ite r  1975 Molybdenite 89

G uiterrez 1984 Bituminous coal 40-72

This discrepancy in  the diamond re su lts  may be because o f the d iffe rence  in 

techniques.

The hydrophobic component o f the surface is  ascribed by Shergold and 
H artley to  r in g l ik e  reconstruction  o f  the surface carbon atoms (Lander et 
a l 1966) and poss ib ly  oxlrane groups by analogy w ith the hydrophobic 

;S i-0-SiS bond on heat treated s i l ic a  (Laskowski e t al 1969). The s trong ly

a c id ic  carboxyl and carbonyl groups are found on less than 10 % o f the

surface atoms, on a powder which must contain a. mixture o f a l l  c rys ta l 

faces. By Inference, the major oxygen containing group is  the hydroxyl 
group. The existence o f >CH, >CH2 and -CH3 (methyl) groups on the natural 
surface is  not discussed despite the large body o f  work on dianrnd surface 
analysis by vacuum techniques, which have pointed to  hydrogen term ination 

in  almost every case. Rate (1986) provides the most recent analysis and 

many references, some o f which were mentioned on page 4. The photon 
stim ulated ion desorption analysis by Pate leaves open the p o s s ib i l i ty  tha t 
the  hydrogen is  present as part o f a surface hydroxyl. These re su lts  show

an adsorbed species at mass number 16 which was assigned to  CHlf+, or



possib ly 0+. The study by Waclawski e t al (1982) apparently ru les out the 
p o s s ib i l i ty  o f hydrogen present as  hydroxyl. The High Resolution E lectron 

Energy Loss Spectrum fo rX -H  on diamond matches theK -H  in  ethane.

In add ition  there have been several studies o f  the diamond surface using 
molecular modelling theo ries . These Include Linear Combination o f Atomic 
O rb ita ls  and ab in i t i o  Hartree Fock methods. (Lopez et al 1981, Bambakidis 
e t al 1984, Barone e t al 1985). These ca lcu la tions  a l l  involve hydrogen as 

the surface adatom, poss ib ly  because o f the more tra c ta b le  ca lcu la tions 
w ith  the simpler atomic o rb ita ls  involved. There is  apparently reasonable 

agreement w ith  experimental observations o f bond energy and bond lengths 
though l i t t l e  can be deduced from these studies about the re la t iv e  

re a c t iv i ty  o f oxygen and hydrogen towards the surface carbon atoms.

Adsorption on Diamond Powders

The ea rly  work o f Barrer (1936) and the comprehensive surface analyses o f 
Sappok and Boehm (1968) were conducted w ith  f in e ly  ground diamond powder. 

Barrer remarks on the apparent m icroporosity o f h is diamond powder, and i t  
is  c lea r tha t there w i l l  be a fa r higher frequency o f edge s ite s  and even 

in te rn a l surfaces on a powder than on a macroscopic c ry s ta l.  More 
re ce n tly , Matsumoto e t al (1977 and 1979) have studied the uptake o f oxygen 
and hydrogen from the respective molecular gases and water on diamond 

powders by thermal desorption mass spectrometry. The powders were f i r s t  

outgassed a t 1420 K. Temperatures higher than th is  produced unreactive 

surfaces, possib ly by reconstruction o f the surface. On th is  surface, 

temperatures o f higher than 670 K were required to  chemlsorb hydrogen, 
although oxygen was chemisorbed even at room temperature. By contrast 

water vapour Induced the adsorption o f hydrogen through decomposition, even 
a t room temperature, and the atonic ra t io  o f oxygen to  hydrogen was 1:2. 

At higher exposure temperatures, the oxygen was lower - i .e .  replaced by 

hydrogen.



I f  the outgassing did not produce re cons truc tion , then presumably the 

dangling bonds were preserved, as in the newly cleaved s ta te , and we could 
expect water vapour (or liq u id )  to  react towards diamond surfaces in the 

same way producing a mixed hydrogen:oxygen surface. This augments the work 
o f  Ransal e t al (1972) using an u ltra s e n s it iv e  pressure measurement 

technique to  fo llo w  the uptake o f oxygen. They concluded th a t up to 1,03 x 

1019 atoms o f 0 per m2 could adsorb on an outgassed powder by exposure at 

up to  414 K, 0,07 mbar pressure.

These re s u lts  were found fo r  powders which had been activa ted  by high 
temperature vacuum outgassing. The upper l im i t  temperature o f 1420 K was 

imposed to  prevent the reconstruction o f the diamond surface. A 
reconstructed surface is  unreactive towards molecular oxygen and hydrogen, 
although p o te n tia lly  reac tive  towards atomic or microwave excited hydrogen, 

oxygen and n itro u s  oxide (Thomas 1979).

To conclude, there is  c o n f lic t in g  evidence fo r  the existence o f both 

surface hydrides and a v a r ie ty  o f surface oxides, or func tiona l groups and, 

e v id e n tly , controversy as to  the most frequent occurrence. Most o f the 

d e f in it iv e  chemical analysis has been done using powders, which have a 
surface a typ ica l o f a large c rys ta l because o f  the severe mechanical 

stress ing  required to pu lverize  diamond (Barrer 1936).

The natural hydrophobic ity o f diamond in nature, an oxygen r ic h  atmosphere, 

remains a puzzle i f  we assume th a t oxygen groups on the surface w i l l  
in te ra c t s tro n g ly  w ith  water, to  produce a hyd ro p h ilic  surface.

1.2 Wetting

D e fin it io n

In everyday usage, wetting means th a t water spreads completely over a s o lid  
surface, or a lte rn a te ly , tha t on withdrawing a so lid  surface from water, an 

unbroken f i lm  o f the liq u id  pe rs is ts  (Adamson 1967). This d e f in it io n  does 
not require  the use o f the concept o f a contact angle but fo r  tha t reason 

i t  permits id e n t if ic a t io n  o f only two classes o f so lids  :



wettable -  an unbroken f i lm  can be seen on the surface a fte r  
removing from the bulk water, w ith no drop le ts

non-wettable - d isc re te  d rop le ts  appear on the surface o f the so lid .

Because o f the hysteresis o f w e tting , a d rop le t o f water may be formed on a 

surface when dry, but a fte r  Immersion, the surface may be covered by a f i lm  

which w i l l  then absorb any drop le ts  placed on the surface. A q u a n tita tive  

measure is  provided by contact angles. For most surfaces, w ith  microscopic 
roughness, the contact angle must be q u a lif ie d  by specify ing  whether the 
surface is being imnersed (advancing angle) or drained  (receding angle).

The Contact Angle

Young (1805) provided the f i r s t  analysis o f the in te ra c tio n  between so lids 
and liq u id s , which in  many cases gave constant observable angles o f contact 
uetween the liq u id  and the s o lid .  Figure 4 shows the d ro p le t, w ith obtuse 

angle o f contact, used by Young in  h is  argument, which was e ss e n tia lly  a 
mechanical force balance. Although Young's presentation is  in  ra ther

archaic prose, which makes in te rp re ta tio n  o f the mathematics d i f f i c u l t ,  he 
is  credited (Bikerman 1970) w ith  recognizing the fo llow ing  equation :

Ysv = Ysl + Y iv cosG . . . .  (1)

where the y 's  are surface tensions ( "a t t ra c t iv e  fo rces" in  Young's 

term inology) acting between two o f the three phases s . l  and v representing 
s o lid , l iq u id  and vapour re sp e c tive ly  and 8 is the angle o f contact o f the 
liq u id  on the s o lid , measured through the liq u id  phase.

The development o f the same equation using surface energies, which are 
thermodynamically more acceptable q u a n tit ie s , is  covered in  Appendix 1. 

The contact angle provides a measure to  characterize the w etting  behaviour 
o f a surface more e f fe c t iv e ly .  The po in t at which a surface is  classed as
non-wettable may depend upon the a p p lica tio n . Wetting behaviour has

app lica tion  in many f ie ld s  :



f ig  4 the mechanical equilibrium  of Thos Youno (18041

vapour

Y sv =  Ysl +  Y lv c o s 0

note that e Is obtuse - cos 6 Is negative



TABLE 3  -  CLASSIFICATION OF WETTING BEHAVIOURS BY CONTACT ANGLES

A pp lica tion Contact Angle fo r  N on-W ettab ility  
(degrees)

References

Waterproofed c lo th  

Gluing

Powder mixing (pastes) 

F lo ta tio n

T e rtia ry  O il Recuperation

grea te r than 90 advancing 

g rea ter than zero advancing 

greater than 45 advancing 

greater than 0 receding 

greater than 90 (vs o i l )

Adamson 1967 

Zisman 1964 

Bikerman 1970 

Rao 1974 

de Gennes1 85

Apparently there is  no universal d e f in it io n  o f a wettable surface, and even 

the contact angle must be q u a lif ie d  by spec ify ing  whether the surface is  
being immersed (advancing angle) or drained (receding angle). In mineral 
recovery by f lo ta t io n ,  a bubble must make contact w ith a submerged 

p a r t ic le ,  so the receding angle is  Important. In the case o f the diamond 

surface, the na tive  non-wetting behaviour o f many diamond c rys ta ls  permits 
separation from the ore by a process o f se le c tive  adhesion to  a "grease" or 
petroleum j e l l y  phase. This apparently unsophisticated process - s im ila r 
to  methods described by Herodotus in  425 BC (Dasher e t a l 1943)- is  s t i l l  

in use as an e ffe c tiv e  technique fo r  the separation o f diamonds. However, 

the process is  inapp licab le  in  some locations because o f a lte ra tio n  o f the 

diamond surface which gives r is e  to  wettable or "re fra c to ry " behaviour. 
Be tte r understanding o f the causes o f th is  a lte ra tio n  w i l l  ass is t in  the 
improvement o f diamond recovery e ff ic ie n c y .



Tftere are other app lica tions  o f fin ished  diamond where the low w e tta b il ity ,  
'low f r ic t io n ,  are im portant. Examples are diamond microtomes fo r  eye 

surgery, s ty l i  fo r  surface roughness gauges (T a lysu rf) and the domestic 

stereo record player (Davies 1984),

Contact angle measurement is the most d ire c t method o f characte riz ing  

wetting behaviour. However, the method is  o ften  c r i t ic is e d  on the 
fo llow ing  grounds:

G e o m e tr ic a l D i f f i c u l t i e s

The angle, being a geometrical measurement, is  somewhat dependent upon the 

form o f the liq u id  phase and the experimental method. Large discrepancies 
can occur. This is  evident in  some cases where se ss ile  drop and captive 
bubble measurements on the same surface were in disagreement by up to 30 

degrees (Gutierrez Rodriguez e t al 1984). This can be explained to  some 

extent by the d iffe re n ce  in  the s ta b i l i t y  o f aqueous f ilm s  when in 
hydros ta tic  e q u ilib rium  w ith  a bulk rese rvo ir o f l iq u id ,  and when 
undergoing d ra in ing  under g ra v ity  and evaporation (de Bennes 1985).

The rm odynam ic  V a l i d i t y

There has been some controversy as to  the existence o f a true thermodynamic 

contact angle, one defined only by the free  energies o f the in te rfaces. 
This is  covered in  more d e ta il by Neumann (1974) and a simpler approach is 

presented in Chapter 2.2.

A l t e r n a t i v e  T e c h n iq u e s

There are other methods fo r measuring the energy o f in te ra c tio n  between a 

s o lid  and a liq u id ,  or two competing f lu id s .  These are :

A d s o r p t io n  Is o th e rm s

The two dimensional " f i lm  pressure" o f an adsorbing vapour is. defined as :

= (dG/dA)P iT,n (2 )
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where G is  the Gibbs free  energy o f the adsorbed f i lm ,  A is  the spec ific  

surface area o f the adsorbent.

I t  has un its  o f mi H i  Newton per meter, or m illiJ o u le  per square metre, and 

so is dimensionally equiva lent to  a surface tension. The surface energy o f 
a so lid  in equ ilib rium  w ith  a pure vapour is  reduced by the surface 

pressure o f the adsorbed f i lm  o f th a t vapour, and so c o rre c tly , the so lid  
surface tension used in  the Young's equation should be adjusted by 

sub tracting  o f f  the f i lm  pressure. Stasczuk (1986) has suggested that the 
thermodynamic re la tio n s h ip  between the f i lm  pressure o f an adsorbed vapour, 

below it s  c r i t ic a l  p o in t, and the work o f adhesion o f the liq u id  on the 
so lid  can be used to  derive the w e tta b il ity  o f the s o lid .  He has used 
a p lo t o f f i lm  pressure versus extent o f adsorption o f water to  calcu la te  

the spreading c o e ff ic ie n t :

A p o s itiv e  spreading c o e ff ic ie n t indicates a hyd ro p h ilic  s o lid . For 

g ra ph ite , Stasczuk obtained a spreading c o e ff ic ie n t o f -53,7 mJ/m2. By 
rearranging (3) and combining w ith  (1) :

This gives a contact angle o f 75 degrees, reasonably close to  the 

experimental value fo r  graph ite  o f 80 degrees.

M ic r o c a lo r im e t r y

The adsorption o f l iq u id  at the so lid  surface, d isp lac ing  a neutral gas or 
a less favoured l iq u id ,  produces a heat e ffe c t o f the order of 10 to  100 

mJ/m2. This has been used by Sappok and Boehm (1968) in c la ss ify in g  
diamond powders a fte r  hydrogen and ch lo rine  treatm ent. The heat o f wetting 

re la te s  d ire c t ly  to  the work o f adhesion and hence w e tta b il ity .  Highly 

s e n s itive  m icroca lo rim e tric  apparatus is  now commercially available 
(Microscal 1985).

S (water on graph ite ) = ?g -Yg* -  Yw . . . .  (3)

(YW + S)/(YW) r  (Yg -  Ygw)/(Yw) = COS 6 » 0,25
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Both these techniques requ ire  a f in e  powder, w ith  a high surface area, in 
order to  achieve measurable and reproducible re s u lts . In the case o f 
diamond, the crushing and blending o f the powder produces a v«Ty angular 

powder (Bansal et al 1972) w ith an unspecified mixture o f true  c rys ta l 

faces. For th is  reason, and because previous surface chemical studies on 
diamond have made use o f powders, a contact angle technique on macroscopic 
smooth surfaces o f  diamond was adopted fo r  th is  study.

W e t t in g  b y  M e ta ls

In d u s tr ia l diamonds are often bonded in to  an abrasive wheel using a metal 
phase or solder and in th is  case the metal must wet the surface o f the 

diamond to  create the adherent bond. The wear o f diamond too ls  during

machining is  thought also to  proceed by adhesion o f the metal to  the
diamond. Experiments to determine the wetting and adhesion o f several 
diamond:metal systems have been reported (Tanaka 1977, Naidich 1984, 

Miyoshi 1980). The conditions under which these experiments were 

conducted, i .e .  ultravacuum, w ith argon ion etching o f the surface, or at 
high temperatures and reducing cond itions, makes the re su lts  o f no use in  
determ ining the w etting  o f natural diamond by water.

D ynam ics  o f  W e t t in g

A review o f the s ta tic s  and dynamics o f wetting o f so lids  by water and
other l iq i 'id s  has been given recen tly  (de Gennes 1985). The author po ints
out th a t, although the fundamentals o f  l iq u id  spreading have been known fo r  

180 years, poor preparation and cha rac te riza tion  o f surfaces has made 
experimentation d i f f i c u l t  and only re ce n tly  has spreading behaviour been 
adequately corre la ted  w ith  chemical composition o f  the phases. In 

p a r t ic u la r ,  the phenomenon o f hysteresis o f contact angle, caused by 

physical roughness and chemical heterogeneity, a ffec ts  a l l  but the most 

ideal o f systems. Exceptional cases, l ik e  h ig h ly  p u r if ie d  polymer film s  on 
glass substra tes, or polymers remelted between o p tica l f la ts  are often used 

in  fundamental studies (Johnson et al 1977, Owens et al 1978). R e a lis tic  
studies o f mineral systems cannot be done in th is  way. Adamson (1967) 
suggests th a t hysteresis o f contact angle is  essentia l fo r  e f f ic ie n t  
f lo ta t io n  o f m inerals. The e ffe c t o f  roughness on wetting and spreading 
has been reviewed by Mason (1978).

I llf"" A h  M b i l> Jkm v
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The recovery o f mineral p a rt ic le s  by f lo ta t io n  or adhesion occurs in 

fra c tio n s  o f a second. By co n tra s t, some experimental techniques o f 

contact angle measurement c a ll fo r  e q u ilib ra t io n  times o f 10 minutes before 
reading the angle. The approach taken 1n th is  study Involves the 
measurement o f contact angles during In te rface  advancement or recession, 

I .e .  t r u ly  dynamic angles.

The o b jec tive  In th is  work was to determine the w etting  o f diamond 
surfaces, using water or aqueous so lu tions . The surfaces o f the diamonds 

would not be the vacuum desorbed, or argon ion etched surfaces most often 

used in U ltra  High Vacuum stud ies, but mechanically prepared surfaces, w ith 
atm ospherically stable surface adsorbed species. The need to  approach the 
conditions applying in  a rea l diamond p lant ru led out the use o f diamond 
powders. Techniques d irected  towards surface energy determ ination by, fo r  

instance, ca lo rim etry  or gas adsorption isotherms were not employed. With 

these, there 1s always the d i f f ic u l t y  o f tra n s la tin g  re su lts  found w ith 
diamond powders to  the p ra c tica l s itu a tio n  o f macroscopic surfaces. The 
planar surfaces o f the te s t diamonds were well suited to  the spectroscopic 
techniques used to  detect surface adatoms and help explain changes in  

w etting  behaviour.

1 .3  S u r fa c e  F o rce s

The In te ra c tio n  o f a l iq u id  w ith  a so lid  surface leads to  p a r t ia l or to ta l 
w e tting . Young (1805) explained h is observations o f water and mercury on 

glass and metals by invoking two types o f interatom ic fo rce  :

1. an a ttra c tiv e  fo rce  w ith  a range o f only one or two atomic
diameters and "p e r fe c tly  constant in i t s  magnitude, throughout the 

minute distance to  which i t  extends “ and

2. a long range repu ls ive  force w ith inverse linea r re la tio n s h ip .

With th is  model he was able to  show why m eniscii adopted the shapes they

do, why c a p illa ry  pressure existed and how the cosine o f the contact
angle should be re la ted to  the re la t iv e  strengths o f the in te ra c tio n  o f the



elements o f f lu id  and s o lid . The forces he in c o rre c tly  assumed to be 

d ic ta ted  by the s p e c ific  g ra v itie s  o f the phases on ly, so tha t the high 
surface tension o f mercury fo llow s from it s  high density.

In the one hundred and e igh ty  years since then, c o llo id  and in te rface  

s c ie n tis ts  have re fin e d  vhis idea and c la s s if ie d  a greater number o f 

in term olecular forces o f d if fe r in g  ranges (Jsrae lachv i1i e t al 1977). So 
fo r  instance, the co n tr ib u tio n  o f the g ra v ita tio n a l forces is now known to  
be In s ig n if ic a n t. Dispersion fo rces, which a rise  from the co rre la tio n  o f 

e le c tro n ic  motion in  nearby atoms causes the a t t ra c t iv e  fo rce  in most 

liq u id s . In contrasu to  Young's ana lys is , I t  1s the repu ls ive  force which 
is  short range, and the a ttra c tiv e  force which is  o f greater range, g iv ing 
r is e  to  e ffe c ts  observable in  the c o llo id  size regime.

S u r fa c e  T e n s io n  o f  a P u re  L iq u id

Bikerman (1970) provides a d e riva tion  fo r  Laplace's equation :

which re la tes  the macroscopic pressure drop across a curved meniscus to  the 
sum o f the curvatures o f the surface. The de riva tio n  proceeds by 

in te g ra tio n  o f the resu ltan ts  o f the forces o f a ttra c tio n  o f the elements 
o f  l iq u id  in the meniscus fo r  a po in t in the curved surface. The 
c o e ff ic ie n t o f p ro p o r t io n a lity , y . which has the un its  o f a tension, is 
shown to  depend d ire c t ly  upon the mathematical fu n c tio n  de fin ing  the 

interm olecular fo rces. Since th is  c o e ff ic ie n t is  known to  be the surface 

tension, which can be observed experim enta lly, i t  fo llow s tha t the surface 
tension depends d ire c t ly  upon the sum o f the in term olecular forces which 
operate between molecules o f the liq u id .  This is  s t r i c t l y  true  on ly fo r a 

l iq u id  in equ ilib rium  w ith i t s  own saturated vapour. Usually the presence 
o f  a ir  in the vapour phase causes an in s ig n if ic a n t change because o f the 

very weak dispersion forces which act between vapour phase molecules and 
liq u id .

. . . .  (4)



In  water» fo r instance, the d ipo le  moment o f the molecule gi'.es r is e  to 

add itiona l po lar a t tra c tiv e  fo rces, hence a large increase in  surface 
tension by comparison w ith  nonpolar l iq u id s , where only d ispersion forces 

are present. The m e ta llic  bonding in mercury is  now accepted to  be the 
major component, 280 mJ/m2 in a to ta l o f 480 mJ/m2, in  the in teratom ic 
a ttra c tio n , and hence surface tension o f mercury.

I n t e r f a c i a l  T e n s io n

When two liq u id s , or a l iq u id  and a s o lid , are separated by an in te rfa ce , a 

s im ila r  re la tio n sh ip  between ih te r fa d a l tension and the Interm olecular 
forces between molecules in  each phase, and across the phase boundary might 
be an tic ipa ted .

This has been shown by Fowkes {1971) fo r the case o f liq u id s  which in te ra c t 

by d ispersion forces only :

where Y i and are the surface tensions o f the in d iv id u a l liq u id s , and r id  

is  the d ispersion component o f surface tension.

Good and G ir ifa lc o  (1957) and Good and Elblng (1971) have developed a 

generalized theory fo r  the estim ation o f in te r fa c ia l energies o f liq u id s  
which can in te ra c t by po lar and induced polar forces t

The fa c to r w i l l  vary fo r  d if fe re n t l iq u id  combinations because o f the 
variab le  co n tr ib u tio n  due to  hydrogen bonding, d ipo le  and induced d ipo le  

e ffe c ts , and even geometrical e ffe c ts  due to  molecular shape, A s im ila r 
re la tio n sh ip  is expected fo r so Iid U fq u id  in te r fa c ia l energy. In the case 

o f  diamond and water, the existence o f p o la rizab le  hetero-atoms on the 
surface would give r is e  to  add itiona l Interatom ic fo rces, which would be

T tz  = Yi + Y2 - 2 /  Yid Y2d (5)

Y jz 3 Y i + Yi “  4> Y; • • • •  (6 )
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re fle c te d  in an increased value o f * in  eqation (6) and a decreased

in te r fa c ia l energy o f the liqu id :so11d In te rface . By Young's equation (1 ), 
th is  would increase the w e tta b il ity .

The types o f in term olecular forces poss ib le , and the chemical groups most 

l ik e ly  to  give r is e  to  these forces w i l l  be reviewed b r ie f ly .

London-V an d e r  W a a l's  F o rc e s  (D is p e r s io n  F o rc e s )

These derive from the Leonard Jones P o te n tia l, the in te ra c tio n  o f e lectron 

clouds o f neutral atoms. They have therefore a long range a ttra c tio n  
(inverse s ix th  power) and a short range repuls ion (Inverse tw e lfth  power) 
the a ttra c tiv e  component is  the major co n tr ib u to r to  the liq u e fa c tio n  and 

surface tension o f unpolarized molecules l ik e  hydrocarbons The repuls ive 
component is  o f in te re s t in de fin ing  the Van der Waal's rad ius, the
shortest distance to  which atoms which are not chem ically bound to  each 

o the r, w i l l  approach. This is  important because i t  gives r is e  to  a s te r ic  

resistance to  close packing o f hetero-atoms on the re la t iv e ly  t ig h t ly  
spaced la t t ic e  o f the diamond. The d ispersion component o f the surface 
tension o f water Is  21,8 mN/m, or less than one th ird  o f the to ta l (Rao
1974). A ll atoms and molecules in te ra c t by dispersion forces to  a varying

degree, depending upon the magnitude o f the Hamaker constant, A,:

At = s 2 n j2 Ct . . . .  (7)

where nt is  the number o f centres (atoms or molecules) per u n it volume, 
and Cj is  the Lot don constant fo r  the atom.

S u bs titu tion  o f surface carbons on diamond by oxygen or even hydrogen w il l  
not cause a large change ’ n the d ispersion fo rce  in te ra c tio n s  w ith  liq u id s

D lp o le - D ip o le  in t e r a c t io n s

These arise from the In te ra c tio n  o f the Keesom p o ten tia ls  o f two permanent 
d ipo les . The force fo llow s an inverse s ix th  power dependence, and is  the 

important component in  systems Invo lv ing  water and oxides. The formation
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o f surface oxides on diamond, p a r t ic u la r ly  those w ith large po la riza tion  o f 

the )C-0 bond, as in  a carbcxy iic  group, should g re a tly  increase th is  

component and so also the w e tta b il ity .

D ip o le  - In d u c e d  D ip o le  I n t e r a c t io n s

Although less im portant than d ipo ie -d ipo le  fo rces , these arise  from 
induction o f a sympathetic d ipo le  on a neutral atom or molecule In the 

f ie ld  o f a permanent d ipo le . The Debye po ten tia l leads to  an inverse s ix th  
power dependence o f the fo rce . This is  important in  many l iq u id - liq u id  
systems. Again, po larized surface oxides on diamond should Increase th is  

type o f in te ra c tio n  w ith  water.

H yd ro g e n  Bonds

These were considered by Pauling {i960} to  be p a r t ly  covalent and p a rt ly  

d ipo le -d ipo le  in characte r, varying from bond to  bond, w electrons can act 

as the donor (Fowkes 1971). They are h igh ly  short range and d ire c tio n a l, 
so they cannot be included In continuum type models fo r  In te r fa c ia l 
energies. There is  cu rre n tly  in te re s t (Abraham e t al 1986) in  the 
characte ris ing  o f molecules and functiona l groups as hydrogen bond donors 

o f varying HBD a c id ity ,  and hydrogen bond acceptors, o f varying HBA 
a lk a l in i t y .  This allows the explanation and p re d ic tio n  o f many phenomena, 

such as solvent e ffe c ts  on reaction  ra tes, which had prev ious ly  been poorly 

understood. I t  is  l ik e ly  tha t small e lectronegative atoms reacted w ith the 
diamond surface, such as oxygen or flu o r in e , w i l l  provide s ite s  fo r 

hydrogen bonding o f water molecules and thus decrease the s o lid r liq u id  
in te r fa c ia l energy, and increase the w e tta b il ity .

Laskowski e t a l (1969) propose tha t the in s ta b i l i t y  o f  water film s  on 
hydrophobic surfaces is  due to  the defic iency o f hydrogen bonds in  these 

fi lm s , as compared w ith  bulk water, caused by the p rox im ity  o f the non­
hydrogen-bonding surface. Van Oss et al (1986) suggest tha t many e ffects  

invo lv ing  bio-molecules and low energy surfaces, p rev ious ly  explained as 

"hydrophobic In te ra c tio n s " can be be tte r explained In terms o f the 
competition f '" "  hydrogen bonding. A s im ila r argument may bfc applied to
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expla in  the "s tru c tu ra l"  component o f the d is jo in in g  pressure o f a th in  
water f i lm  (Pashley 1978). The presence o f oxygen or hydroxyl groups onthe 

diamond surface, as s ite s  fo r  hydrogen bonding o f water molecules, w il l  

s tro n g ly  a ffe c t the w e tta b i l i ty .  Hydrogen atoms on the diamond surface 

would create no s ite  fo r  hydrogen bonding because carbon is  in c u f f ic ie r c t iy  
e lectronegative.

M e t a l l i c  Bonds

The m e ta llic  bond con tribu tes to  the high surface energy o f mercury, and 

s im ila r ly ,  tha t o f high temperature molten metals, but plays no part In the 
wetting o f diamond by water.

In conclusion, a so lid  which has surface groups which can p a rtic ip a te  in 

hydrogen bonding w ith  water w i l l  appear h y d ro p h ilic . Conversely, the 
presence o f non-poU’- surface compounds w i l l  lead genera lly to  hydrophobic 

behaviour.
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CHAPTER 2 -  THEORY OF WETTING

2.1 C a p il la r i ty  and Buoyancy

When a so lid  is  p a r t ia l ly  Immersed 1n a liq u id ,  or when a l iq u id  d rop le t is  
placed on the surface o f a s o lid , there are macroscopic forces which act 
between them. These are obviously, at the most fundamental le v e l, caused 

by In te ractions between the m ateria l cons tituen ts , atoms or molecules of 

the two phases, but in the continuum model, and at the level a t which 
physical measurements are made, I t  Is useful to  separate the forces in to  
buoyancy and c a p i l la r i t y ,  or e q u iva le n tly , "body fo rces" and "surface

The analysis is  made more complex because the surface tension can be viewed 
in one o f three ways (Hiemenz 1377) :

as a force per u n it length o f a l in e  in the surface o f the f lu id -  most 

e a s ily  v isua lized  by l i f t i n g  the liq u id  surface on a w ire frame as in 
the surface tension method o f Lenard (1924).

as a surface energy per u n it o f surface area, which allows fo r  a 
thermodynamically rigorous deriva tion  showing tha t the surface tension 

is  the Increment in the Gibbs free energy per u n it increment in  area, 
i .e .  a s ta te va riab le .

as a reduced pressure in a surface zone o f thickness approximately 10 
Angstroms. This fo llow s from the d e riva tion  o f surface free  energy 

(above), and the thermodynamic id e n tit ie s  which, fo r  a s ing le  phase, 
lead to  :

G-j = (F-j -  F_) = Pm - Pi . . . .  (7)

•c'.t

V.1
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h = Free energy per u n it volume
V = molar volume

F = free energy per mol
P = pressure
« = in the bulk (a t in f in i t y )

i = in  the in te rfa ce .

Jameson and del Cerro (1976) have pointed out tha t although the reduced
pressure in  the in te rfa ce  Is a scalar p roperty, i t  takes i t s  d ire c tio n  from 
the in c lin a tio n  o f the In te rface  a t every po in t.

The existence o f a reduced pressure over a m icroscopic lin e  width must 

create very large stresses at three phase boundaries and has lead to  
c r it ic is m  o f the "fo rce  balance" method o f deriv ing  Young's equation and 
Neumann's tr ia n g le  law (Lester 13S1). However, i t  is  shown th a t, where the 

Young's *  modulus o f  a so Hid substrate is  greater than 10* N/m2, the 

surface deformation is  unimportant. Diamond has the value 1012 N/m2.

The appearance o f surface tension as a pressure creates d i f f ic u l t ie s ,  
because buoyancy forces are transm itted to  the s o lid  by the pressure 

exerted over a ll the immersed surfaces. However, by the use o f a simple 

convention, i t  is possible to  separate the e ffec ts  o f buoyancy and 

c a p i l la r i t y .

Buoyancy

Buoyancy i  tha t component o f the force which would vanish in  a zero 
g ra v ity  f ie ld .  I t  arises because o f the g ra v ita tio n a l po ten tia l energy 

f ie ld ,  which in tu rn  leads to  a hydrosta tic  pressure gradient in a body o f 

l iq u id .  Where th is  body o f l iq u id  impinges on a s o lid , a vector 
in te g ra tio n  o f the product o f the pressure f ie ld  w ith the u n it inward

[ *  This is  the same Young. I t  is  a mark o f the genius o f the man, Thomas 

Young, tha t he made the most s ig n if ic a n t discoveries in at least three 
f ie ld s ,  being the mechanics o f so lid s , and o p tics , as well as the f ie ld  o f 
f lu id  w e tting , under study here.J



normal to  the surface gives the net th ru s t. Thus Archimedes' p rin c ip le  can 
be proven in an elegant way by the use o f the divergence theorem. Since 

there is  a pressure gradient in on ly  the v e rt ic a l d ire c tio n , o f magnitude 
equal to  the dens ity  o f the l iq u id ,  the net th ru s t becomes an upward force 

equal to  the dens ity  of the liq u id  m u ltip lie d  by the volume o f the body 
immersed below the planar surface o f the liq u id  (Batchelor 1967).

To be cons is ten t, forces due to  hyd ros ta tic  pressure which act downwards on 

a so lid  must be c la s s ifie d  as buoyancy fo rces, w ith  appropriate sign. An 
in te re s tin g  example Is tha t o f a ra in  d rop let on the underside o f a le a f, 

as shown In Figure 5. I t  is  common to  hear th a t i t  is hanging "by s u rf act? 
tens ion ". And yet an id en tica l d rop le t on the upper surface o f the le a f is  

not accused o f le v ita t in g  the le a f, although i t s  coordinate system is  a 
simple Inversion o f the pendant drop. In the case o f the pendant drop, I ts  

weight appears as the product o f the wet area, and the reduced pressure at 
the plane o f contact w ith the le a f. The pressure here is reduced by the 

hyd ros ta tic  head from the le a f bottom surface down to  tha t po in t in  the 
d rop le t where i t s  two ra d ii o f curvature cancel out at which plane the 

pressure 1n the d rop le t Is equal to  atmospheric pressure, by Laplace's 
equation. An in te re s tin g  thought experiment can be done by taking the le a f 

in to  zero g ra v ity  -  in  a space capsule. The drop le t would s t i l l  adhere to  

the le a f,  because the surface energies which cause wetting are not a ffected 
by g ra v ity , but there would be no net force on the lea f caused by the
presence o f the d rop le t. The component o f the surface tension acting
normal to  the le a f surface at the perimeter o f the d roplet Is opposed by 
the excess pressure w ith in  the d rop le t caused by i t s  curvature, as

explained by Lester {1961). The components p a ra lle l to  the surface are at
equ ilib rium  according to Young's equation [ l j .

In the case where a body pvnetrates the surface o f a l iq u id ,  w ith  

d is to r t io n  o f the liq u id  surface so th a t a ir°niscus Is formed, the buoyancy 
forces are calculated from the volume o f the body which is immersed below 

the plane o f the liq u id  surface fa r  from the meniscus.

S im ila r ly , i f  a body o f f in i t e  cross-section is  w e ll wetted and l i f t e d  
c lea r from the surface o f the l iq u id ,  a negative buoyancy, or downthrust



fig. 5 a drop let hanging from a leaf

The droplet does not hang "by surface tension"
The -.uight of the droplet Is transmitted to the leaf 
hydrostatfcally, being the product o f the droplet 
area, A, and the hydrostatic head -h*g *g. 
h Is the height to that plane In the droplet where 
the radii of curvature, R1 and R2, are equal In 
magnitude and opposite In sign. The pressure on 
this plane is atmospheric pressure.
The normal component of the surface tension Is 
balanced by an Increase (n pressure inside the 
droplet due to curvature. This could be verified 
by releasing the leaf In a space capsule at zero 
gravity. The droplet would then exert no nett force on 
the leaf.
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re s u lts , and th is  must be corrected fo r in  any c a lcu la tio n  o f the c a p illa ry  

fo rce .

C a p i l l a r i t y

When a condensed phase is  s u f f ic ie n t ly  f lu id  so tha t i t s  molecules can 

re-arrange to  reduce th e ir  In te r fa c ia l energy, th is  appears as c a p illa ry  

action or c a p i l la r i t y .  Examples are water d rop le ts  forming spheres, or 

even o s c il la t in g  je ts ,  water being drawn up by a porous c lo th , or in  a f in e  

tube, and o i l  drop le ts f lo a tin g  in  the form o f lenses on a water surface. 
S olid  surfaces have a free  energy o f form ation, but the bulk phase cannot 

flo w  so as to change the exposed area. Stresses which e x is t in  ttv* 
surface, which re f le c t  work done in the c rea tion  o f the surface, cannot be 
re lieved  in the same way as fo r  a l iq u id  surface. The surface energy o f 

importance in the wetting o f the s o lid  becomes apparent only in d ire c t ly ,  
when one or more f lu id  phases in te ra c t to  form droplets o f various shapes 
on the s o lid  surface. Fortunate ly, Young's equation (1 above) Involves the 

diffevenae  in  surface energy between the dry and wet s ta te , so these 
add itiona l energy terms subtract out o f the equation.

The f i r s t  equation o f c a p i l la r i t y ,  named a f te r  Laplace (1806) and lis te d  

above as equation (4 ), re la tes  the excess pressure w ith in  a d roplet to  the 

surface tension and the curvature o f the d ro p le t.

Young quotes the same equation in  h is  paper o f December 1804, in troducing 
i t  by saying " I t  is  well known.." and presents a de riva tio n  based on a 

s im ila r i ty  to  the two dimensional case o f lin e  tension and curvature. 

There is  a more formal deriva tion  by Bikerman (1970).

The term ‘•'cap illa ry '' derives from the f in e  bore (ca p illu s  = h a ir )  tubes 
used by researchers o f the 19th century in  measuring surface tensions by 
the method o f c a p il la ry  r is e  :

pgh = 2 y /r . . . .  (9)

v

■i
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p = density
g = g ra v ita tio n a l constant 

h = he ight o f meniscus r is e  in  c a p illa ry  
y ■ surface tension

This method assumes a zero contact angle and a hemispherical meniscus, 

ne ithe r o f which is  l ik e ly  to  to  be true  exceft in special cases. A more 
general analysis can be done fo r  a planar meniscus, i . e .  the l iq u id  surface 
near a s e m i- in f in ite  v e r t ic a l w all (Bikerman 1970). For any f lu id ,  a 

constant w ith  the dimensions o f length can be defined ;

and i t  can be shown tha t th is  is the height to  which the f lu id  would r is e , 

opposing g ra v ity , against a f u l l y  wettable v e rt ic a l w a ll. The meniscus 

formed at such a wall has a shape which is  defined on ly by the c a p illa ry  
constant. Using the height and the angle o f in c lin a tio n  o f the surface as 
parameters i t  is w r itte n  :

where * is the slope o f  the meniscus at the lin e  o f contact w ith the 

v e r t ic a l w a ll,  the slope is  shown to  be :

This is  the basis o f the planar c a p il la ry  r is e  method o f measuring contact 
angle (Cain et a l 1983). In  theory, fo r a to ta l ly  wettable surface, the 

same technique could be used to  measure surface tension, instead o f a force 
measurement. In p rac tice  to ta l wetting leads to  a very in d is t in c t  three 
phase l in e ,  even a precursor f i lm  o f v is ib le  th ickness, (de Gennes 1966) 

which makes th is  non-useful.

. . . .  ( 10)

z2/a.2 = ( l-c o s * )

*  = 90-8 where 8 is  the contact angle.
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There Is thus a d i f f ic u l t y  in the analysis o f forces when a liq u id  phase 

in te ra c ts  at a s o lid .  The surface tension can be s im p lifie d  to  a force per 

u n it length. But in  add ition  to  the action at the three phase lin e , there 

w i l l  be a change in  the pressure d is tr ib u tio n  o f the liq u id  because o f the 
curvature in the liq u id  in te rfa ce . In many instances the e ffe c t is to 
cancel the normal component o f the surface tension a t the three phase lin e , 

as in the example o f the d rop le t in space mentioned above. A fu rth e r 
in te re s tin g  example is  the supposed p3i*petuum mobile formed by a flo a tin g  

body which has one or more sides w ith poorer w e t ta b i l i ty  than the others, 
so tha t the meniscus is  more nearly horizon ta l on th a t s ide . By surface 

tension components alone, th is  side should then drag the body across the 
surface o f the water. (Not to be confused w ith  a camphor driven "boat", 
which uses the spreading pressure o f the camphor to  move, and comes to  rest 
when the water surface is  covered w ith  camphor). In p ra c tice , the liq u id  

in  the meniscus on the well wetted side is  below atmospheric pressure and

the combination o f the normal component o f the surface tension and the
"suction" o f the meniscus is  equivalent to  the surface tension acting 
h o r iz o n ta lly  around the body. A fte r in te g ra tin g  th is  around the whole body 

there is  no ne tt force In the plane o f the l iq u id  surface.

In zero g ra v ity , the c a p illa ry  forces are a l l  Important and wetting e ffects  
have been underestimated during the design of experiments (Noma e t al 

1985).

C a p illa ry  forces are id e n tif ie d  as those forces which vanish when the 
surface tension o f the l iq u id  phase tends to  zero. Then the c a p illa ry
constant goes to  zero, we expect no meniscus r is e  or depression, and the

undisturbed f lu id  w i l l  exert on ly buoyancy fo rces.

The d is t in c t io n  between buoyancy and c a p illa ry  forces is Important In the 

determ ination o f contact angle by measuring the c a p illa ry  weight or force, 
(see section 4 .2 ). The term capillarography has been proposed by Mason 

(1978) fo r  th is  technique.
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2.2 The Thermodynamic Contact Angle

When the contact angle appears in an equation re la t in g  surface tensions, 

i t s  meaning is  consistent w ith Newtonian mechanics. Forces can be resolved 
along orthogonal axes. However, the surface tension o f a so lid  is  an i l l -  
defined concept. I f  we choose to  regard the in te rfa ce  terms in Young's 

equation as surface free  energies, then the concept o f cos 6 as a component 
o f a sca lar property becomes untenable. In the simpler "energy 
d e r iv a tio n " , excluding g ra v ita tio n a l p o te n tia l energy terms, the cosine 
term appears as the ra t io  o f two incremental surface areas in the 

m inim ization o f the sum o f the free  energies. Various assumptions about 
the preservation o f the shape o f the d rop le t on the so lid  must hold fo r  

th is  to  be true .

A lte rn a te ly , by rearranging equation (1)

cos e = (ysv-y sI ) / yiv  • • • •  ( U )

The RHS is  the ra t io  o f two energy terms. The numerator, being the 

d iffe rence  between the surface energies o f the same element o f surface 

before and a fte r  immersing in the l iq u id ,  is  free o f surface stress 
energies, and is  a thermodynamically sound q u a n tity . The denominator is  

the well defined surface tension (or surface free energy) o f the l iq u id  
vapour In te rfa ce . Their ra t io  is  then a v a lid  thermodynamic property. 
Since the product ycose is  known as the "adhesion tension" (Bendure 1973), 

we might c a ll i t  the dlmensionless adhesion tension fo r  wetting by water. 
I t  has the advantage over the contact angle, in  tha t I t  can assume values 

grea ter than 1 ( 8 =  0 ° ) . This is  the s ta te o f spontaneous w etting , when 
the l iq u id  spreads over the s o lid . On a large horizonta l surface, a 

d ro p le t o f such a l iq u id  w i l l  spread so as to  th in  the f i lm  o f l iq u id  
formed u n t i l  the 11qu1d:vapour in te rface  s ta rts  to  approach the l iq u id :  
s o lid  in te rfa ce . At these small distances, add itiona l forces come in to  
p lay , g iv ing  r is e  to  a "d is jo in in g "  pressure, so tha t the f in a l d rop le t 

shape is  a f la t  pancake, as described by de Gennes (1985) and not a 

monomolecular f ilm .
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When the dimenslonless adhesion tension is  less than 1, but greater than 

-1 , a wetting d rop let or meniscus forms. The angle at the edge o f th is
drop le t is  regarded as the arc-cosine o f the quo tien t In equation (10).

There has been doubt whether th is  geometrical measurement should be used as 
the angle which t r u ly  represents the desired thermodynamic p roperty. Some 

ob jections fo llo w  :

C or- R eg io n

Bikerman (1970) and Jameson and del Cerro (1976), argue tha t the use o f the 
two phase in te r fa c ia l eni . ■ cannot be correct near the three phase lin e , 
where the p rox im ity  o f tne th ird  phase w i l l  a ffe c t the p o ten tia l o f 
molecules in  the in te rfa ce . To re fu te  th is ,  Neumann (1974) and de Gennes 

(1965) concede tha t there may w e ll be a core region where the contact angle 
has a d if fe re n t value, but the observed contact angle, at distances o f 
tenths o f a m illim e tre  from the so lid  surface, is  d ic ta ted  by macroscopic 
energy terms and fo llow s from Young's equation.

G r a v i t a t io n a l  and C u rv a tu re  E n e rg y  Terms

The usual de riva tio n s , e ith e r by force or energy arguments, ignore 
g ra v ita tio n ? '' forces and energies, and the e i.jrgy associated w ith  curvature 
o f the d ro p le t. Derivations which Ignore g ra v ita tio n a l energy terms can be 

replaced by p a rtic u la r  cases whe>M they can be Included. Pethica and 
Pethlca (1957) give a de riva tio n  fo r a large f la t  topped d ro p le t, w ith  

g ra v ita tio n a l p o te n tia l energy, and show by a macroscopic energy 
m inim ization that the Young equation s t i l l  holds good. De Gennes (1985) 

shows th a t the energy associated w ith curvature o f the meniscus can be 
neglected fo r  menisci o f m illim e tre  dimension and liq u id s  o f low 
co m p re ss ib ility . This might not be the case in space, fo r  example, where 
menisci may extend fo r large distances because o f the reduced g ra v ity .

The meniscus weight method c f measuring adhesion tension can be shown to  
include g ra v ita tio n a l p o te n tia l energy in  i t s  d e riva tion  (Appendix 1), In 

a d d itio n , there 1s l i t t l e  curvature fo r  a f la t  p la te , and p r in c ip a lly  in  

the dimension normal to  the face o f the p la te .

Ill i t Jfe* a&k *,v ..j£L*eiu£*U. _



The greatest a ttra c tio n  o f the c a p illa ry  weight technique, is  tha t the 
adhesion tension appears au tom atica lly as a force per u n 't  length, so 
assumptions about d rop le t slope and shape are not required. A llowing fo r 
e ffec ts  o f hysteresis and dynamics o f wetting (Bayramli et al 1981), th is  
would appear to  be the most noncontroversial method o f ex trac ting  a 

thermodynamic reading from a wetted surface.

2 .3  K i n e t i c  and H y s te r e s is  E f f e c t s

A p p ro a c h  t o  E q u i l ib r iu m

The true  contact angle, a sta te  o f free energy m in im ization, may not be 

a tta ined in p ractice .

I f  the spreading o f the liq u id  is  occurring s low ly, by fo r  example 
spontaneous creeping o f a v e rtic a l meniscus, there may be energy barrie rs  
associated w ith the progress of the wetting lin e . Consequently the 

advaiu.ng angle may be more obtuse than the equ ilib rium  value. The 

receding angle may s im ila r ly  be more acute than the equ ilib rium  value 
because o f s im ila r energy ba rrie rs  to  movement o f the wetting lin e . The 
o r ig in  u ' these ba rrie rs  in  ru g o s ity  (physical roughness) is  described by 
Jwinson and tfe ttre  (1964), and the e ffe c t o f chemical heterogeneity, 
mivro.-copvc areas o f greater or lesser hydrophobic ity, has been discussed 

by ifc-l..nanii (19/4), and by O liver et al (1980).

The v is c o s ity  o f the liq u id  w i l l  tend to  slow the spontaneous spreading and 

so some researchers (Gutierrez Rodriguez 1984) advise the use o f a ten 
minute e q u ilib ra tio n  time, or even lig h t  tapping o f the stage on which the 
experiment is  occurring. Presumably the mechanical energy o f the tapping 

helps to  surmount small energy b a rrie rs .

This author h t i  noted another e ffe c t w ith  h igh ly  wettable ( 8 — *0 )  surfaces 

when te s tin g  uy the meniscus r is e  method. On f i r s t  touching n f  the so lid  
p la te le t by the -ssending water surface, there is  a rapid drawing up o f the 
meniscus to  e pos ition  o f almost to ta l w etting . The ra te  o f wetting o f the 
surface is  so fast,, tha t k in e tic  energy is  imparted to  the water near the

& L  *  _ .-.-W _



w etting  f ro n t. Presumably there Is a d r iv in g  force u n t il the wetting lin e  
reaches the pos ition  o f the equ ilib rium  contact angle, so th a t there is 

s t i l l  some momentum (or k in e tic  energy) a va ilab le  to  cause an overshoot. 
This can be seen in  the cap llla rograph ic  apparatus by withdrawing the
meniscus, but w ithout detachment, and then re tu rn ing  to  the zero height
datum -  the leve l at which f i r s t  contact was made. The value o f the

meniscus r is e  a fte r  inching up is  lower than the value a fte r  f i r s t  contact, 
or equally the contact angle is  la rg e r. This is  In opposition to  the usual

hydration e ffe c t, i .e .  a lower contact angle a fte r  prolonged exposure to
water, and so the ir ifu , 'nee must be tha t the k in e tic  energy o f the 

meniscus, which is  present on ly during the f i r s t  rapid advance, is
responsible.

The le ft-hand -s ide  o f  Young's equation as w ritte n  In equation (1 ), 

represents the free  energy change on wetting a u n it area o f surface. By 

the d e f in it io n  o f free  energy, th is  is  the maximum possible non-PV work 

which can be released by the wetting process. By th is  argument, the s ta te 
reached by rap id  advance is  probably a be tte r measure o f the thermodynamic 
contact angle than the sta te  reached by Inching up the three phase lin e .
There is presumably a s im ila r  process when a drop o f l iq u id  is  brought in to
contact w ith  a horizon ta l dry surface fo r  the f i r s t  time. The spreading 

fro n t must achieve considerable v e lo c ity , and hence k in e tic  energy, which 

would be dissipated by fu r th e r advance a fte r  the d r iv in g  force fo r wetting 

had reached zero. Nevertheless, the accepted method fo r  contact angle 
measurement demands tha t the d rop le t must be formed and then slow ly 

in f la te d  or defla ted to  produce the advancing and receding angles.

Neumann (1974) and Hiemenz (1977) advocate the use o f the average o f the 
advancing and receding angles (presumably a t the same v e lo c ity )  as the best 
approximation to  the thermodynamic value. This w i l l  to  some extent correct 

fo r  the k in e tic  e ffe c t mentioned above. In th is  work I have adopted the 

cosine average, since th is  gives equal weighting to  the e rrors which may 
arise  through weighing or buoyancy correction  in  advancing or receding 
d ire c tio n s  respec tive ly  :



0th = arc cos ((cos8a + cos6r ) /2 ) (12)

M u ltip ly in g  the cosine o f th is  angle by the surface tension o f the liq u id  
phase gives the adhesion tens ion , or in  energetic terms, the (negative) 
free  energy o f wetting o f the surface. This has a range o f 0 to  72,5 

(approx) mJ/m2 fo r  aqueous systems. Negative values ( i .e .  p o s itive  free 
energy changes) are possib le , on fo r  Instance p a ra ffin  wax surfaces, but 
these values were ra re ly  seen w ith  diamonds.



CHAPTER 3 -  EXPERIMENTAL METHODS FOR CONTACT ANGLE MEASUREMENT

3 .1  O p t ic a l  M ethods

O ptical methods o f measurement o f contact angle are performed on small 

d rop le ts  or on small bubbles, o ften w ith  the aid o f microscopy and

photographic enlargement to  improve the accuracy ( B i l le t t  e t a l 1968,

Lubetkin 1985).

Recently (Huh e t al 1983), a method o f numerical regression fo r

determ ination o f the contact angle from the p ro f i le  o f the e n tire  d rop let 

has been discussed. This method makes use o f e le c tro n ic  aids fo r
d ig it iz a t io n  o f photographic p ro file s  and an ite ra t iv e  method o f so lu tion

o f the d if fe re n t ia l equations fo r the drop p ro f i le .  Apparently th is  allows 
the measurement o f sess ile  drops w ith  contact angles below 20 degrees, 

something which is  ra re ly  reported co n fid e n tly  by d ire c t observation.

A lla in  e t al (1985) have used a laser fo r  measuring the contact angle o f a 
l iq u id  d rop let on a transparent substrate. The beam is  d irected down 

through the d rop le t and d if f ra c t io n  at the d rop le t edge produces a c irc le  
on a screen below the d ro p le t. The geometry o f the system, along w ith

re fra c tiv e  index data, permits d ire c t c a lcu la tio n  o f the contact angle,

averaged around the d rop le t perimeter.

Although these in d ire c t methods can Improve the accuracy o f measurement o f 

the angle, there remain objections to  the technique because o f the
a rb itra ry  way in which d rop le ts  are formed, so-ca lled  e q u ilib ra tio n  times, 

and even the se lection  o f the s ite  on which the d rop le t is  to  be placed.

The use o f a bubble instead o f a d rop le t removes some o f the problems o f 
contamination o f s o lid  surfaces open to  the atmosphere, but raises a 

fu rth e r question. The in te r fa c ia l energy o f the bubble to  so lid  interfaces 
complicated by the existence o f a pressurized l iq u id  f i lm  (de Gennes 
1985). Guttierez-Rodriguez et a l (1984) found co n s is te n tly  d iffe re n t 

values fo r  captive bubble contact angles than sess ile  drop values on the 
same (coa l) substrate. The captive bubble re su lts  were always lower -  more 
hyd ro p h ilic .



37

Because o f the ease o f the experimental method, a f i r s t  estimate o f the 

w e t ta b i l i ty  o f a surface can be found from a sess ile  d rop let measurement.

The major re su lts  o f th is  study are fo r polished diamond surfaces. The 
nature o f the diamond surface as i t  occurs in the host rock (k im berlite ) 
cannot be d ire c t ly  deduced from these re s u lts . For th is  reason, a small 

number o f o p tica l measurements were made on the unpolished surfaces of 

Premier mine diamonds. Previously (H artley 1978), measurements have been 
made on natural diamonds, but a fte r  rigorous chemical c leaning. In th is  

instance, the diamonds were selected from the production o f p a r t ia l ly  
lib e ra te d  "d iam onds-in-k im berlite" which are c u rre n tly  recovered by X-ray 
machines. This is  a recent development, and such diamond surfaces have not 

been commonly ava ilab le  before. The exposed faces were painted with 
Tipp-Ex, the composite c a re fu lly  crushed using a con tro lled  hydraulic ram, 

and the libe ra ted  diamond caught on f i l t e r  paper. The previously embedded 

surface was then dusted o f f ,  f i r s t  w ith  f i l t e r  paper wet w ith mi 11i-Q water 
and then w ith dry f i l t e r  paper. The diamond was positioned on an adhesive 

tape on a microscope s lid e , w ith the painted face down, and the microscope 
s lid e  was mounted on modelling c lay so tha t i t  could be sw ivelled to  obtain 
the best le v e ll in g  o f  a p a rtic u la r c rys ta l surface.

The diamonds were viewed using a WILD MSA stereo microscope (type 374590) 
w ith  d 45 degree m irro r attachment in a thermostatted microscope 

labo ra to ry . The surface was illum ina ted  * l th  a VOLPI cold l ig h t  source and 
the d rop le ts  were photographed using the MILD MRS 45 35mm photosystem. 

Overall m agnification o f x9 was achieved, and by using s lide  f i lm ,  fu r th e r 
enlargement was possib le .

Droplets o f m ill i-Q  water were formed using a syringe and square ground 

hypodermic needle, allowed to  in f la te  u n t i l  advancing angles were seen 
(approx 2 Bin s ize) and then drained by means o f f in e  ribbons o f f i l t e r  

paper, so as to  achieve receding angles. As fa r  as possib le , angles were 
measured (subsequently o f f  projected s lid e s ) on both sides o f the 
horizon ta l axis o f the d ro p le t, and where a reasonable estimate o f the 

d ire c tio n  o f the tangent plane to  the diamond surface could be seen. To 
o ffs e t prejudice by the author, a second independent party d id  the same



constructions on a drawing board, onto which the s lides were p ro jected, and 
measured o f f  the angles.

Apart from th is  testwork, a l l  contact angles measured in th is  study were 

ca lcu la ted from cap illa rographs.

3.2 C a p illa ry  Pressure

The pressure drop across a bed o f powder, when water is being forced 
through the bed, is  re la ted  to  the c a p illa ry  force exerted by the water 

in  the small channels between p a rtic le s  (Dunstan and White 1986). Provided 
th a t data fo r  the powder s ize are adequate, th is  can be re la ted  to the

contact angle. The method appears to  have m erit where the subject o f the
w etting study is  already a powder, fo r  instance a pa in t pigment {Crow1 f id
Wooldridge 1968), Apparently the method is  useful fo r  powders h. i
nearly  round p a r t ic le s , but poor fo r  jagged p a rt ic le s . For th is  reason, 
and because o f the problems associated w ith  characte riza tion  o f diamond 
powders, th is  approach was not adopted.

3.3 Capillarography -  Wilbelmy Plate

The weight o f the meniscus formed around a prism w ith v e rtic a l sides 1s 
num erica lly equal to  the product o f the wetted perimeter, on a horizonta l 
crossection, the l iq u id  surface tension and the contact angle, averaged 
around the perimeter :

W ca p ill = p n v  cos e . . . .  (13)

This was f i r s t  recognized by Wilhelmy 11863), who used t o ta l ly  wettable 

glass plates o f w e ll known dimensions and so measured the l iq u id  surface 

tension. Provided the liq u id  surface tension is known, the -'-'ntact angle 
can be calculated from an accurate weighing o f the meniscus, w ith 
appropriate correction  fo r  buoyancy. Th su p e rio rity  o f th is  technique on 
th e o re tica l grounds is  discussed in Appendix 1 and has been argued by Mason 
(1978) and Bayramli e t al (1981).
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Figure 6 shows the o rie n ta tio n  o f the c a p illa ry  forces and buoyancy at a 
p la te  during Immersion.

The most a t tra c tiv e  experimental feature o f th is  technique is  the high 
p rec is ion , even fo r  very small angles. The terms, p, perimeter and r iv  

the surface tension o f water, can be measured independently to precision 
leve ls o f 0,4 % re sp e c tive ly , even fo r re la t iv e ly  small te s t p la tes. This 

allows measurement o f contact angles as small as 5 degrees w ith confidence, 
and at more typ ic a l angles o f 50 to  90 degrees, the precis ion is  be tte r 
than 0,3 degrees. The R o n -lln e a rity  o f the cosine function  detracts to  

some extent in  the low angle range, but th is  is  s t m  very much be tte r than 
op tica l techniques, where measurement below 20 degrees is  v ir tu a l ly  

impossible.

Other a ttract1v»  f  the technique are :

Each measurement ai .. jh t  datum is  an automatic average o f the contact 

angle around a perim eter. This perimeter is not necessarily at the same 
height as the datum, since there is usua lly  meniscus r is e ,  but fo r  a prism 
or plate the perimeter is  constant.

Measurements can be made at many heights up the face o f the p la te , so in 

e ffe c t an area-average contact angle can be extracted, the average o f the 
perimeter averages over a range o f heights. This is less subjective 
than the methods o f averaging usually employed in o p tica l studies.

Ve loc ity  e ffe c ts  can be standardized. The ra te  o f meniscus advance or 

recede can be con tro lled  c lo se ly  and reproduced from te s t to  te s t.

Hysteresis e ffe c ts  can be detected from the slope o f the c a p illa ry  force 

curve. This is  discussed below in  Chapter 7.1. Stable contact angle 
values are obtained from those sections o f the cap illarograph p lo t where 
the slope o f the lin e  is  equal to  the buoyancy slope. (The Immersion o f a 
body o f uniform  cross-section causes a constant increase in upthrust 

per u n it depth immersed, conveniently ca lled the buoyancy slope). This 
elim inates the need fo r subjective assessment o f the behaviour o f a 
d ro p le t.



shaded volume is 
V m e n lscu s

Yl cos & .  perimeter = g^Vmeniscus = F - Mg + Bg

an instance of negative buoyancy - hydrostatic downthrust
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Slow changes a r is in g  from surface reactions can be followed by repeated 

trave rsa ls  o f the same surface. For instance, Kendig and Fadner (1985) 
have used the technique to  study the e ffe c t of' the electrochemical 
p o ten tia l o f a copper p la te  on i t s  w e tta b il ity .

There are some d i f f ic u l t ie s  which need to  be addressed :

T e s t  P la te  Shape

The te s t prism or p la te  must have ve rtic a l w a lls . Most cross-sections can 
be allowed (Herb e t al 1983). In previous o p tica l and e le c tr ic a l stud ies, 
natural diamonds have been polished Into blocks and plates fo r ease o f 
analysis, (Bharadwaj e t al 1983), so th is  was fe a s ib le . Some m ateria ls , 

because o f th e ir  f r i a b i l i t y ,  would not be s u ita b le , although Johnson (1976) 

has used coated glass s lides fo r  the study o f polymers. In use the 

p la te le t must be caused to hang w ith  its  major face v e rt ic a l and its  sides 
square. This can be proven by consideration o f a th in  p la te  o f length 1 
hanging v e r t ic a l ly .  The c a p illa ry  force w i l l  be :

F = 21y c o s 6 . . .  where 9 is the contact angle - equal on both sides

When a p la te le t is inc lined  away from the v e rt ic a l by the small angle de, 
and since the contact angle on each side w i l l  remain constant w ith  respect 

to  the face o f the p la te , not the true v e r t ic a l,  the v e rt ic a l component of 
the surface tension becomes :

F = lycos (9 + dQ) + Ifcos (e -  d9)

th is  is  transformed using a trigonom etric id e n t ity  :

F = 21y c o s  6 cos (dfl)

Since the cosine o f a small angle, de, whether p o s itive  or negative, is 
less than one, the maximum force occurs when the p la te  is  v e r t ic a l,  and 

th is  gives the true contact angle.

i a i B k .  va.  n.’C tih .fitfrk i IfllA*- — —
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L iq u id  L e v e l D is tu rb a n c e

The w etting  liq u id  must be moved up to  immerse the prism in a steady and 

uniform way. The vessel con ta in ii.y  the liq u id  must be large enough to 
prevent in te rfe rence between the wall meniscus and the wetting meniscus o f 

the te s t p la te .

The parametric equation fo r  meniscus shape at a f l a t  p la te  developed by 

Laplace (1805) is  :

by making the s u b s titu tio n  dz/dx = tan $ and re -a rrang ing , the fo llow ing  
d if fe re n t ia l equation arises :

This d if fe re n t ia l equation can be solved num erica lly, taking care to  use 
s u f f ic ie n t ly  small step size near the two asymptotes z=0 and z=a to 

develop the meniscus p ro f ile .
This has been done using a fou rth  order Runge-Kutta technique (Ralston e t 

a l,  i960) w r itte n  fo r an Apple HE computer.

The re s u ltin g  p ro f ile  appears as Figure 7.

I t  appears tha t the meniscus height is  less than 0,01 m a t  a distance o f 
12 r i d  from a f u l ly  wetted w a ll. A vessel diameter o f 52 mm, w ith  the te s t 

p la te  a t the centre o f the vessel, e f fe c t iv e ly  separates the te s t meniscus 
and the wall meniscus.

z 2
—  = (1 -  cos*) . . . .  (eqn 14)

dz

dx 8 zz
where B = 1 -

Evaporation must be minimized, p a r t ic u la r ly  during long experiments.
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(exaggerated height scale)

1

3 M  ... Jbe uv ^ w u m k .
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Liquid Interface Cleaning

The 11quid:vapour In te r fa c ia l tension appears e x p l ic i t ly  in  the ca lcu la tion  

o f  the contact angle. Water surfaces in contact w ith  the ; i r  become 
contaminated by dust p a r t ic le s , some o f which carry  surfactan ts . The 
e ffe c t is  to  reduce the surface tension, hence causing an e rro r in the 
contact angle measurement. There may be fu r th e r complications caused by 

surfactant adsorption a t the so lid  surface. The cap illa rog raph ic  c e ll must 
have a f a c i l i t y  fo r  excluding dust and labora to ry  a ir ,  and a system fo r  
renewing the water surface. This can be done by sweeping (as in a Langmuir 
trough) or vacuum cleaning the surface.
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CHAPTER 4 -  CAPILLAROGRAPMC APPARATUS AND REAGENTS

4.1 C ell and Weighing Linkage

A schematic diagram o f the cap illa rog raph ic  apparatus used 1n th is  study is 

shown in  Figure 8. The elements are lis te d  in  a key to the drawing and 

more d e ta ils  are provided below. Figure 9 shows the ce ll w ith  the close 

f i t t i n g  l id  used to  exclude labora to ry  a ir .  A t r ic k le  o f high p u r ity  
nitrogen (A ir Products HP) was admitted to  the c e ll through a d is tr ib u to r ,  
aimed to  avoid th% liq u id  surface. The nitrogen was passed through a 

hydrocarbon trap (J & W S c ie n t if ic ,  Rancho Cordova, C a lifo rn ia ) and a 
Vrechsel b o tt le  containing reagent grade water at 25 *C . This was to 
in h ib it  evaporation in the te s t c e ll and was found to  be e ffe c tiv e . A 

fu l l y  w etting  meniscus could be drawn onto a clean platinum p la te  and 
maintained at fixed  meniscus weight fo r more than 8 hours.

The c e ll was therm ostatted, normally a t 25 °C , to  a precis ion o f approx
0,2 °C using a Labotec Julabo water bath. For low temperature te s ts , the 
water was d iverted through a c h i l le r .

M illiQ  water was added to  the c e ll through a small glass funnel which was 

drawn down to  a t ip .  The t ip  retained a d rop le t o f water and so provided a 
gas sea l. Reagents to  modify pH and Ion ic  strength could be added through 

the same funnel. A fea tu re  o f the c e l l ,  a fte r a suggestion by Lubetkin
(1985), is  the f a c i l i t y  fo r vacuum cleaning the in te rfa ce . A hypodermic 

needle w ith  a square cut t ip  protrudes through the l id  to the level o f the 
undisturbed planar water surface. This is  attached to  a vacuum lin e  w ith  a 
co lle c tio n  fla s k . The surface o f the water can be drawn o f f  in  a "tornado" 
l ik e  e ffe c t ,  w h ils t adding clean water slow ly through the funnel. This has 

the e ffe c t o f sweeping surface im purities  from the ce ll and allowed the 
maintenance o f water surface tensions above 72 mN/m during .long 
experiments.

Figure 10 shows the type o f c l ip  used to  hold the diamond te s t p la te . The 
diamond was polished in the form o f a spade, w ith  a tr ia n g u la r peak which 
allowed pos ition ing  o f  the diamond in  the c l ip  in  a reproducible manner.
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da ta  1 motion command

c o n tro l

1. M ettler transm itting electrobalance
2. Balance table for underpan weighing
3. Introl precis ion position ing table (vertical)
4. DC mntor with reduction box
5. Therm ostatted glass cell with level reset and N2

atmosphere
6. Anilam 10 micron d ig ita l d isplacement transducer
7. G alll motion controller
8. Apple lie  microcomputer for motion and data processing
9. 5 1/4 " floppy disk data storage
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fig  9 deta il of capillaroaraphic cell and lid

2

1. filling & addition funnel

2. sampling & cleaning 
extraction  line

3. weighing linkage through
3 mm hole in lid

4. moist N2 supply

5. machined aluminium lid

6. low pressure N2 
d is t r ib u to r

7. square needle tip for 
interface cleaning

8 .5 2  mm ID thermostattec 
glass ce ll

9. thormostat water Inlet

10. test water drain.

10



1. hanger wire 0 .4  mm 
b r a s s

2. clip body, platinum

3. axle and rivet, brass

4 . spring, h idden,stee l

5 . fitted  vee -s h o u ld er, 
p la t in u m

6. d iam ond test plate

» .ka flilfcew, J. «L .L ri

- W i

1 ■ ' 
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The v e r t ic a l i ty  o f the diamond 1n the c l ip  was adjusted by bending the 
hanger w ire  attached to  the diamond so tha t the re f le c tio n  o f the diamond, 

when the diamond was suspended over a horizon ta l m irro r, was c o llin e a r with 

the sides o f the diamond. Two c lip s  were made, one fo r  the diamond w ith  

[ l l l j  major face, and one fo r  the diamond w ith  [H O j major face. The body 
o f the c l ip  is  platinum , to  prevent corrosion product from a ffe c tin g  the 

water in the c e l l .  The c lip s  were cleaned by ultrasound in Contrad 
detergent (also ca lled Decon in some countries ) , followed by three changes
o f m ill 1Q water, and stored in a d e s lw a to r over s i l ic a  gel when not in

Figures 11 and 12 show the apparatus and a close-up view o f the diamond 

in  the c e l l .  The liq u id  ‘ 'irface  has not reached the bottom edge o f the 

diamond in Figure 12, so no wu-niscus can be seen.

4.2 Displacement and Force Transducers

Displacement Measurement and Control

The c e ll was mounted In a sp e c ia lly  f i t t e d  anodized aluminium clamping 
p la te  which assured good v e r t i c a l l y  and no s l ip  during e levation. The 
clamping p la te  was bolted to the pla tform  o f a prec is ion  pos ition ing  tab le  
(s ing le  axis tab le  2080-1, I n t r o ! , Edenvale, RSA), driven by a Unimatic 

MT2115 DC servomotor w ith 18:1 reduction box. The tab le was operated in  
the v e r t ic a l mode, attached to  a massive support frame o f powder coated 

s te e l. The servomotor was powered by a D ig ip lan PWM4 servo d rive , w ith  20

amp peak motor current and slewrate o f 500Hz. The pos ition  o f the tab le
was detected by a d ig ita l lin e a r displacement transducer (Anilam AlO, 
Anilam E lec tron ics , M ilton Keynes, England) to  an accuracy o f 0,01 mm and a 

re p ro d u c ib ility  o f 0,01 mm in  150 mm. The displacement signal was 
processed by a motion c o n tro lle r  (G a lil OMC 100, Mc.ntain View,
C a lifo rn ia ) . This "card" communicates upwards w ith  t i ; n Apple l ie

microcomputer used to  sequence the experiment, v ia  an RS232 data lin k .  A 
pos ition  or ve lo c ity  command from the Apple computer causes the G a lil card 
to  generate the appropriate motor d rive  signal to  the servo d rive , 
depending upon the dev ia tion  from the desired p o s itio n . This system
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allowed accurate and repeatable traversa l;; w ith  d ire c t data logging o f the 
p o s itio n . The accuracy o f  the displacement transducer and motion 

c o n tro lle r  was tested vsing a m ach in is t's  clock gauge mounted r ig id ly  on 
the weighing table f ig u re  8) w ith a 6 mn steel bracket, and found to  be 
w ith in  s p e c ific a tio n , less than 0,01 mm e rro r a fte r  repeated traversa ls  o f 
100mm.

Force Measurement

The weight o f the diamond and support c l ip  was measured using a ie t t le r  
AE163 e lec trob ilancs , w ith  0,01 m illig ra m  re so lu tio n , and using the 
underpan weighing f a c i l i t y .  The d ig i t a l ly  encoded weight was transm itted 
v ia  a M ettler O il data tra n s fe r module to the Apple l ie  supervisory 

computer. The fro n t o f the weighing ta b le , below the p lin th ,  was enclosed 

to  exclude d ra fts , and a window o f 200 % 80 im in c lea r perspex was 
in s ta lle d  to  allow viewing The electrobalance system is well suited to 
cap illarography because o f the n u ll d e flec tion  p r in c ip le  (Bayramli e t al 
1981). The maximum data transmission rate achieved was once in 600

m illiseconds. For fa s te r weighing than th is ,  a s tra in  gauge or piezo­
e le c tr ic  system could be used, w ith compensation fo r  d e flec tion  in the

buoyancy c a lcu la tio n , but th is  was not necessary in  these te s ts .

4.3 Water Preparation

The water used in  a l l  experiments was prepared from d is t i l le d  water using a 
M ill l-Q  3 -cartridge  (Continental Water Systems, El Paso Texas) water 
p u r i f ie r  followed by re b o llln g  to  remove a ir .  The co n d u c tiv ity  was always 

less than 0,05 yS. Surface tension was mea.jred using a platinum p la te  o f 
dimensions very s im ila r  to  that of one o f the diamonds used In the 
testwork, supported In the same way. The platinum was flamed In a low blue
hydrogen flame u n t il glowing and tested w ith in  10 minutes. The surface
tension was found to be 72,4 ± 0,1 mN/m at 298K. This is somewhat higher 

than normally found by force measuring techniques (71,9 mN/m), but Bayramli 
e t a l (1981) have reported the same value, w ith  higher standard dev ia tion , 

fo r  t r ip ly  d is t i l le d  water. I f  th is  is becai>r ' r a geometry e ffe c t (the 
end-correction o f Padday (1964)), then pp ly equally to  the
diamonds testp leces, which are o f s im lla t ,ape.
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4 .4  Data Capture 

Data-Logging Computer

The date from the electrobalance and from the G ain motion co n tro lle r  were 
already in  d ig ita l form. Routines fo r  in te rfa c in g  the data s tr in g  

tra n sm itte r o f the M e ttle r balance w ith  a BASIC operating program were
provided by Protea Laboratory Services. The routines fo r  sending motion 
commands to  the motion c o n tro lle r , and e x trac ting  pos ition  information 

during execution o f the supervisory program were developed by the author in 
consu lta tion  w ith  Ivy  Systems, C ra ighall Park, RSA. The supervisory 
programs, which include the routines fo r  detecting the bottom edge o f the 
te s tp la te , recognizing the buoyancy slope and accumulating averages o f the 
contact angles, were w r it te n  by the author. A flow  sheet o f a ty p ic a l 

supervisory program appears in  Appendix 2, and a lis t in g  o f one o f the
programs appears in Appendix 3.

4.5 Shaping and Orientation o f Diamonds

Test diamonds were made by conventional poMshirtg o f  diamond crysta ls  taken 

from the production o f Premier Mine, Transvaal. There is  a ce rta in  
p roportion o f diamonds which form as f la t t is h  tr ia n g le s  (macles) or 
ir re g u la r shapes. This occurs as a re s u lt o f "tw inn ing ", the simultaneous 
growth o f tuo c ry s ta ls , w ith  one c rys ta l ro ta ted  through 180 degrees on an 

octahedral plane (Bruton 1978).

The diamonds were marked, in  d i s c u s s ! w i t h  a diamond po lisher at the 
Diamond Research Centre, so as to d e n , '  vhe la rgest possible square sided 
p la te , w ith  Vee-shaped peak, which would be free o f surface flaws such as 
exposed non-diamond Inc lusions. The major faces were then polished, as
near to  the [ H I ]  plane as could be achieved. This is  a very slow process,
because the [ 111] surface Is no to rious ly  d i f f i c u l t  to  p o lish , and excessive 

loading causes burning o f the diamond. This has been discussed by 
Watermeyer (1980).



Once two large and f la t  p a ra lle l faces had been obtained, w ith  a thickness 

o f 1,0 to  1,5 mm, the sides, base and peak were formed. A photograph o f 
two fin ished  diamond plates appears as Figure 13.

A fte r the f i r s t  po lish ing , the remains o f the epoxy s e ttin g  cement were 

removed in  hot chromic acid , followed by d is t i l le d  water rinses and 
e x trac tion  In toluene (s im ila r  to  the technique o f H artley  (1978), but 

using the more environmentally acceptable to luene, ra ther than benzene). 
Because o f the p o s s ib il ity  o f oxidation by the chromic acid, and adsorption 
o f the toluene, a method o f physical cleaning using alumina abrasive powder 
on a glass d isc , was used a fte r  subsequent po lish ings. This 1s discussed 

In more d e ta il 1n section 4.6 below. : )

Crystal Orientation t

The c rys ta l o rie n ta tio n  o f the major faces vrtw determined by Laue 
photography. The Laue photograph fo r  t i ie - te s tp ld te  used predominantly in 

the RBS analysis Is shown In Figure 14.- p o s itio n  o f the centre o f the 
d if f ra c t io n  p a tte rn , together w ith  4-K H -  screen d istance, was used
to  determine how fa r  from the tru e  -f>iane the major face was in  each

The re su lts  are shown In Table 4.

TABLE 4 -  m t S  OF LAUE CRYSTAL ORIENTATION ANALYSIS

Test P late Number O rientation 
Degrees o f f  [ l l l j

Coi.ment

TPO (oval) 19 Large, mx .ilta b le  fo r c a p illa ry  
measuremi '.t-i

TPl 3,5 Medium urypri

TP 2 5 Small

TP3 40 Large, '/ Agrees o f f  [ l lO j

TP2 was used la rge ly  fo r  RBS, although characterized by cap i1larography 
a fte r  po lish ing .

r i l l  If Jh* l.



photograph of polished M111 diam ond
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TP1 and TPS were used extensive ly fo r  cap illa rography, and TP3 was assumed 
to  represent the behaviour o f the dodecahedral face, [110J. I t  is possible 
th a t a macroscopic dodecahedral face is  composed, on a microscopic scale, 
o f terraces o f (111J planes, but th is  w i l l  in  any case give a higher 

frequency o f edge s ite s , w ith  more la b ile  carbon atoms, so the suspected 

trend o f greater re a c t iv i ty  o f the true  [ 110J may be preserved.

TPO was used in IEED and XPS experiments, because o f the greater ava ilab le  
f la t  area.

4.6 Cleaning Techniques

The cleaning o f mineral surfaces p r io r  to analysis is  contentious. Dust 

and organic contaminants such as skin o i ls  must be removed, and some 
techniques, surh as accurate contact angle s tud ies, c a ll fo r  planar 

surfaces.

Po lish ing  and Cleaving

Soft minerals such as graphite and coal can be polished on abrasive papers, 
ending up w ith a f in a l po lish  on f i l t e r  paper or degreased linen  (Gutierrez 

Rodriguez et al 1984). A rb ite r e'c al (3.975) showed tha t organic r in s in g  
( in  alcohol and ether) of graphite and s t ib n ite  specimens polished on 

f i l t e r  paper produces a sessile  drop contact angle some 15 degrees greater 
than water r in s in g . Cleaving graphite in a ir  produced a value Intermediate 
between these two. Cleaving Is the most reasonable approach fo r  m inerals 
since I t  simulates the process o f lib e ra tio n  from the ore. Kelebek and 

Smith (1985) have used th is  approach fo r  molybdenite and sulphur, both s o ft 
m inerals. Hartley (1978) attempted to do the same fo r  diamond but w ith 

l i t t l e  success. The cleavfng o f diamond requires  considerable s k i l l ,  and 
would be v ir tu a l ly  impossible as a rou tine  procedure in a glovebox or 

s im ila r  clean environment. Polishing is  assumed to  proceed by cleavage on 
a microscopic scale. Janczuk et al (1985) polished graphite in water using 

a graphite powder, followed by u ltrason ic  r in s in g  to  remove po lish ing  
debris . The same technique is th e o re tic a lly  possible fo r  diamond, using 

diamond powder on a conventional p o lish ing  wheel or " s k a if" ,  but in



practice  there are two com plications. F ir s t ly ,  the diamond powder must be
held on the po lish ing  wheel, which ro ta tes at high speed, and
conventionally o liv e  o i l  is  used. This Introduces organic im p u ritie s , 
which, arguably, may Uc removed by a series o f organic rinses using
progressive ly more v o la t i le  so lvents. Secondly, the diamond i t s e l f  must be
fixed  r ig id ly  in a po lish ing  too l or "dop", using epoxy cement or Inorganic 

cement containing asbestos. Because o f the high forces and temperatures 

transm itted to  th is  bond during the po lish ing , a tough coating forms, and a 
vigorous chemical cleaning step is  needed subsequently. Strong ox id iz ing  
acids, such as chromic (chromosulphurie) acid are used in the indus try . A 
less severe po lish ing  on a slow d isc w ith mechanical clamping o f the 

diamond, is  possib le , but the same e ffe c t can be achieved using a so fte r 

abrasive -  see below.

Chemical Cleaning

Pate (1986) used the sequence halocarbon:acetone:alcohol a fte r  po lish ing 

diamonds and before analysis in  u ltrah igh  vacuum. He also used a "heat 
cleaning anneal" at 770 K in UHV before making measurements on the diamond 
surface. This would probably desorb any organic molecules s t i l l  

present from the r ins ing  step.

In the case o f w e tta b il ity  measurements, the chemical e ffe c ts  o f strong 

acids or organic solvents may mask e n tire ly  the in t r in s ic  behaviour. 
Sappok and Boehm (1968) were obliged to  use an acid rinse  on the diamond 
powders in  th e ir  studies because the process o f pu lve riz ing  diamond 
produces metal debris which must be dissolved out o f the product. The 

possible e ffec ts  on th e ir  re su lts  w i l l  be discussed in  section 7.3. 
H artley  (1978) used a series o f hot and cold organic r in se s , culm inating in

hot e x trac tion  fo r  6 hours w ith benzene. No mechanical cleaning o f the
diamond surface is  discussed, although most researchers, as lis te d  above,

fe e l the need fo r a f in a l wipe w ith  f i l t e r  paper or lens paper, or an
u ltrason ic  cleaning. Early experiments in  these labora to ries using a 
cruder form of cap illa rog raph lc  apparatus than discussed here, revealed 
c le a r ly  th a t organic r in s in g  (to luene, n-heptane, methanol) p r io r  to 
te s tin g  had a hydrophobizing e ffe c t and chromic acid had a s lig h t 
hydroph iliz ing  e ffe c t.



S o ft Polish ing

Pashley (1978) produced quartz surfaces fo r  e llipsom etnc  measurements o f 

smoothness in the nanometre range by a long process o f po lish ing , ending up 
w ith  eerie oxide powder on a Pellon pad. The eerie oxide is so fte r than 
quartz, by the usual hardness te s ts , and i t  seems surp ris ing  that th is  

should work. Pashley remarks tha t the surface le f t  a fte r  po lish ing  w ith 
diamond powder, even the f in e s t grades, had surface marks and subsurface 

stresses which in te rfe re d  w ith  the el 1ipsometrlc technique. The s o ft 
po lish ing  removed these features. Two previous studies have suggested the 
use o f alumina powder as a cleaning agent fo r  the study o f diamond 

surfaces. Miyoshi and Buckley (1980) used alumina polish ing to  prepare 
diamond f la ts  fo r  the measurement o f metal:diamond f r ic t io n .  Nassau and 

Schonhorn (1977) used alumina po lish ing  to  produce a fresh surface on 
diamonds fo r  contact angle measurement by sessile  drop. They suggest th a t 
these diamonds had undergone surface m odification by exposure to  ra d ia tio n , 
making then exceptionally h yd ro p h ilic . A d iffe re n t reason may be suggested 

(see section 7.3 ) .  I t  appears tha t po lish ing  w ith  a so ft abrasive can 
remove the topmost layers , p a r t ic u la r ly  i f  these have been modified by some 

chemical reaction.

A po lish ing  technique using alumina abrasive (Norton 1 micron powder) in 
water was used in th is  study fo r  cleaning the diamond surface p r io r  to  

contact angle measurements. I n i t i a l l y  th is  was done in the laboratory 
atmosphere, but la te r  the e n tire  po lish ing and r in s in g  stage was in s ta lle d  
in  a glove box which was s l ig h t ly  overpressurized w ith nitrogen. No 

attempt was made to  exclude oxygen, but on ly to  reduce interference from 
dust and airborne organics. Polishing was performed on a 90 mm glass disc 

f i t te d  in  an aluminium wheel and ro ta tin g  at up to  400 rpm. The po lish ing  
holders fo r  the diamonds were made o f s ta in less  stee l and were designed so 
th a t the diamond was retained by v ir tu e  o f i t s  shape alone. The diamond 

was traversed along an are during po lish ing to  achieve a uniform surface.

The procedure fo r preparing the diamonds was then :

1. An in i t ia l  diamond po lish ing to  form the plates 
This was repeated a fte r  surface damage
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2. Washing w ith  toluene and acetone under ultrasound.

3. Polishing w ith  levigated alumina (< 1 micron) on a glass d isc o f 90 mm
diameter at approximately 300 rpm fo r  3 minutes per face. The d isc 
was ir r ig a te d  and rinsed w ith m illiQ  water.

4. Jet cleaning o f the diamond w ith pressurized m illiQ  water in a PTFE

5. U ltrasonic r in s in g  In a PTFE beaker, under m illiQ  water fo r 10

6. On withdrawing from the m illiQ  water the major faces emerged dry. Any 

droplets on the edges were drained using wicks o f f i l t e r  paper. The 
diamond was fu rth e r dried in  nitrogen over a heated ceramic wafer fo r  
120 seconds.

A fte r chemical contamination, or a period o f no use, steps 3 to  6 were 
employed.

The in te g r ity  o f th is  cleaning step was assessed by cleaning a glass te s t 

p la te  o f  dimensions s im ila r to those o f TPS. Chromic acid cleaning o f such 
a glass surface gives contact angles o f zero, advancing and receding. (See 

Figure 22). Alumina po lish ing  o f the glass did not cause an increase in  
the contact angles. As a fu rth e r precaution, the alumina was calcined in 

an oven at 770 K fo r  12 hours before being introduced in to  the glove box,.

Cleaning o f  the Cell

The glass c e ll and associated glass f i t t in g s  were cleaned by p ic k lin g  in  
hot chromic acid. This was repeated whenever the inner surface o f the c e ll 
showed signs o f "beading" by water d rop le ts . The chromic acid was rinsed 
o f f  w ith  cold m illiQ  water and the inner surface o f the c e ll was then steam 

extracted fo r several hours in an upside down p o s itio n . Cooling water was 
passed through the jacket and the condensate was d iverted from the 
re b o ile r . The inner surface was judged clean when uniform f i lm  
condensation was seen.

minutes.

8 lL  a. it .  J m . - i * .  la ta r  _



Cleaning o f Tweezers and Hanger Hires

Tweezers, used to  handle the diamond te s tp la tes  between cleaning and 

loading in to  the c e l l ,  as well as c lip s  and hanger wires were cleaned using 
Contrad, a laboratory detergent, In an u ltrason ic  bath. This was followed 

by three changes o f M illiQ  water to  r in se , and drying in  an oven at 70 °C. 
When not in  use, c lip s  and tweezers were stored in a desiccator. The 
author wore gloves during a l l  operations on the c e ll and diamond holders, 
to  prevent skin o ils  from being transm itted to  the te s t surfaces or 
glassware.

4.7 Surface Reaction

Changes in  the surface properties o f the te s t p lates were brought about by 
reactions w ith gases and w ith  aqueous reagents.

Reaction w ith  Gases

The diamond surface was modified by reaction - . in  a tube furnace. 

D eta ils o f the apparatus used are given in F it he gases used were :

Oxygen Afrox 99,5 56
Hydrogen Afrox u lt ra  high p u r ity

Nitrogen A ir Products high p u r ity
Argon A ir Products high p u r ity

Reaction w ith  Aqueous Reagents

Reaction w ith aqueous reagents was conducted both outside the c e ll (p r io r

to  te s tin g ) and by add ition  o f the chosen reagent to  the c e ll volume

through a f i l l i n g  funnel.

In the la t te r  case, the concentration in  the c e ll and the pH were monitored 
by extracting  small volumes o f  the c e ll liq u id  through the surface cleaning 
needle and analysing in  a m icro -conductiv ity  c e ll and a micro-pH c e l l .  The 
co n d u c tiv ity  c e ll was by Amber Science (San Diego, Ca) and the pH system by

Markson (Phoenix, Arizona). For pH m od ifie rs , t i t r im e t r ic  ampoules o f



f1q 15 tube reactor for gas reaction

high pu rity  M2 1 thermocouple
Indicating oxygen trap k RKC 1000 co n tro lle r

Isola ting valve l gas bubbler
needle valve & rotam eter contactor
brass end plug pure 02, Ar
outer tube (s /s tee l) giass reactor tube

Inner tube (s ilic a )
ceram ic tube furnace
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sodium hydroxide and hydrochloric acid (Carlo Erba) were used. The surface

tension c o e ff ic ie n t, K, uefined by the equation :

Y-Yo = K»[Mj . . . .  (15)

where y is  surface tension at conc m 
Yg is  water surface tension 
M is  molar concentration (< 0,1 M)

was found using the Platinum Wilhelmy p la te  in the c e l l .  Bikerman (1970) 
reports values o f 1,7 fo r a lk a li metal hydroxides, 1,6 fo r  ch lo rides , and
2,6 fo r  a lka lin e  earth s a lts . Experimental values are shown in Table 5 .
A negative value would ind ica te  a surface active  im purity . Note tha t the

t r iv a le n t  ions, FeT Cr'and Al"g1ve considerably higher K values than do the 

d i-  and monovalent cations.

TABLE 5 -  REAGENTS USED IN THIS STUDY

Reagent Formula Manufacturer K

Potassium ch lo ride KC1 BOH 1,2
Hydrochloric acid HC1 Normex AR Carlo Erba 2,3
Sodium hydroxide NaOH Normex AR Carlo Erba 1,4
Sulphuric acid H2SO14 AR PAL 2,5
Sodium chloride NaCl AR Protea
Calcium ch loride CaClg.6HgO AR PAL 2,8
F e rric  ch lo ride FeCl3.6H20 AR PAL 62
Chromic ch loride CrC ls.6H3O AR Carlo Erba 33
Aluminium sulphate A12 (S0U3.16H20 SDH a
Sodium perchlorate NaClO^.HiO

NagBiiOy.IOHgO
Carlo Erba (1,4)

Sodium borate AR PAL
Boric acid H3BO3 AR H&W
Sodium m etas ilica te Na2SiQ3.9H20 AR J.T . Baker
Potassium dichromat K:C r:0? .2H ^ AR BOH
Sodium borohydride 
L ith ium  Aluminium -

NaBHt, Synthesis Merck

Hydride LiAlHi, Synthesis Merck
Methanol CH3OH AR PAL V -  22,1
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Apart from these reagents, a se lection  o f solvents and etchants were used 
to  clean the diamond te s tp la te s  and the glass c e l l .

TABLE 6 -  REAGENTS USED FOR CLEANING PURPOSES

Reagent Grade Supplier

Toluene
Acetone
Methanol
Trlch loroethylene 
Sodium dlchromate 
Sulphuric acid 
Contrad

GP Reagent
AR
AR
CP ) “ chromic acid" 
CP )
Laboratory detergent

BDH
BDH
PAL
BOH
PAL

Hickman & Kleber

Contrad has been recommended fo r  the cleaning o f diamond p r io r  to  UHV work 

(Derry et al 1983). I t  was found to  be an extremely a lka lin e  agent (a t 10% 

v /v  In water) and was not used In diamond cleaning before w e tta b il ity  
measurements because of the possible e ffe c t o f pH on the surface groups.



64

CHAPTER S -  SPECTROSCOPIC TECHNIQUES

5.1 Surface Analysis

Several d if fe re n t states o f w e tta b il ity  were Id e n tifie d  by means o f 
cap llla rograph lc  techniques, and the nature o f the pretreatment suggested 
tha t changes in the types o f surface adatoms Induced by the treatment could 

be Important. In order to  resolve some o f the p o s s ib i l i t ie s ,  three surface
a n a ly tica l techniques were used. These were :

1. Rutherford Backscatterlng Spectroscopy (RBS)

2. Low Energy E lectron D iffra c tio n  (LEED)

3. X-ray Photo-electron Spectroscopy (XPS or ESCA )

The basis o f these techniques Is ou tlined  b r ie f ly  In the fo llow ing

sections. There Is a precedent fo r  use o f vacuum techniques to  probe
surfaces along w ith aque.'us diemical s tud ies. Kozlowskl and Sherwood
(1986) have combined XPS studies w ith  electrochemical studies o f the 
oxidation o f carbon fib re s .

5.2 Rutherford Backscatterlng

Rutherford Backscatterlng Spectroscopy u t i l iz e s  the sca tte ring  or 

re f le c t io n  o f p os itive  Ions, o f su itab le  high energy, by the nucleus o f an 
atom 1n the ta rg e t. A typ ica l geometry fo r  large angle Rutherford
Backscatterlng is  shown in  Figure 16. In these experiments, a helium Ion 
o f  1,0 MeV energy was used as the scattered Ion. The se lection o f helium 
is  not a rb itra ry , Derry (1978) has shown tha t helium, w ith  a mass number o f 
fo u r, gives the optimum reso lu tion  o f surface adatoms w ith mass number near 
12, the value fo r the carbon atom. The technique Is  based on the detection 
o f peaks in a spectrum o f backscattered ion counts vs energy. A surface 

b a rrie r detector is  used, which produces voltage pulses o f height



proportional to  the energy o f the backscattered p a r t ic le .  The number o f 

pulses at a °n vo ltage, a fte r  counting a ce rta in  large number o f to ta l 
.pulses, represe-v'v the fra c tio n a l occurrence o f nuclei o f a given mass 
number. For a '. ’ ig le  plane ( th in  fi lm )  o f a s ing le  element, the soectrum 
would consist o f one- steep peak at an energy ca lcu lated by the fo llow ing 

re la t io n  :

Escat  Mi cose2 + /M22 -  M2! s1n2el 2
   ■       • • •. (16)
E1nc M$ + Ma

where Mj = mass number o f incident ion (4 fo r  He)

M2 = mass number o f sca tte ring  atom (12 fo r  C)
el = sca tte ring  angle -  pos ition  o f detector re la t iv e  to  incident

beam - 25 degrees in th is  set up

or by rearrangement to  permit the ca lcu la tion  o f the mass number of the 

ta rg e t atom :

M2 =   . . . .  (17)

Escat
where e = ---------

In p rac tice , th is  type o f f i lm  does not e x is t,  although a surface layer o f 
adsorbed atoms on a planar surface o f a substrate w ith  lig h te r  nucleus is  a 

good approximation. Oxygen on the surface o f diamond is  an example. There 
w i l l  be a fa r greater frequency o f bombarding ions which miss the nuclei o f 
the oxygen layer com pletely, and penetrate the diamond c rys ta l to  some 

depth before being scattered. The Ion w i l l  lose energy both on penetration 
and escape from the c rys ta l so the spectrum becomes a plateau or shoulder, 

w ith a well defined high energy edge.
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Meyer el; al (1970) have developed the method fo r  ca lcu la ting  the area 
densU j o f ta rge t atoms from the counts in the peak fo r  a p a rtic u la r 
adatom, and the number o f counts per u n it depth due to  sca tte ring  by the 
substrate - In th is  case carbon (diamond).

where P = counts in surface layer peak
AS = counts per channel In substrate spectrum 
AE2 = channel width (energy u n its ) 

dz/dE2 = energy to  depth conversion fac to r = 14 A/keV fo r  1,0 MeV He 

Zc ■ atomic number o f carbon 

Z1 = atomic number o f adatom under investiga tion  
Pdia ■ density o f diamond 3,52 g/cm3 
Nav = Avogadro's numbar 6,023.ID23 
Mg = mass number o f substrate = 12 fo r  carbon.

The ca lcu la tio n  y ie lds the numbers o f atoms per cm2 on the surface. With 

su itab le  assumptions about the s tate o f the surface, and on a defined 
c rys ta l plane such as [111J, the number o f carbon atoms in the 1m ed ia te  

surface layt** can be calculated and the count o f adatoms converted to  an 
equiva lent monolayer. For instance, the carbon atoms in the topmost layer 
o f  an ideal ( i l l j  plane occur w ith  a frequency o f  1 per 55 000 square 
picometres, or 1,62.1013 per m2.

Experimental Details

The 1,0 MeV p a rt ic le  Cockcroft accelerator at the Schonland Centre fo r 
Nuclear Sciences o f  the U n ive rs ity  o f  Witwatersrand was used to  provide the 
p a r t ic le  beam. Further d e ta ils  o f the system are given by Annegarn 

(1976). The diamond te s tp la te  was mounted in a holder w ith an add itiona l 
be ry llium  shield over the fro n t face o f the holder to  reduce s tray 
re f le c tio n s , which otherwise lead to  a noisy background in  the spectrum.
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Meyer e t al (1970) have developed the method fo r  ca lcu la ting  the area 

density o f ta rge t atoms from the counts in the peak fo r a p a rtic u la r 
adatom, and the number o f counts per u n it depth due to  sca tte ring  by the 
substrate -  In t h i t  ise carbon (diamond).

where P = counts In surface layer peak

&S = counts per channel 1n substrate spectrum 
AE2 = channel width (energy u n its ) 

dz/dE2 = energy to  depth conversion fac to r = 14 A/keV fo r  1,0 MeV He 
Zc = atomic number o f carbon 

Zi = atomic number o f adatom under investiga tion  

Pdia a density o f diamond 3,52 g/cm3 
Nav = Avogadro's number 6,023.1023 
Mc = mass number o f substrate = 12 fo r carbon.

The ca lcu la tion  y ie ld s  the numbers o f atoms per cm2 on the surface. With 

su itab le  assumptions about the s tate o f the surface, and on a defined 
crys ta l plane such as [ l i l j ,  the number o f carbon atoms in the Immediate 
surface layer can be calculated and the count o f adatoms converted to  an 

equivalent monolayer. For Instance, the carbon atoms in the topmost layer 
o f an ideal [111) plane occur w ith a frequency o f 1 per 55 000 square 
picometres, or 1,82.1019 per m2.

Experimental D eta ils

The 1,0 MeV p a rt ic le  Cockcroft accelerator at the Schonland Centre fo r  

Nuclear Sciences o f the U n ivers ity  o f Mitwatersrand was used to  provide the 
p a r t ic le  beam. Further d e ta ils  o f the system are given by Aimegarn 

(1976). The diamond te s tp la te  was mounted in  a holder w ith an add itiona l 
bery llium  shield over the fro n t face o f the holder to  reduce s tra y  
re f le c t io n s , which otherwise lead to  a noisy background in  the spectrum.



The holder was positioned in  a special goniometer equipped w ith  an electron 

flood to  in h ib it  charging o f the non conducting diamond. The vacuum in

th is  section o f the ion beam lin e  was maintained at be tte r than 10-5
m il l ib a r .

Test Diamond

The Ion beam induced surface damage, evident as a black spot a fte r  the
experiment, was removable only by heavy po lish ing . Because th is  adversely 
affected p a ra lle l te s tin g  by cap llla rograph ic  methods, a th ird  diamond 
p la te le t ,  o f s l ig h t ly  sm aller dimension than the [ 111| p la te le t used fo r 

w etting , and w ith  major face near the [ l l l j  plane, was used fo r the R8S 

testwork. Both sides were used, allow ing normally 4 to  8 beam spots, 
before the surface needed repo lish ing  to  remove, the rad ia tio n  damage. A 
Laue X-ray d if f ra c t io n  analysis o f the diamond revealed tha t the major
faces were 5 degrees o f f  true  [ l l l j  planes.

5.3 Low Energy Electron Diffraction

electrons o f s u f f ic ie n t ly  low energy (100 eV fo r  instance) w il l  have a 
wavelength, according to  the partic le /w ave d u a lity  o f de B roglie  (1924) of 
the order of 100 pm. They may be expected to  create in te rfe rence patterns 
w ith  period ic s tructu res such as c ry s ta ls , which have a la t t ic e  spacing of 

the same order. A lso, because o f th e ir  low energy, the depth w ith in  a 

c rys ta l from which e la s t ic a l ly  scattered electrons emerge, is  very small. 
This makes them useful probes fo r the la t t ic e  s truc tu re  o f the surface o f 
c ry s ta l.  E rtl and Kuppers (1974) describe the development o f the 
techniques o f low energy e lectron bombardment and detection and the 
geometrical theory o f d if f ra c t io n .  The p o s s ib i l i ty  o f surface 

reconstruction a fte r  reaction w ith  hydrogen or oxygen, or the generation o f 
surface groups w ith a fixe d  p e r io d ic ity , could be detected by th is  

technique.

The Geometrical Theory of D iffraction

The e la s tic  in te ra c tio n  o f the impinging e lectrons, w ith  one or two topmost 
layers o f the c ry s ta l, may be viewed as the sca tte ring  o f monochromatic



waves by a two dimensional la t t ic e  or mesh. A ll regular surface 
arrangements can be classed in to  5 ..wo-dimensional Bravals la tt ic e s  by the 
use o f two basis vectors, ai and a2. These are the sides o f the smallest 
paralle logram , which by tra n s la tio n  generates the surface mesh. In the 

case o f diamond [ 11IJ ,  the two vectors are o f equal length and at an angle 
o f 60 degrees, the co-ca lled  hexagonal mesh. The vector length is 252 pm.

The de fin ing equations fo r  the angles are : 

h
A = —  . . . .  (19)

d (s in  * - s in  * 0 ) * . . . .  (20)

d = la t t ic e  spacing 

4 = angle o f constructive  interference 

*0 ■ Incident beam angle (to  normal) 
n (integer)®  d if f ra c t io n  order

Usually the surface atoms can be considered as equally spaced rows, o f rcw 

spacing d, and where the inc iden t beam is normal sin * 0 = 0

nX n 1
then s in  * = —  = -  • 1417 • _  . . . .  (21)

d d /U

where U = accelerating voltage o f the e lectron beam 
d = row spacing in pm.

see Appendix 4.

In p rac tice , the re fle c te d  beams w ith constructive in te rfe rence  f a l l  on a 
hemispherical screen centred on the diamond sample. This is  an image of 
the reciprocal space mesh. The m atrix equations de fin ing  the coordinate 
transform ation from real space to reciprocal space are given in  Appendix
4. The symmetry o f the diamond surface mesh gives a hexagonal la t t ic e  in 
rec iprocal space too , but the spacing o f the spots is  in Inverse proportion
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to  the spacing o f the real sca tte ring  centres. Thus, a surface ad atom 

which is  attached at every second carbon surface atom, with a consequent 
la t t ic e  constant o f 2 x 252 pm, w il l  generate a supe rla ttice  w ith  defin ing 
vectors tw ice the length of the diamond la t t ic e .  In reciprocal space th is  
w i l l  form a la t t ic e  which has beamspots midway between the spots o f the 
o r ig in a l pattern (Pate 1986).

This e ffe c t was used to determine whether there was reconstruction, or a 

period ic  adsorption o f hydroxyl groups or oxygen atoms on the surface o f 

the te s t diamonds.

Experimental Details

LEED patterns of two o f the te s t diamonds were obtained using the SOLAR 300 
UHV chamber w ith Vacuum Generators LEED system at the Schonland Research 
Centre fo r  Nuclear Sciences. The system is  shown in Figure 17. The 
patterns were obtained at several voltages, but the most intense patterns 

occured near 220 v o lts . In some experiments a d ig ita l readout o f the 
voltage appears on the photographs.

Diamonds TP1 and TP2 were tested a fte r the standard cleaning step, and
inc lud ing  a period o f bake-out in ine UHV chamber at 473 K. Sample TP2
(surface 5 degrees o f f  ( 111 | ) was heated to  673 K in UHV and the LEED 

patte rn  examined again.

5.4 X-ray Photo-electron Spectroscopy

The e xc ita tio n  o f atoms near the surface o f the diamond c rys ta l by 

mono-energetic X-rays resu lts  In absorption o f a photon o f ch a ra c te ris tic  
energy, and prompt emission o f a photo-e lectron. Electrons from a l l  the 
o rb ita ls  which have binding energies lower than the photon energy w il l  be 
exc ited , but the k in e tic  energy o f the emitted e lectron w il l  be reduced fo r
o rb ita ls  o f higher binding energy. This is expressed by the re la t io n  :
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fig 17 low energy electron diffraction apparatus
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b sw ive lling  m irror 
c e y e p i e c e  
d d ig ita l voltage display 
e viewport 200 mm on standard UHV flange 
f grid feedthrough 
g electron gun feedthrough 
h electron gun 
I m u-m eta l sh ield
j heml-spherical cathodolumlnescent screen 145 mm 
k g r i d s  
m specim en
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Ekin = hu -  Ej) -  e^Sp • •• •  (22)

Ekin is  the k in e tic  energy o f the detected e lectron 
Eb is  the binding energy o f the detected e lectron 
e^sp is  the work function  fo r  the sample

When the spectrum o f energies o f emergent electrons is  scanned by a 
su itab le  analyzer, a series o f peaks at energies c h a ra c te r is tic  o f the 

atoms present in the surface region w i l l  appear. The techniques o f Carley 
and Roberts (1977) was used fo r the ca lib ra tio n  and in te rp re ta tio n  o f the 
peak heights and s h if ts .

The relevant equation is shown as equation 23.

Yn, N cos 6 ys p5 A
o = —  • ------------------------ . . . .  (23)

Ys vm Mg

where a = surface coverage by (oxygen) adatoms atoms/cm2

Y,,, = integrated XPS peak area fo r adsorbed atoms (oxygen) corrected 
fo r  the increase in  analyser s e n s it iv i ty  w ith  decreasing k in e tic  
energy

Ys » integrated peak area fo r  substrate carbon
N = Avogadro's Number
6 = system geometrical constant, 25 0 
ys « pbo to ion iza tion cross-section fo r  carbon = 1.0

Pm = photo ion ization cross-section fo r  oxygen
« 2,92 (Schofie ld  1976) 

p = diamond density , 3,52 g/cm3 

X = photoelectron escape depth (AIKa)
= 10 x 10-8cm (Pate 1986}

Ms « Mass number o f carbon 

-  12,01
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D ep th  S e n s i t i v i t y

The depth o f the crys ta l probed 1s governed by the depth from which 
electrons can escape. This is  ca lled  the mean free  path or escape depth 
and has been determined fo r diamond by Pate e t al (1983) using a range o f 
primary energies up to  1250 eV, On the [111J plane, th is  depth is  o f the 

order o f 1000 pm, or approximately f iv e  double sheets. (The s truc tu re  o f 
the [111J planes is  such tha t side view reveals a lte rn a te ly  c lose ly  spaced 
and more d is ta n tly  spaced sheets o f atoms, conveniently regarded as double 
sheets, at a spacing o f 204 pm (See Figure 2 )).

Although th is  is  not a pure ly surface se ns itive  technique, the surface 
layer w i l l  contribute more to  the signal because o f sh ie ld ing  and 

attenuation e ffe c ts . The a ttra c tio n  o f the technique is  tha t i t  provides 
not on ly  id e n tif ic a tio n  o f  the atomic species present, since each element 
has a unique combination o f electron energy leve ls , but also some 

inform ation about the re la t iv e  frequency o f each species and even the 
chemical environment in which hetero-atoms are bound. This la s t e ffe c t is 
due to  the "chemical s h i f t " ,  the small change in  the e le c tro s ta tic  
p o te n tia l o f an atom, and so on the binding energy o f even the core 

e lectrons, when involved in  a covalent bond w ith  a heteroatom o f d if fe re n t 

e le c tro n e g a tiv ity .

The most a ttra c tiv e  feature o f XPS is  the non-destructive nature o f the
in te rro g a tio n . Ion beams tend to  desorb or destroy the surface during
ana lys is , but o n lj very unstable surface compounds are susceptib le to
damage by X-rays. Obviously, the use o f an u ltrah lgh  vacuum technique w i l l  

force desorption o f phys ica lly  adsorbed molecules, but th is  is  so fo r 

almost a l l  the surface spectroscopies.

I t  Is possible to combine analysis o f the surface w ith  more severe
treatments, lik e  heating, desorption and ion etching in order to  obtav 
Inform ation about the type o f bonding employed by the surface adatoms.
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The major disadvantage found in these experiments was the rather broad 
analyzed area. In a i l  cases, some signal was detected o f f  the sample

holder. This arises because o f the d i f f ic u l t y  in focussing the X-ray beam,
and co llim a ting  the emitted e lectrons, on a ta rge t as small as the:e te s t 
diamonds.

E x p e r im e n ta l D e ta i ls

The elements o f the Vacuum Generators CLAM system mounted on a SOLAR 300
UHV chamber are shown in Figure 18.

A choice o f target m ateria l is  possible. This changes the energy o f the 
incident X-rays, hence the pos ition  o f the XPS peaks in  the analyzed 
spectrum. The emergent e lectron beam is analyzed using a hemispherical 

re ta rd ing  lens analyzer, w ith d ig ita l d isp lay o f the analyser voltage fo r
good location o f peaks. In p rac tice , there was a s lig h t  d r i f t  in the

analyzer datum, so tha t the carbon ( Is )  peak appeared between 1198 and 1203 
eV on the k in e tic  energy scale. This is not Important, as both the carbon 
and oxygen ( Is )  peaks are obvious, and cannot be confused with other 
species. The spectrum is recorded on an analog chart recorder.

In  the ea rly  stages o f th is  experimental program, the on ly method fo r
in troducing the sample (diamond) was by removing the top p la te  o f the UHV 
chamber. This p la te  ca rries  the sample manipulator and heater contacts. 

Because th is  procedure allowed moist a ir  in to  the UHV chamber, the e n tire  
system required baking at 473 K before a reasonable vacuum could be 
obtained. A vacuum o f be tte r than 10-8 m ill ib a r  is required fo r XPS. The 
diamond was thus subjected to  temperatures o f 473 K fo r  several hours, 

which could have caused desorption o f surface oxygen groups.

Early in 1987, a Leybold Heraus sample in troduction  rod was f i t te d  to  the 
UHV system. This allows the movement o f the sample, on a spec ia lly

designed "boat", from atmosphere, through a chamber where gas reactions can 
be conducted, onto the sample manipulator. No bake-out is then required 
and the surface can be analysed w ithout delay. The boat f i t s  in to  a c iip  
in  the rod which allows passage o f e le c tr ic a l current through the stainless
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s tee l p la te  supporting the diamond. This allows heating o f the diamond In 

the reaction chamber. In th is  way oxidation o f the diamond could be 
achieved. The temperature a tta inab le  were not high enough fo r useful 
hydrogenation experiments In th is  chamber; Hydrogenation was performed 
rem otely, in  a s i l ic a  tube furnace.

A number o f mechanisms fo r  mounting the diamonds on the boat were 

attempted. An important consideration was the amount o f oxygen signal 
generated by X-rays impinging on the sample holder. This was gold plated 
because gold has a low re ten tion  o f adsorbed oxygen In UHV.

The best approach was found to  be strapping o f the diamond to  the holder 
using a system o f f in e  holes and 0,3mm gold w ire. The diamond was 
positioned fo r  analysis on the manipulator by minimizing the gold (4 f) 
peak, w h ils t maximizing the carbon ( Is )  peak, and the blue (X-ray induced) 
luminescence o f the diamond, which could be seen through an upper viewing

The sample manipulator has a b u i l t  in  heater fo r thermal desorption 
experiments. There is  a thermocouple fo r  readout o f sample temperature.



CHAPTER 6 -  RESULTS

6.1 Caplllarographs

The re s u lt o f an Ind iv idua l experiment 1s a caplHarograph which Is a p lo t 

o f force vs depth o f Immersion. The computer data re tr ie v a l technique 
allows Instantaneous ca lcu la tion  o f a contact angle from the basic equation 
shown In Figure 4. Not every contact angle Is  an equ ilib rium  (dynamic) 
angle because o f the phenomenon o f "h lngelng". Figure 19 shows the phases 

o f an experiment o f  three cycles o f Imnerslon. Hlngelng occurs at the end 
o f a pass, where the three phase lin e  1s sta tiona ry and the contact angle 

swings from an advancing to  a receding value. This Is  seen as the steep 
(and smooth) sides o f a caplHarograph. By a simple numerical 

d if fe re n t ia t io n  o f the data to detect the slope, these data can be excluded 
from ca lcu la tion  o f the true  advancing and receding contact angles. Figure 

20 shows an actual caplHarograph p lo tted  from data stored during an 

experiment w ith  TP1, in  the cleaned sta te . Since th is  sta te  Is 
Intermediate between an extremely hydrophobic s ta te  and a hydroph ilic  
s ta te . I t  is  designated "INT" (discussed more fu l l y  below, Section 6.4)

I t  1s possible to  e x trac t a value fo r the advancing and receding contact 
angles by a graphical construction which Is i l lu s tra te d  in Figure 20. Two 
lines are drawn to  be the best f i t s  to the groups o f lines  In the stable 

advancing and receding sections o f the loop. These lines (or th e ir  
extrapo la tions) w i l l  in te rse c t the v e rtic a l lin e  corresponding to zero 

immersion depth. At th is  p o in t, the force Is so le ly  due to  the meniscus 
weight, since dry weight has been tared o f f  e le c tro n ic a lly  by the balance. 
In th is  example the construction gives 21 mgf 1n the advancing mode and 91 
mgf in the receding mode. The perimeter o f th is  diamond Is 1,388 cm. The 

surface tension {In  mgf - the author begs leave to  forsake the pure SI 
system fo r  ju s t  th is  one example, and u n t i l  the balance manufacturers s ta rt 

to  provide d ire c t readings in Newtons), 1s 73,8 my/cm and hence :

advancing contact angle = arc cos (21/1,388,73,8) = 78 degi'es
receding contact angle = arc cos (91/1,388.73,8) = 28 degrees

The measure adopted to  combine these values Into a s ing le  Index o f 

w e tta b il ity  Is the average adhesion tension :
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fig 19  stages in the  w etting hysteresis  loop
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adhesion tension = 72,4 (cos 9a + cos 9 r)/2  = 39,5 dyn/cm or mN/m.

In operation unaer computer c rn tro l,  the graphical construction is  replaced 

by ca lcu la tions at 50 (approx) points on the stab le advancing or receding 
sections, w ith averaging o f  the re su lts  at the end o f each pass.

Figure 21 shows the superimposed capillarographs fo r  one diamond a fte r 
three d if fe re n t treatments :

1. Oxidation at 693 K in  oxygen

2. Normal a t t r i t io n  cleaning

3. Hydrogenation at 1023 K in UUP hydrogen.

The capillarographs are progressively displaced downwards (lower wetting 
force or adhesion tension) and the d iffe re n tia t io n  between the states is 

c le a r, even though the hysteresis loops overlap. This is  because the 
advancing angle on, say, an intermediate surface, is s t i l l  hfgfier than the 
receding angle on an hydrogenated surface.

Because the capillarograph is  not a very condensed method o f d isp laying the 
data, a l l  fu rth e r re su lts  w il l  be presented as e ith e r :

1. A single adhesion tension

2. A p a ir of contact angles from the average of three passes.

Each f u l l  pass takes 0,2 hours, therefore th is  re s u lt re fers to  a surface 

in  contact with the te s t so lu tion  fo r  0,3 hours.

F igure 22 is a capillarograph obtained w ith a glass p la te  o f perimeter 
2,350 cm, matching the shape o f  diamond TP3 as fa r  as possib le . A very 
shallow hysteresis loop (v ir tu a l absence o f hyste res is) was obtained. The 
graphical method gives a mean meniscus force (advancing and receding) of 

173 mg, and hence a contact angle o f less than 4 degrees -  e f fe c tiv e ly
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zero. This te s t was used to  monitor contaminant Ingress In to  the c e l l ,  and 
cleaning techniques.

6.2 Polished Diamond Surfaces

Appendix 5 contains the re su lts  o f experiments on TP1, major face [111J and 
TP3, major face (110J using alumina a t t r l t lo n in g  as a cleaning step. These 

experiments were conducted over a period o f two years. Some o f the e a r lie r  
re su lts  fo r TP1 were obtained by po lish ing  manually on a microscope s lid e . 
Later resu lts  were obtained by po lish ing in the glove box on a glass disc 
a t approximately 200 rpm using three minutes per side. Histograms showing 
the d is tr ib u tio n  o f adhesion tension fo r  the two surfaces are shown in 
Figure 23. The re su lts  show considerable sca tte r, but th is  Is thought to  
be a real e ffe c t deriv ing  from the v a r ia b i l i ty  o f surface composition o f 
the diamond surface fo llow ing  various chemical treatments In p r io r  
experiments, ra ther than experimental e rro rs . This is  discussed in Section 

8.3.

The major resu lts  may be presented in th fs  abbreviated tab le , showing the 
average advancing and receding angles, and the adhesion tension, fo r  [ l l l j  

and (UOJ faces :

TABLE 7 -  METTABILITY OF MECHANICALLY CLEANED DIAMOND SURFACES

Advancing Angle 
Degrees

Receding Angle 
Degrees

Adhesion Tension 
mN/m

TPl
[ l l l j  Surface

76 4 5 29 *  5 40 ± 4

TPS
[UOJ Surface

71 4 25 i  5 45 ± 3



M f l l



6.3 Oxidized Diamond Surfaces

Figure 24 shows the e ffe c t o f treatment o f [ 111J and [110J surfaces in 
oxygen, at approximately 90 kPa absolute pressure, and progressive ly higher 
temperatures. The time o f  exposure was 0,5 hours at the stated 
temperature, w ith  p rogressive ly longer heating up and c o d in g  times a t the 
higher temperatures.

These figures show tha t oxidation o f the surface, evident as increased 

w e tta b il ity  or adhesion tension and lower contact angles, begins at 
approximately 470 K and progresses v ir tu a l ly  to  completion at 720 K. The 

adhesion tension approaches 70 mN/m at th is  po in t, only s l ig h t ly  less than 
tha t fo r clean glass (72 ,4 ). Sappok and Boehm (1968) demonstrate the same 

e ffe c t fo r  diamond powders at 690 K, The [ l lO j  surface appears to  be more 
susceptib le to oxidation than the [111] surface. The [ l lO j  diamond 
approaches to ta l w e tta b il ity  at a temperature some 50 K lower than does the 
[ l l l j  surface.

The extremely hydroph ilic  sta te  appeared to  be unstable, w ith a slow but 
reproducible reversion towards more hydrophobic behaviour. This Is shown 
In Figure 25. This process is more pronounced i f  the surface is 
a t t r it io n e d  w ith alumina. Table 8 shows the resu lts  o f tes ts  performed on 

the [ H i j  diamond, fmmedfately a fte r  ox ida tion  at 690 K, and then a fte r 

p rogressive ly longer periods o f a t t r i t io n  cleaning, using alumina abrasive 
in a glovebox.

TABLE 8 -  EFFECT OF ATTRITION CLEANING ON THE OXIDIZED [ l l l j  SURFACE

State adv engle 
decrees

rec angle 
degrees

adh tension 
mN/m

Oxidized 690 K 37,3 11,6 64,2
Reclean 3 mins 62,4 23,2 50,0
Reclean 6 mins 70,1 28,0 44,3
Reclean 9 mins 69,0 25,2 45,7
Reclean 12 mlrts 73,4 28,6 42,1
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fig 25 recovery from hydrophilic state
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The trend 1s shown in Figure 26. Apart from an anomaly at the th ird  

cleaning step, which may have been caused by Inadvertent contamination, the 
surface tends towards the value seen fo r  the clean polished surface in 
Section 6.2. This e ffe c t helps to  explain the sca tte r seen In the re su lts  
fo r  the mechanically cleaned surface. I f  we conclude th a t the process of 

po lish ing  removes microfragments o f oxidized surface, and replaces them by 
new surface which then e q u ilib ra te s  w ith  the aqueous environment at the 

time o f po lish ing , then there may be areas o f the diamond surface which are 
protected from po lish ing , because o f o rie n ta tio n  or ru g o s ity , and therefore 
p e rs is t a fte r  a few stages o f cleaning. Chemical m od ifica tion , by fo r 
Instance, reduction w ith  hydrogen at 1020 K, w i l l  not be impeded by surface 
roughness.

Hydrogenation In Solution

Hydrogenation o f surface oxides by an organic hydrogenating agent, lith iu m  

aluminium hydride in d ie th y l e ther, was attempted. The technique was f i r s t  

performed on a polished surface, and then on a surface which had been 
ox id ized. An acid rinse  is  required to  decompose aluminium reaction 
products on the surface.

TABLE 9 -  HYDROGENATION BY LITHIUM ALUMINIUM HYDRIDE IN ETHEREAL SOLUTION

Adhesion Tension
mN/m

Intermediate - polished 46,3
LIAlHi, + acid rinse 45,0
Oxidized 63,9
LIAlHt, + acid rinse 49,4

The acid rinse may have had the e ffe c t o f decomposing surface oxirane type 
groups. There is a c lea r decrease in  the w e tta b il ity ,  but 1t 1s not 
possib le  to  say whether the hydroph ilic  species destroyed was a surface 
carboxy llc  acid or an epoxide group. Note tha t there is no s ig n if ic a n t 
e ffe c t on the w e tta b il ity  o f the polished surface, a fte r  treatment with 
lith iu m  aluminium hydride.



Oxidation by Chromic Acid

Oxidation by hot concentrated chromic acid produces a less severe increase 
in  w e tta b il ity  than gaseous ox ida tion . The [111J surface was exposed to  
chromic acid (Lelah et a! 1979) fo r  ten minutes a t 90 °C . Th.s was

followed by r in s in g  w ith  ultrasound and drying in  the glovebox.

TABLE 10 -  EFFECT OF CHROMIC ACID AND ATTRITION ON THE [U 1J  SURFACE

Advancing
Angle

Degrees

Receding

Degrees

Adhesion
Tension

Polished, clean 79 33 37,3
Chromic acid 62 22,5 50,4
Reclean 3 mins 64,7 27,8 47,5
Reclean 6 .mins 73,2 27,3 42,6
Reclean 9 mins 73,6 28,9 41,9

This is  shown in Figure 27. The chromic acid appears to  be less s trong ly  
o x id iz ing  than the high temperature oxygen, and the (interm ediate) 

hydrophobic s ta te  is  achieved w ith  lim ited  a t t r i t io n in g .

6.4 Hydrogenated Diamond Surfaces

Diamonds w ith [111] and [110] major faces were exposed to  hydrogen at 
p rogressive ly higher temperatures. Figure 28 shows tha t there is  no e ffec t 
u n t il 720 K, at which point the surface becomes s ig n if ic a n t ly  more 
hydrophobic, reaching a maximum at 1020 K. The surfaces were p a r t ia l ly  

oxidized at the s ta rt o f the series, which accentuates the tra n s it io n , and 

the [110] surface s tarted considerably more hydroph ilic  than the [111] 
surface. The change is  most pronounced at approximately 770 K, which is  
the range o f temperature where the most rap id  thermal desorption o f CO and 

C02 from diamond powders has been seen (Matsumoto e t al 1977). I t  is  
possible that the hydrogenation process requires the desorption o f a CO 
group, exposing a reactive  surface carbon atom fo r  hydrogenation, ra ther 
than s p l i t t in g  o f the C-0 bond.
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The [111] surface appears to  be more susceptible to  hydrogenation, a fte r 
p a r t ia l ox ida tion , than does tho [H O j surface. This may be a re su lt o f 

the more favourable s ites  fo r  oxygen chemisorption on a net [110J face.

The hydrogenated surface was very stab le. The diamonds were stored in a 

desiccator fo r  10 days and re tested, w ith  no s ig n if ic a n t change in the 
adhesion tension c h a ra c te r is tic  o f  the s trong ly  hydrophobic sta te .

The hydrogenated surface could be removed by a t t r i t io n  cleaning. Figure 29 
shows the re su lt o f progressive ly longer po lish ing with alumina. A fte r 
three stages of po lish ing  the adhesion tension approached tha t o f the 

standard intermediate surface (40 mN/m). At th is  stage a chemical 

treatm ent, w ith a c id ifie d  potassium dichromate, was applied. There was a 
small increase in w e tta b il ity ,  ind ica ting  that some surface groups were 
susceptib le to mild oxidants. A lte rn a tiv e ly  th is  may have been caused by 
adsorption o f a hydrated cation (see Section 9.7) because a subsequent 
po lish ing  stage produced a s l ig h t ly  more hydrophobic state.

An examination o f Figure 26 In conjunction w ith Figure 29 demonstrates that 

there is  a continuum o f states o f w e tta b il ity  fo r  the diamond surface, 

ranging from : very h yd ro p h ilic , but re la t iv e ly  unstable, a fte r oxidation 

at 670 K, w ith adhesion tension near 70 mN/m,

through a more hydrophobic range, most usually seen on mechanically 
polished surfaces, w ith  a median adhesion tension at 40 mN/m,

and on to a very hydrophobic s ta te , a fte r  hydrogenation at 1000 K, stable 

against chemical attack at room temperature, with adhesion tension 20 mN/m.

In  fu rth e r discussion the fo llow ing  id e n tif ic a tio n  o f these states is  
proposed :

TABLE 11 -  CLASSIFICATION OF WETTING BEHAVIOUR

H I The very hydrophobic state

0 I The hydroph ilic  s ta t :

In t  1 The intermediate sta te  ;
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To some extent the Intermediate s ta te  Is a range o f s ta tes, depending upon 

the d ire c tio n  o f the most recent treatment, ox ida tion  or hydrogenation.

These states can be classed according to  adhesion tension :

TABLE 12 -  ADHESION TENSION OF THE DIFFERENT CLASSIFICATIONS

State Adhesion Tension (mN/m)

H 18-25

Low In t 25-40

High In t 40-55

0 55-72

The median o f the re su lts  fo r the polished [ H l j  and [110J surfaces
(Section 6.2) provides the boundary between low intermediate and high 
intermediate values. Nassau and Schonhorn (1977) give a contact angle fo r 
the polished diamond surface o f 47 -55 degrees. I f  we assume tha t th is  is  

a reasonable average o f receding and advancing values, then th is  
corresponds to  an adhesion tension o f 49-42 mN/m. This is  in f a i r
agreement w ith the present work, p a r t ic u la r ly  since the top face o f  a
b r i l l ia n t  cut diamond (as tested by them) w il l  not be a [111J face, but
something closer to [100J, l ik e ly  to  have a higher frequency o f surface 
oxides (Verwoerd 1986) and hence p o te n tia lly  more hyd roph ilic .

6 . 5  Z is m a n  P l o t

The Zisman p lo t 1s a recognized too l fo r characteriz ing the surface energy 
o f a s o lid , Independent o f  a p a rtic u la r  wetting liq u id  (Zisman 1964). A 
method fo r  determination o f y c , the c r i t ic a l  surface tension o f wetting o f 
m inera ls, using so lutions o f methanol In water has been given by Kelebek 
and Smith (1985).

a h *  .a a



Tests were performed w ith diamond TP1, w ith  [1 I IJ  major face in  an 
hydrogenated sta te  and diamond TP3, w ith (110J major face in  an 
intermediate state.

The resu lts  are shown in  Table 13 and the Zisman p lo ts appear as Figure 30. 

TABLE 13 -  DATA FOR ZISMAN PLOTS

( l l l j  Hydrogenated

Volume % Methanol y  mN/m Advancing Receding Adhesion
Tension

Degrees Degrees

0 72,4 55 41 30,5
5 60,0 82 39 27,5

10 51,4 81 34 25,3
25 42,4 72 26 25,6

100 22,5 0 0 22,5 * excluded

[ l lO j  Intermediate

Volume 56 Methanol Y mN/m Advancing Receding Adhesion
Angle •Tension

Degrees Degrees mN/m

0 72,4 72 26 44,6
5 60,0 69 20 38,9

10 51,4 65 0 36,6
25 42,4 59 0 32,1

100 22,b 0 0 22,5 *  excluded

*  data excluded from p lo t because to ta l wetting occurred.

Linear regression gives the fo llow ing  equations fo r the Zisman p lo ts  in 

Figure 30 :

[111J hydrogenated : y cos e = 0,175 y n  + 17,3
[110J intermediate : y cos 6 = 0,405 Yiv + 15,2

hence by se tting  cos e to  1 and solving we fin d  the c r i t ic a l  surface 

tensions o f wetting :

[111J hydrogenated : Y c r it  * 21 mN/m
[ l lO j  Intermediate : Y c r it  = 26 mN/m
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This can be seen again from the in te rcept w ith  the diagonal on the p lo t .  

Kelebek and Smith (1985) fin d  values o f 40 -  45 fo r coals* 29 fo r  the 
cleavage plane o f molybdenite and 27 fo r  a sulphur crysta l face. Zisman 
quotes 22 fo r a surface o f methyl groups, I .e .  a p a ra ffin  wax. We conclude 
tha t the hydrogenated surface has a character esse n tia lly  s im ila r to  a 

p a ra ffin  wax, and tha t even the polished surface is  mainly composed o f 
hydrophobic, low energy s ite s .

6.6 Optical Contact Angle Measurement

The op tica l or photographic technique was used to  fin d  the advancing and 
receding contact angles on the surface o f good "near octahedral" diamond 
c rys ta ls . Figure 31a shows a diamond s t i l l  "locked in the k im b e rlite " . 

Figure 31b shows the advancing angle on the newly liberated surface and 31c 
shows the receding angle.

Table 14 shows the resu lts  found by the author and another independent 

party  o f constructions to f in d  the contact angles at the le f t  and r ig h t  
edges o f the drop lets.

TABLE 14 -  OPTICAL CONTACT ANGLE MEASUREMENTS ON NATURAL FACES

Author's Measurements Independent Measurements

Exposed Surface Exposed Surface Fresh surface

degrees degrees degrees degrees degrees degrees
adv

degree degrees

70 36 76 39 74 37 78
55 34 68 27 52 34 57 24
78 27 67 25 58 33 57 24
52 26 77 30 80 32 69 32
67 35 73 26 78 37 69 30
78 38 65 30 81 45 80 36
75 67 32 74 60 69 36
65 69 34 68 65

70 29 81
61 62

68

(Averages 67,50 32,67 69,30 30,22 70,63 39,71 68,64 34,43
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fig 31 photographs from optical contact ang le  studies
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The adhesion tensions ca lcu la ted from these re su lts  are

exposed surface: 40,0 -  44,3 mN/m 
fresh surface : 43,0 - 44,1 mN/m

which are in the range seen fo r  the Intermediate sta te  o f mechanically 
polished surfaces.

The advancing angles were generally lower, and the receding angles 
genera lly higher, than found by capillarography. This is in part due to 

re laxa tion  during the time required to  make an o p tica l measurement, where 
cap illa rograph ic  angles are measured Instantaneously, and in part due to 
evaporation from the d rop le t. Fortunately the e rrors tend to  cancel in 
ca lcu la tin g  the adhesion tension.
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fig 32 relative wettability of natural surface
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CHAPTER 7 -  RESULTS OF SPECTROSCOPIC ICTHOOS

7.1 Sequence of Experimentation

H is to r ic a lly , the XPS technique was attempted before the RBS or LEED 
techniques. Because o f d i f f ic u l t ie s  w ith an 0 ( ls )  signal derived from the 

sample holder during XPS, which made quan tita tive  measurement o f the oxygen 
coverage o f the surface d i f f i c u l t ,  the R6S technique was used. There were 
in i t ia l  d i f f ic u l t ie s  even here, because o f a high background caused by 
secondary sca tte ring  o f ions. A fte r solving th is  problem by the use o f a 

beryllium  sh ie ld , be tte r q u a n tita tive  resu lts  were obtained * rm  the 
surface. This indicated an approximately 1/3 monolayer coverage by oxygen, 
which was then followed up using the XPS technique, using a larger diamond, 
a goldplated holder fo r the diamond, and in troduction  o f the diamond by 
means o f a UHV tra n s fe r system (see 5.4).

7.2 Rutherford Backscatterlnq Results

7.2.1 Oxygen Analysis

Experiments w ith mechanically polished and oxidized surfaces in  the early 
stages were characterized by a hiqh background in the spectra, and no 
s ig n if ic a n t d iffe rence  between polished or oxidized surfaces. Oxygen 
levels o f 0,6 to 0,7 monolayer were ca lcu lated. There was often 
s ig n if ic a n t level o f Fe and Si (up to  0,4 ML). This suggested changes in 
the cleaning equipment, longer u ltrason ic  r in s in g , and the use o f a 

beryllium  shield on the sample holder. The low atomic weight o f beryllium  
causes very l i t t l e  secondary sca tte ring .

A fte r the inc lusion o f the bery llium  sh ie ld , be tter spectra were obtained. 
Examples are shown In Figure 33. The use of a logarithm ic scale In these 
spectra, to  allow inclusion o f the high carbon s igna l, causes some 

d is to rt io n  o f the smaller peaks, and zero suppression which obscures the 
low level background s igna ls . The region of the oxygen peak, channels 70 
to 80, was rep lotted on a lin e a r scale and th is  is shown in Figure 34. The 
oxygen peak cun be seen, c lear o f the background.
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CHAPTER 4 -  CAPILLAROSRAPHIC APPARATUS AND REAGENTS

4.1 C e ll and Weighing Linkage

A schematic diagram o f the cap illa rog raph tc  apparatus used in th is  study is 

shown in  Figure 8. The elements are lis te d  in  a key to  the drawing and 

more d e ta ils  are provided below. Figure 9 shows the c e ll w ith  the close 
f i t t i n g  l id  used to  exclude labora to ry a ir .  A t r ic k le  o f high p u r ity  
nitrogen (A ir Products HP) was admitted to the c e ll through a d is tr ib u to r ,

aimed to  avoid the liq u id  surface. The nitrogen was passed through a
hydrocarbon trap (J & W S c ie n t if ic ,  Rancho Cordova, C a lifo rn ia ) and a 

Drechsel b o tt le  conta in ing reagent grade water at 25 °C . This was to
in h ib it  evaporation in the te s t c e ll and was found to  be e ffe c tiv e . A
f u l l y  wetting meniscus could be drawn onto a clean platinum p la te  and 
maintained at fixed  meniscus weight fo r  more than 8 hours.

The c e ll was therm ostatted, normally a t 25 °C , to a precis ion o f approx

0,2 °C using a Labotec Julabo water bath. For low temperature te s ts , the 

water was d iverted through a c h i l le r .

M illiQ  water was added to  the c e ll through a small glass funnel which was 
drawn down to  a t ip .  The t ip  retained a d rop le t o f water and so provided a 
gas sea l. Reagents to  modify pH and ion ic  strength could be added through 

the same funne l. A feature o f the c e l l ,  a fte r a suggestion by Lubetkin

(1985), is the f a c i l i t y  fo r vacuum cleaning the in te rfa ce . A hypodermic 
needle w ith  a square cut t ip  protrudes through the l id  to  the leve l o f the 
undisturbed planar water surface. This is  attached to  a vacuum lin e  w ith  a 

c o lle c t io n  f la s k . The surface o f the water can be drawn o f f  in  a "tornado" 
l ik e  e ffe c t ,  w h ils t adding clean water slow ly through the funne l. This has 
the e ffe c t o f sweeping surface im purities  from the c e ll and allowed the 

maintenance o f water surface tensions above 72 mN/m during -long 
experiments.

Figure 10 shows the type o f c l ip  used to  hold the diamond te s t p la te . The 
diamond was polished in the form o f a spade, w ith  a tr ia n g u la r peak which 
allowed pos itio n in g  o f the diamond in  the c l ip  in a reproducible manner.
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f ig 8 capiHarograohic apparatus gcjiem atic

t is ia ;  i motion command

nm i  r4 I fltiY.fi J

1. M ettler transm itting a lectrobalance
2. Balance table for underpan weighing
3. In lra l precision position ing table (vertical)
4. DC motor with reduction box
5. Thermostatted glass cell with level reset and N2

atmosphere
6. Anilam 10 micron d ig ita l displacement transducer
7. G alil motion controller
6. Apple lie  m icrocomputer for motion and data processing
9. 5 1/4 “ floppy disk data storage
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fig 9 deta il of capitlaroaranhic cell and lid

1. filling & addition funnel

2. sampling & cleaning 
extraction  line

3. weighing linkage through 
3 mm hole in lid

4. moist N2 supply

5. machined aluminium lid

6. low pressure N2 
d is t r ib u to r

7. square needle tip for 
interface cleaning

8.52  mm ID thermostattec 
glass ce ll

9. thermostat water inlet

10. test water drain.

- u w p " . i t * .  A .



fig 10 deta il of clip for d iam ond test plates

A h f

1. hanger wire 0 .4  mm 
b r a s s

2. clip body, platinum

3. axle and rivet, brass

4 . spring, h idden,steel

5. fitted  vee -s h o u ld er, 
p la t in u m

6. diam ond test plate



fig 11 cap illa roarap h ic  appara tus
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The v e rtic a l 1ty o f the diamond In the c l ip  was adjusted by bending the 

hanger w ire  attached to  the diamond so th a t the re f le c tio n  o f the diamond, 

when the diamond was suspended over a horizon ta l m irro r, was c o llin e a r with 
the sides o f the diamond. Two c lip s  were made, one fo r the diamond w ith 
[111J major face, and one fo r the diamond w ith  [110J major face. The body 
o f the c l ip  is  platinum , to  prevent corrosion product from a ffe c tin g  the 
water in the c e l l . The c lip s  were cleaned by ultrasound in Contrad 

detergent (also ca lled Decon in some countries ) ,  followed by three changes 

o f m illiQ  water, and stored in a desiccator over s i l ic a  gel when not in

Figures 11 and 12 show the apparatus and a close-up view o f the diamond 

in  the c e l l .  The liq u id  .u rface has not reached the bottom edge o f the 
diamond in  Figure 12, so no meniscus can be se ‘n.

4.2 Displacement and Force Transducers

Displacement Measurement and Control

The c e ll was mounted in a s p e c ia lly  f i t te d  anvdized aluminium clamping 

p la te  which assured good v e r t ic a l i t y  and no s l ip  during e leva tion . The 
clamping p la te  was bolted to the p la tfo rm  o f a precis ion pos ition ing  tab le  

(s in g le  axis tab le  2080-1, In t r o l ,  Edenvale, RSA), driven by a Unimatic 
MT2115 DC servomotor w ith 18:1 reduction box. The tab le  was operated in  
the v e rt ic a l mode, attached to  a massive support frame o f powder coated 

s te e l. The servomotor was powered by a D igiplan PWM4 servo d rive , w ith  20
amp peak motor current and slewrate o f 500Hz. The pos ition  o f the tab le
was detected by a d ig ita l lin e a r displacement transducer (Anilam A10, 
Anilam E lectron ics, M ilton Keynes, England) to  an accuracy o f  0,01 mm and a 

re p ro d u c ib ility  o f 0,01 mm in  150 mm. The displaccmani: signal was 
processed by a motion c o n tro lle r  (G a lil DMC 100, foun ta in  View, 
C a lifo rn ia ) . This "card" communicates upwards w ith  the Apple l ie  
microcomputer used to  sequence the experiment, v ia  an R5232 data lin k .  A 

pos ition  or v e lo c ity  command from the Apple computer causes the G a lil card 

to  generate the appropriate motor d rive  signal to  the servo d rive , 
depending upon the dev ia tion  from the desired p o s itio n . This system
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allowed accurate and repeatable trave rsa ls  w ith d ire c t data logging o f the 
p o s itio n . The accuracy o f  the displacement transducer and motion 

c o n tro lle r  was te led using a m ach in is t's  clock gauge mounted r ig id ly  on 
the weighing tab le (Figure 8) w ith  a 6 m  steel bracket, and found to  be 
w ith in  sp e c ific a tio n , less than 0,01 mil e rro r a fte r  repeated trave rsa ls  of 
100mm.

Force Measurement

The weight o* the diamond and support c l ip  was measured using a M ettler 
AE163 electrobalance, w ith  0,01 m illig ram  re so lu tio n , and using the 
underpan weighing f a c i l i t y .  The d ig i t a l ly  encoded weight was transm itted 

v ia  a M ettler O il data tra n s fe r module to  the Apple l ie  supervisory 
computer. The fro n t o f the weighing tab le , below the p l in th ,  was enclosed 

to  exclude d ra fts , and a window o f 200 x 80 m  in c lea r perspex was 
in s ta lle d  to  allow viewing The electrobalance system is  well suited to 
capillarography because o f the n u ll d e flec tion  p r in c ip le  (Bayramli e t al 
1981), The maximum data transmission rate achieved was once in 600

m illiseconds. For fa s te r weighing than th is ,  a s tra in  gauge or piezo­
e le c tr ic  system could be used, w ith  compensation fo r  d e fle c tio n  in the 

buoyancy ca lcu la tio n , but th is  was not necessary In these te s ts .

4.3  Water Preparation

The water used in a l l  experiments was prepared from d is t i l le d  water using a 
M il l i -Q  3-cartr1dge {Continental Water Systems, El Paso Texas) water
p u r if ie r  followed by re b o ilin g  to  remove i r ,  The co n d u c tiv ity  was always 
less t h i  0,05 uS. Surface tension was measured using a platinum p la te  o f 

dimensions very s im ila r  to  tha t o f one of the diamonds used in the 
testwork, supported in  the same way. The platinum was flamed in a low blue
hydrogen flame u n til glowing and tested w ith in  10 minutes. The surface
tension was found to be 72,4 ± 0,1 mN/m at 298K. This is  somewhat higher 

than normally found by force measuring techniques (71,9 mN/m), but Bayramli 

e t al (1981) have reported the same value, higher standard dev ia tion , 
fo r  t r ip ly  d is t i l le d  water. I f  th is  i s '  a geometry e ffe c t (the
end-correction o f Padday (1964)), t. apply equally to  the
diamonds testp ieces, which are o f s im ila r - j shape,
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4.4 Data Capture 

Data-Logglng Computer

The data from the electrobalance and from the G ain motion co n tro lle r were 
already 1n d ig ita l form. Routines fo r  In te rfa c in g  the data s tr in g  

tra n sm itte r o f the M e ttle r balance w ith  a BASIC operating program were 

provided by Protea Laboratory Services. The routines fo r sending motion 
commands to  the motion c o n tro lle r , and e x trac ting  p o s itio n  Information

during execution o f the supervisory program were developed by the author in 
consu lta tion  w ith  Ivy Systems, Cra lghall Park, RSA. The supervisory 

programs, which include the routines fo r  detecting the bottom edge o f the
te s tp la te , recognizing the buoyancy slope and accumulating averages o f the
contact angles, were w r itte n  by the author. A flow  sheet o f a typ ica l 
supervisory program appears 1n Appendix 2, and a l is t in g  o f one o f the 

programs appears in Appendix 3.

4.5 Shaping and Orientation of Diamonds

Test diamonds were made by conventional po lish ing  o f diamond c rysta ls  taken 

from the production o f Premier Mine, Transvaal. There is  a certa in  
p roportion o f  diamonds which form as f la t t is h  tr ia n g le s  (macles) or
Irre g u la r shapes. This occurs as a re s u lt o f "tw inn ing ", the simultaneous 
growth o f two c ry s ta ls , w ith one crys ta l ro tated through 180 degrees on an 
octahedral plane (Bruton 1978).

The diamonds were marked, in  disc* .r - .n  w ith  a diamond polisher at the 
Diamond Research Centre, so as to derive the la rgest possible square sided 
p la te , w ith  Vee-shaped peak, which would be free  o f surface flaws such as 
exposed non-diamond Inc lus ions. The iH lo r faces were then polished, as 

near to the (111j plane as could be achieved. This 1s a very slow process, 

because the [111J surface is no to rious ly  d i f f i c u l t  to  p o lish , and excessive 
loading causes burning o f the diamond. This has been discussed by 

Watermeyer (1980).
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Once two large and f la t  p a ra lle l faces had been obtained, w ith a thickness 
o f 1,0 to  1,5 mm, the sides, base and peak were formed. A photograph o f 
two fin ished diamond p la tes appears as Figure 13.

A fte r  the f i r s t  po lish ing , the remains o f the epoxy se tting  cement were 

removed In hot chromic ac id , followed by d is t i l le d  water rinses and
ex tra c tio n  In toluene (s im ila r  to  the technique o f Hartley (1978), but 
using the more environm entally acceptlb le  to luene, ra ther than benzene). 
Because o f the p o s s ib i l i ty  o f oxida tion  by the chromic acid, and adsorption 
o f the to luene, a method o f physical cleaolng using alumina abrasive powder 
on a glass d isc , was used a fte r  subsequent po lish ings. This is  discussed 

in  more d e ta il In section 4.6 below.

1
Crystal Orientation ■

The c rys ta l o r ie n ta tio n  o f the m»jor faces was determined by Laue
photography. The Laue photograph fo r  te s tp la ie  used predominantly in

the RBS analysis is shown in Figure ^  pos ition  o f  the centre o f the
d if f ra c t io n  pa tte rn , together wit,,. .«.-<amond - screen distance, was used 

to  determine how fa r  from the tru e  [111J plane the major face was In each

The re su lts  are shown in Table 4.

TABLE 4 . jESULTS OF LAUE CRYSTAL ORIENTATION ANALYSIS

Test P late Number O rientation 
Degrees o f f  ( l l l j

Comment

IPO (ovaU 19 Large, uaiuU able fo r  c a p illa ry  
measurements

TPl 3,5 Medik: • zed

TP2 5 Smal i

TP3 40 Larg^v ? degrees o f f  [110]

TP2 was used la rge ly  fo r  RBS, although characterized by capillarography 
a fte r  po lish ing .
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TP1 and TP3 were used extensive ly fo r  cap illa rography, and TP3 was assumed 

to  represent the behaviour o f the dodecahedral face, [130J. I t  is  possib le  
th a t a macro<cop1c dodecahedral face Is composed, on a microscopic scale, 

o f terraces o f [111J planes, but th is  w il l  in any case give a higher 

frequency o f edge s ite s , w ith more la b ile  carbon atoms, so the suspected 

trend o f greater re a c t iv i ty  o f the true  [HOJ may b<? preserved.

TPO was used in LEED and XP5 experiments, because o f the greater ava ilab le  
f la t  area.

4.6 Cleaning Techniques

The cleaning o f mineral surfaces p r io r  to analysis is  contentious. Dust 

and organic contaminants such as skin o i ls  must be removed, and some 
techniques, buch as accurate contact angle s tud ies, c a ll fo r planar 

surfaces.

Polishing and Cleaving

Soft minerals such as graphite and coal can be polished on abrasive papers, 
ending up w ith a f in a l po lish on f i l t e r  paper or degreased linen  (Gutierrez 
Rodriguez e t al 1984). A rb ite r et al (1975) showed tha t organic r in s in g  

( in  alcohol and ether) o f graphite and s t ib n ite  specimens polished on 
f i l t e r  paper produces a sessile  drop contact angle some 15 degrees greater 

than water rin s in g . Cleaving graphite in a ir  produced a value intermediate 
between these two. Cleaving is the most reasonable approach fo r  minerals 
since i t  simulates the process o f lib e ra tio n  from the ore. Kelebek and 
Smith (1985) have used th is  approach fo r  molybdenite and sulphur, both s o ft 

m inerals. Hartley (1978) attempted to  do the same fo r  diamond but w ith 
H t t le  success. The cleaving o f diamond requires considerable s k i l l ,  and 
would be v ir tu a l ly  impossible as a rou tine  procedure in a glovebox or 

s im ila r clean environment. Polishing is  assumed to  proceed by cleavage on 

a microscopic scale. Janczuk e t al (1985) polished graphite in water using 

a graphite powder, followed by u ltrason ic  r in s in g  to  remove po lish ing  
debris . The same technique is th e o re tic a lly  possible fo r  diamond, using 

diamond powder on a conventional po lish ing  wheel or " s k a i f ,  but in

„»h*» kv M AN U AL.



practice  there are two com plications. F ir s t ly ,  the diamond powder must be 

held on the polishUv, wheel, which ro ta tes at high speed, and 
conventionally o liv e  o i l  is  used. This Introduces organic im p u ritie s , 

which, arguably, may be removed by a series o f organic rinses using 
progressive ly more v o la t i le  solvents. Secondly, the diamond i t s e l f  must be 
f ixe d  r ig id ly  in  a po lish ing  too l or "dop", using epoxy cement or inorganic 
cement containing asbestos. Because o f the high forces and temperatures 
transm itted to th is  bond during the po lish ing , a tough coating forms, and a 
vigorous chemical cleaning step is  needed subsequently. Strong ox id iz ing  
acids, such as chromic (chromosulphuric) acid are used in  the Industry . A 
less severe po lish ing  on a slow disc w ith mechanical clamping o f the 
diamond, is  possible, but the same e ffe c t can be achieved using a so fte r 

abrasive -  see below.

Chemical Cleaning

Pate (1986) used the sequence halocarbon:acetone:alcohol a fte r po lish ing 
diamonds and before analysis in  u ltrah igh  vacuum. He also used a "heat 
cleaning anneal" at 770 K in UHV before making measurements on the diamond 

surface. This would probably desorb any organic molecules s t i l l  
present from the r in s in g  step.

In  the case o f w e tta b il ity  measurements, the chemical e ffe c ts  o f strong 
acids or organic solvents may mask e n tire ly  the in t r in s ic  behaviour. 

Sappok and Boehm (1968) were obliged to use an acid rinse  on the diamond 

powders in th e ir  studies because the process o f p u lve riz ing  diamond 
produces metal debris which must be dissolved out o f the product. The 

possible e ffe c ts  on th e ir  re su lts  w i l l  be discussed in  section 7.3. 
H artley  (1978) used a series o f hot and cold organic rinses , culm inating in

hot extraction  fo r  6 hours w ith  benzene. No mechanical cleaning o f the
diamond surface is  discussed, although most researchers, as lis te d  above,

fe e l the need fo r a f in a l wipe w ith  f i l t e r  paper or lens paper, or an
u ltrason ic  cleaning. Early experiments in these labora to ries using a 

cruder form o f c a p illa ro g r jp h ic  apparatus than discussed here, revealed 
c le a r ly  th a t organic r in s in g  (to luene, n-heptane, methanol) p r io r  to 
te s tin g  had a hydrophobizing e ffe c t and chromic acid had a s lig h t 
hyd roph iliz ing  e ffe c t.



S o ft Polishing

Pashley (1978) produced quartz surfaces fo r e lU psom etric measurements o f 

smoothness in  the nanometre range by a long process o f po lish ing , ending up 
w ith  eerie  oxide powder on a PeTlon pad. The eerie oxide Is so fte r than 
quartz, by the usual hardness te s ts , and i t  seems surp ris ing  tha t th is  
should work. Pashley remarks tha t the surface le f t  a fte r  po lish ing w ith  

diamond powder, even the f in e s t grades, had surface marks and subsurface 

stresses which in te rfe re d  w ith  the elU psom etric technique. The so ft 

po lish ing  removed these fea tu res. Two previous studies have suggested the 
use o f alumina powder as a cleaning agent fo r  the study o f diamond 

surfaces. Miyoshi and Buckley (1980) used alumina po lish ing  to  prepare 
diamond f la ts  fo r the measurement o f metal:diamond f r ic t io n .  Nassau and 
Schonhorn (1977) used alumina po lish ing to  produce a fresh surface on 

diamonds fo r  contact angle measurement by sess ile  drop. They suggest th a t 
these diamonds had undergone surface m od ification by exposure to  ra d ia tio n , 
making them exceptionally h yd ro p h ilic . A d iffe re n t reason may be suggested 
(see section 7.3 ) .  I t  appears tha t po lish ing  w ith  a s o ft abrasive can 

remove the topmost layers , p a r t ic u la r ly  i f  these have been modified by some 

chemical reaction.

A po lish ing  technique using alumina abrasive (Norton 1 micron powder) in 
water was used in th is  study fo r  cleaning the diamond surface p r io r  to  
contact angle measurements. I n i t i a l l y  th is  was done in the laboratory 
atmosphere, but la te r the e n tire  po lish ing and r in s in g  stage was in s ta lle d  

in  a glove box which was s l ig h t ly  overpressurized w ith nitrogen. No 
attempt was made to  exclude oxygen, but only to  reduce in terference from 

dust and airborne organics. Polishing was performed on a 90 m  glass disc 
f i t t e d  in an aluminium wheel and ro ta tin g  at up to  400 rpm. The po lish ing  
holders fo r  the dfamonds were made o f s ta in less  stee l and were designed so 
th a t the diamond was retained by v irtu e  o f I ts  shape alone. The diamond 

was traversed along an arc during po lish ing  to  achieve a uniform surface.

The procedure fo r preparing the diamonds was then :

1. An in i t ia l  diamond po lish ing  to  form the plates 
This was repeated a fte r  surface damage
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2. Washing w ith  toluene and acetone under ultrasound.

3. Polishing w ith  levigated alumina {< 1 micron) on a glass disc o f 90 mm 

diameter at approximately 300 rpm fo r  3 minutes per face. The d isc 

was ir r ig a te d  and rinsed w ith  n i l l iQ  water.

4. Jet cleaning o f the diamond w ith  pressurized m ilHQ water 1n a PTFE

5. U ltrasonic r in s in g  In a PTFE beaker, under m illiQ  water fo r  10 
minutes.

6. On withdrawing from the m illiQ  water the major faces emerged dry. Any 

droplets on the edges were drained using wicks o f f i l t e r  paper. The 
diamond was fu rth e r dried in  nitrogen over a heated ceramic wafer fo r  

120 seconds.

A fte r chemical contamination, or a period o f no use, steps 3 to  6 were 
employed.

The in te g r ity  o f th is  cleaning step was assessed by cleaning a glass te s t 

p la te  o f dimensions s im ila r to  those o f TP3. Chromic acid cleaning of such 
a glass surface gives contact angles o f zero, advancing and receding. (See 

Figure 22). Alumina po lish ing  o f the glass did not cause an increase in
the contact angles. As a fu rth e r precaution, the alumina was calcined in
an oven at 770 K fo r  12 hours before being Introduced in to  the glove box.

Cleaning of the Cell

The glass c e ll and associated glass f i t t in g s  were cleaned by p ick lin g  in

hot chromic acid. This was repeated whenever the inner surface o f the c e ll
showed signs o f “ beading" by water d rop le ts . The chromic acid was rinsed 
o f f  w ith  cold mi 111Q water and the Inner surface o f the c e ll was then steam 
extracted fo r several hours In an upside down p o s itio n . Cooling water was 
passed through the jacket and the condensate was d iverted from the 

re b o ile r . The inner surface was judged clean when uniform f i lm  
condensation was seen.
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Cleaning o f  Tweezers and Hanger Wires

Tweezers, used to  handle the diamond te s tp la tes  between cleaning and 
loading In to  the c e l l ,  as well as c lip s  and hanger wires were cleaned using 
Contrad, a laboratory detergent, In an u ltrason ic  bath. This was followed 
by three changes o f Mi 11 IQ water to  r in se , and drying in  an oven at 70 °C. 

When not in  use, c lip s  and tweezers were stored In a desiccator. The 
author wore gloves during a l l  operations on the ce ll and diamond holders, 
to  prevent skin o ils  from being transm itted to  the te s t surfaces or 
glassware.

4.7 Surface Reaction

Changes in  the surface properties o f the te s t p lates were brought about by 
reactions w ith gases and w ith  aqueous reagents.

Reaction w ith  Bases

The diamond surface was modified by reaction ?s in  a tube furnace.

D eta ils  o f the apparatus used are given in Figu, „. The gases used were :

Oxygen Afrox 99,5 %
Hydrogen Afrox u lt ra  high p u r ity

Nitrogen A ir Products high p u r ity
Argon A ir  Products high p u r ity

Reaction w ith  Aqueous Reagents

Reaction w ith  aqueous reagents was conducted both outside the c e ll (p r io r
to  te s tin g ) and by add ition  o f the chosen reagent to  the c e ll volume
through a f i l l i n g  funnel.

In the la t te r  case, the concentration in  the c e ll and the pH were monitored 
by extracting  small volumes o f the c e ll l iq u id  through the surface cleaning 
needle and analysing in  a m icro-conductiv ity  c e ll and a micro-pH c e l l .  The 
co nduc tiv ity  c e ll was by Anber Science (San Diego, Ca) and the pH system by

Markson (Phoenix, Arizona). For pH m od ifie rs , t i t r im e t r ic  ampoules o f
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sodium hydroxide and hi och lo ric  acid {Carlo Erba) were used. The surface

tension c o e ff ic ie n t, K, defined by the equation :

Y-To = K*[MJ . . . .  (15)

where y is  surface tension at cone m 

Yq is  water surface tension 
M is  molar concentration {< 0,1 M)

was found using the Platinum Wilheltny p la te  in the c e l l .  Bikerman (1970) 
reports values o f 1,7 fo r  a lk a li metal hydroxides, 1,6 fo r  ch lo rides , and

2,6  fo r a lka lin e  earth sa lts . Experimental values are shown in Table 5 .
A negative value would Ind icate a surface active  im purity . Note tha t the

tr iv a le n t  ions, FeV*Cr'and A l"g ive  considerably higher K values than do the 
d i -  and monovalent cations.

TABLE S -  REAGENTS USED IN THIS STUDY

Reagent Formula Srade Manufacturer K

Potassium ch loride KCt BOH 1,2
Hydrochloric acid HC1 Normex AR Carlo Erba 2,3
Sodium hydroxide NaOH Normex AR Carlo Erba 1,4
Sulphuric acid HzSOi, AR PAL 2,5
Sodium ch loride NaCl AR Protea
Calcium ch loride CaClg.6HgO AR PAL 2,8
F e rric  ch loride FeCl3.6H20 AR PAL 62
Chromic ch loride CrCl3.6H30 AR Carlo Erba 33
Aluminium sulphate Al#(S(\),.16HgO BDH 28
Sodium perchlorate NaC10v H20

KatBkk.lOH^O
Carlo Erba (1,4)

Sodium borate AR PAL
Boric acid H3BO3 AR H&W
Sodium m etas ilica te Na2S103.9H20 AR O.T. Baker
Potassium dichromat K2Cr207.2H20 AR BDH
Sodium borohydride 
lith iu m  Aluminium -

KaGH„ Synthesis Merck

Hydride LiAlHi, Synthesis Merck
Methanol CH3OH AR PAL i  -  22,1
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Apart from these reagents, a se lection  o f solvents and etchants were used 
to  clean the diamond te s tp la te s  and the glass c e l l .

TABLE 6 -  REAGENTS USED FOR CLEANING PURPOSES

Reagent Grade Supplier

Toluene
Acetone
Methanol
Trlch loroethylene 
Sodium dichromate 
.Sulphuric acid 
Contrad

GP Reagent
AR
AR
CP ) "chromic acid" 
CP )
Laboratory detergent

SDH
BDH
PAL
SDH
PAL

Hickman & Kleber

Contrad has been recomended fo r  the cleaning o f diamond p r io r  to  UHV work 
(Derry et al 1983). I t  was found to  be an extremely a lka lin e  agent (a t 10% 

v /v  in  water) and was not used in diamond cleaning before w e tta b il ity  
measurements because o f the possible e ffe c t o f pH on the surface groups.
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CHAPTER 5 -  SPECTROSCOPIC TECHNIQUES

5.1 Surface Analysis

Several d if fe re n t states o f w e tta b il ity  were Id e n tif ie d  by means o f 

cap llla rograph ic  techniques, and the nature o f the pretreatment suggested 
th a t changes In the types o f surface adatoms induced by the treatment could 

be Important. In order to  resolve some o f the p o s s ib i l i t ie s ,  three surface

a na ly tica l techniques were used. These were :

1. Rutherford Backscattering Spectroscopy (RBS)

2. Low Energy E lectron D iffra c tio n  (LEED)

3. X-ray Photo-electron Spectroscopy (XPS or ESCA )

The basis o f these techniques is  ou tlined  b r ie f ly  in  the fo llow ing 

sections. There is a precedent fo r  use o f vacuum techniques to  probe 
surfaces along w ith aqutous dism ical stud ies. Kozlowski and Sherwood
(1986) have combined XPS studies w ith  electrochemical studies o f the

oxidation o f carbon f ib re s .

5.2 Rutherford dackscatterlng

Rutherford Backscattering Spectroscopy u t i l iz e s  the sca tte ring  or

re f le c tio n  o f pos itive  Ions, o f su itab le  high energy, Ijy the nucleus o f an 
atom in the ta rg e t. A ty p ic a l aeometry fo r  large angle Rutherford 
Backscattering is  shown in  Figure 16. In these experiments, a helium ion 
o f 1,0 MeV energy was used as the scattered ion. The se lection  o f helium 

is  not a rb itra ry , Derry (1978) has shown tha t helium, w ith  a mass number o f 
fo u r, gives the optimum re so lu tio n  o f surface adatoms w ith  mass number near 
12, the value fo r the carbon atom. The technique is  based on the detection 
o f  peaks in  a spectrum o f backscattered ion counts vs energy. A surface 

b a rr ie r  detector Is  used, which produces voltage pulses o f height



proportiona l to the energy o f the backscattered p a r t ic le . The number o f 
pulses at a j  - y i  voltage, a fte r  counting a ce rta in  large number o f to ta l 

.pu lses, repress- . < the fra c tio n a l occurrence o f nuclei o f a given mass 
number. For a s b q le  plane (th in  fi lm )  o f a s ing le  element, the spectrum 

would consist o f one steep peak at an energy calcu lated by the fo llow ing 

re la t io n  :

Escat Mi cose2 *  /M22 -  M2i s1n26l 2
 =    (16)
Einc Mi + M2

where M2 * mass number o f inc iden t ion (4 fo r  He)
Mz « mass number o f sca tte ring  atom (12 fo r  C)
61 « sca tte ring  angle - pos ition  o f detector re la t iv e  to  incident

beam - 25 degrees In th is  set up

or by rearrangement to  permit the ca lcu la tion  o f the mass number o f the 

ta rg e t atom :

e -  2 /e  COS 8 j  + 1 
M2 » Mi ----------- — ------------------- . . . .  (17)

Escat
where e « ---------

E1nc

In practice , th is  type o f f i lm  does not e x is t, although a surface layer o f 

adsorbed atoms on a planar surface o f a substrate w ith lig h te r  nucleus Is a 
good approximation. Oxygen on the surface o f diamond is  an example. There 

w i l l  be a fa r  greater frequency o f bombarding ions which miss the nuclei o f 
the oxygen layer completely, and penetrate the diamond c rys ta l to  some 

depth before being scattered. The ion w i l l  lose energy both on penetration 
and escape from the c rys ta l so the spectrum becomes a plateau or shoulder, 

w ith a well defined high energy edge.
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Meyer « t al (1970) have developed the method fo r  ca lcu la ting  the area 
density o f ta rge t atoms from the counts in  the peak fo r  a p a rtic u la r 
adatom, and the number o f counts per u n it depth due to  sca tte ring  by the 

substrate - in  th is  case carbon (diamond).

where P = counts In surface layer peak

AS = counts per channel in  substrate spectrum 
AE2 u channel width (energy u n its ) 

dz/dE2 = energy to  depth conversion fa c to r = 14 A/keV fo r  1,0 MdV He 

Zc = atomic number o f carbon 
Zi = atomic number o f adatom under investiga tion  

Pdia * te n s ity  o f diamond 3,52 g/cm3 
Nav = Avogadro's number 6*023.1023 
Mc = mass number o f substrate = 12 fo r  carbon.

The ca lcu la tion  y ie ld s  the numbers o f atoms per cm2 on the surface. With 

su itab le  assumptions about the sta te  o f the surface, and on a defined 
c rys ta l plane such as f l l l j ,  the number o f carbon atoms in the immediate 

surface layer can be calculated and the count o f adatoms converted to  an 
equivalent monolayer. For instance, the carbon atoms in the topmost layer 

o f an Ideal [111J plane occur w ith  a frequency o f 1 per 55 000 square 
picometres, or 1,82.1019 per m2.

Experimental Details

The 1,0 MeV p a rt ic le  Cockcroft accelerator a t the Schonland Centre fo r  
Nuclear Sciences o f the U n ivers ity  o f Witwatersrand was used to provide the 
p a r t ic le  beam. Further d e ta ils  o f the system are given by Annegarn 

(1976), The diamond te s tp la te  was mounted in  a holder w ith  an a d d itio n * ' 
bery llium  shield over the fro n t face o f the holder to  reduce s tra y  

re fle c tio n s , which otherwise lead to  a noisy background in  the spectrum.
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The holder was positioned in  a special goniometer equipped w ith an electron 

flood to  in h ib it  charging o f the non conducting diamond. The vacuum in 

th is  section o f the ion beam lin e  was maintained at be tte r than 10“ S 
m il l ib a r .

Test Diamond

The ion beam induced surface damage, evident as a black spot a fte r the 
experiment, was »emovable only by heavy po lish ing . Because th is  adversely 
affected p a ra lle l te s tin g  by cap illa rograph ic  methods, a th ird  diamond 
p la te le t ,  o f s l ig h t ly  smaller dimension than the [111J p la te le t used fo r 

w etting , and witSr major face near the [111] plane, was used fo r  the RBS 

testwork. Both sides were used, allow ing normally 4 to  8 beam spots, 
before the surface needed repo lish ing  to  remove the rad ia tion  damage. A 
Laue X-ray d if f ra c t io n  analysis o f the diamond revealed th a t the major 
faces were 5 degrees o f f  true  [111J planes.

5.3 Low Energy Electron Diffraction

electrons o f s u f f ic ie n t ly  low energy (100 eV fo r  instance) w i l l  have a 
wavelength, according to  the partic le /w ave d u a lity  o f de B roglie  (1924) of
the order o f 100 pm. They may be expected to  create in terference patterns
w ith  period ic s tructu res such as c ry s ta ls , which have a la t t ic e  spacing of 
the same order. Also, because o f th e ir  low energy, the depth w ith in  a 

c rys ta l from which e la s t ic a l ly  scattered electrons emerge, is  very small. 

This makes them useful probes fo r the la t t ic e  s truc tu re  o f the surface o f 
c ry s ta l. E rtl and Kuppers (1974) describe the development o f the
techniques o f low energy e lectron bombardment and detection and the 
geometrical theory o f d if f ra c t io n . The p o s s ib i l i ty  o f surface

reconstruction a fte r  reaction w ith hydrogen or oxygen, or the generation o f
surface groups w ith  a fixe d  p e r io d ic ity , could be detected by th is  

technique.

The Geometrical Theory of D iffraction

The e la s tic  in te ra c tio n  o f the impinging e lectrons, w ith  one or two topmost 
layers o f the c ry s ta l, may be viewed as the sca tte ring  o f monochromatic
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waves by a two dimensional la t t ic e  or mesh. A ll regular surface 
arrangements can be classed in to  5 two-dimensional Bravals la tt ic e s  by the 

use o f two basis vectors, â  and a2. These are the sides o f the smallest 

paralle logram , which by tra n s la tio n  generates the surface mesh. In the 
case o f diamond [1 1 1 ], the two vectors are o f equal length and at an angle 

o f 60 degrees, the co-ca lled hexagonal mesh. The vector length is  252 pm.

The de fin ing  equations fo r  the angles are :

. . . .  (19)

d (s in  * -  s in  * 0) = nX . . . .  (20)

d - la t t ic e  spacing
* "  angle o f constructive  Interference 
* 0 = inc ident beam angle (to  normal) 
n (integer)®  d if f ra c t io n  order

Usually the surface atoms can be considered as equally spaced rows, o f row 
spacing d , and where the inc iden t beam is  normal sin $0 = 0

' — * 1417 • — . . . .  (21)
d /U

where U = accelerating voltage o f the electron beam 
d = row spacing in pm.

see Appendix 4.

In  p rac tice , the re fle c te d  beams with constructive In terference f a l l  on a 

hemispherical screen centred on the diamond sample. This is an image o f 
the reciprocal space mesh. The m atrix equations de fin ing  the coordinate 
transform ation from rea l space to  reciprocal space are given in  Appendix
4. The symmetry o f the diamond surface mesh gives a hexagonal la t t ic e  In 
rec iprocal space too , but the spacing o f the spots is  in inverse proportion

, i k -
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to  the spacing o f the real sca tte ring  centres. Thus, a surface adatom 

which is  attached at every second carbon surface atom, w ith a consequent 
la t t ic e  constant o f 2 x 252 pm, w i l l  generate a su p e rla ttice  w ith defin ing 
vectors twice the length o f the diamond la t t ic e .  In reciprocal space th is  
w i l l  form a la t t ic e  which has beamspots midway between the spots o f the 
o r ig in a l pattern (Pate 1986),

This e ffe c t was used to determine whether there was reconstruction, or a 

period ic  adsorption o f hydroxyl groups or oxygen atoms on the surface o f 

the te s t diamonds.

Experimental Details

I.EED patterns of two o f the te s t diamonds were obtained using the SOLAR 300 
UHV chamber w ith Vacuum Generators LEEO system at the Schonland Research 
Centre fo r  Nuclear Sciences. The system is  shown in Figure 17. The

patterns were obtained at several voltages, but the most intense patterns 
occured near 220 v o lts . In some experiments a d ig ita l readout o f the 

voltage appears on the photographs.

Diamonds TP1 and TP2 were tested a fte r  the standard cleaning step, and
includ ing  a period o f bake-out in  the UHV chamber a t 473 K. Sample TP2
(surface 5 degrees o f f  [ 111J) was heated to  673 K in UHV and the LEED 

patte rn  examined again.

5.4 X-ray Photo-electron Spectroscopy

The e xc ita tio n  o f atoms near the surface o f the diamond crys ta l by 

mono-energetic X-rays resu lts  in absorption o f a photon o f ch a ra c te ris tic  

energy, and prompt emission o f a photo-e lectron. Electrons from a l l  the 
o rb ita ls  which have binding energies lower than the photon energy w il l  be 
exc iteo , but the k in e tic  energy o f the emitted e lectron w il l  be reduced fo r
o rb ita ls  o f  higher binding energy. This is expressed by the re la t io n  :



fig 17 low energy electron diffraction apparatus

A

a 35 mm camera 
b sw ive lling  m irror 
c e y e p ie c e  
d d ig ita l voltage display 
e viewport 200 mm on standard UHV flange 
f grid feedthrough 
g electron gun feedthrough 
h electron gun 
I m u-m eta l shield
| heml-spherical cathodoluminescent screen 145 mm 
k g r i d s  
m specim en
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Ekin 3 h-i -  Eb -  e*gp . . . .  (22)

Ekin is  the k in e tic  energy o f the detected e lectron 
Eb is  the binding energy o f the detected e lectron 

e$sp is  the work function  fo r the sample

When the spectrum o f energies o f emergent electrons is  scanned by a 
su itab le  analyzer, a series o f peaks at energies c h a ra c te r is tic  o f the 
atoms present in the surface region w il l  appear. The techniques o f Carley 
and Roberts (1977) was used fo r  the c a lib ra tio n  and in te rp re ta tio n  o f the 
peak hefghts and s h if ts .

The relevant equation is  shown as equation 23.

y, N cos i  i  
o -  —  • -i. i . ■. . . . I  (23)

Ys Wm

where a = surface coverage by (oxygen) adatoms atoms/cm2
Ym = integrated XPS peak area fo r  adsorbed atoms (oxygen) corrected 

fo r  the increase in analyser s e n s it iv ity  w ith  decreasing k in e tic  
energy

Ys = integrated peak area fo r substrate carbon
N = Avogadro's Number
e = system geometrical constant, 25° 
us = pho to ion ization cross-section fo r  carbon = 1.0

%  = photo ion ization cross-section fo r  oxygen
= 2,92 (Schofie ld 1976) 

p = diamond density , 3,52 g/cm3 

x = photoelectron escape depth (AIKa)
= 10 x lO-0cm (Pate 1986)

Ms = Mass number o f carbon 

-  12,01
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Depth S e n s it iv ity

The depth o f the crys ta l probed is governed by the depth from which
electrons can escape. This is ca lled the mean free  path or escape depth
and has been determined fo r diamond by Pate e t al (1983) using a range o f 
primary energies up to  1250 eV. On the [111] plane, th is  depth is  o f the 

order o f 1000 pm, or approximately f iv e  double sheets. (The s truc tu re  o f 
the [111J planes is such tha t side view reveals a lte rn a te ly  c lose ly  spaced 
and more d is ta n tly  spaced sheets o f atoms, conveniently regarded as double 
sheets, at a spacing o f 204 pm (See Figure 2 )).

Although th is  is not a pure ly surface sens itive  technique, the surface 

layer w i l l  con tribu te  more to  the signal because o f sh ie ld ing and 
attenuation e ffe c ts . The a ttra c tio n  o f the technique is tha t i t  provides 
not only id e n tif ic a tio n  o f the atomic species present, since each element 
has a unique combination o f e lectron energy leve ls , but also some
inform ation about the re la t iv e  frequency o f each species and even the 
chemical environment in  which hetero-atoms are bound. This la s t e ffe c t is 
due to  the "chemical s h i f t " ,  the small change 1n the e le c tro s ta tic  
p o te n tia l o f an atom, and so on the binding energy o f even the core
e lectrons, when Involved in a .-va le n t bond w ith a heteroatom o f d if fe re n t
e le c tro n e g a tiv ity .

The most a ttra c tiv e  feature o f  XPS is  the non-destructive nature o f  the 
in te rro g a tio n . Ion beams tend to  desorb or destroy the surface during 
ana lys is , but only very unstable surface compounds are susceptib le to 

damage by X-rays. Obviously, the use o f an uUrahigh vacuum technique w i l l  
force desorption o f p h ys ica lly  adsorbed molecules, but th is  Is so fo r
almost a l l  the surface spectroscopies.

I t  Is possible to  combine analysis o f the surface w ith  more se/e**“
tteatm ents, l ik e  heating, desorption and Ion etching In order to  obtain

inform ation about the type o f bonding employed by the surface adatoms.
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The major disadvantage found in these experiments was the ra ther broad 

analyzed area. In a l l  cases, some signal was detected o f f  the sample
holder. This arises because o f the d i f f ic u l t y  in focussing the X-ray beam,
and c c l l  inioting the emitted e lectrons, on a ta rge t as small as these te s t 

diamonds.

Experimental Details

The elements o f the Vacuum Generators CLAM system mounted on a SOLAR 300
UHV chamber are shown in  Figure 18.

A choice o f ta rget m ateria l is  possible. This changes the energy o f the 

incident X-rays, hence the pos ition  o f the XPS peaks in  the analyzed 
spectrum. The emergent electron beam is analyzed using a hemispherical 
re ta rd ing  lens analyzer, w ith d ig ita l d isp lay o f the analyser voltage fo r

good location o f peaks. In p rac tice , there was a s lig h t d r i f t  in the
analyzer datum, so tha t the carbon ( Is )  peak appeared between 1198 and 1203 
eV on the k in e tic  energy scale. This is not im portant, as both the carbon 
and oxygen ( Is )  peaks are obvious, and cannot be confused w ith other 

species. The spectrum is  recorded on an analog chart recorder.

In the ea rly  stages o f th is  experimental program, the only method fo r

in troducing the sample (diamond) was by removing the top p la te o f the UHV
chamber. This p la te  ca rries  the sample manipulator and heater contacts. 

Because th is  procedure allowed moist a ir  in to  the UHV chamber, the e n tire  
system required baking at 473 K before a reasonable vacuum could be 

obtained. A vacuum o f be tte r than IQ-8 m ill ib a r  is  required fo r  XPS. The 
diamond was thus subjected to  temperatures o f 473 K fo r  several hours, 
which could have caused desorption o f surface oxygen groups..

Early in 1987, a Leybold Keraus sample in troduction  rod was f i t te d  to  the 
UHV system. This allows the movement o f the sample, on a spec ia lly  
designed "boat", from atmosphere, through a chamber where gas reactions can 
be conducted, onto the sample manipulator. No bake-out is then required 
and the surface can be analysed w ithout delay. The boat f i t s  in to  a c lip  
in  the rod which allows passage o f e le c tr ic a l current through the sta in less
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steel p la te  supporting the diamond. This allows heating o f the diamond in 
the reaction  chamber. In th is  way ox ida tion  o f the diamond could be 

achieved. The temperature a tta inab le  were not high enough fo r useful 
hydrogenation experiments in th is  chamber. Hydrogenation was performed 
remotely, in  a s i l ic a  tube furnace.

A number o f mechanisms fo r  mounting the diamonds on the boat were 

attempted. An important consideration was the amount o f oxygen signal 
generated by X-rays impinging on the sample holder. This was gold plated 
because gold has a low re ten tion  o f adsorbed oxygen in  UHV.

The best approach was found to be strapping o f the diamond to  the holder 
using a system o f fin e  holes and 0,3mm gold w ire. The diamond was
positioned fo r analysis on the manipulator by minimizing the gold (4 f) 
peak, w h ils t maximizing the carbon ( Is )  peak, and the blue (X-ray induced) 

luminescence o f the diamond, which could be seen through an upper viewing

The sample manipulator has a b u i l t  in heater fo r  thermal desorption 
experiments. There is  a thermocouple fo r  readout o f sample temperature.

K L  ___» ■ » - . . . . . . .



CHAPTER 6 -  RESULTS

6.1 CapiUarographs

The re s u lt o f an ind iv idua l experiment is a caplllarograph which is a p lo t 
o f  force vs depth o f immersion. The computer data re tr ie v a l technique 
allows instantaneous ca lcu la tion  o f a contact angle from the basic equation 
shown in  Figure 4. Not every contact angle is  an equ ilib rium  (dynamic) 

angle because o f the phenomenon of "h ingeing". Figure 19 shows the phases 
o f an experiment o f three cycles o f imnerston. Hingeing occurs at the end 
o f a pass, where the three phase lin e  is s ta tiona ry  and the contact angle 

swings from an advancing to  a receding value. This is  seen as the steep 
(and smooth) sides o f a cap illarograph. By a simple numerical 

d if fe re n t ia t io n  o f the data to detect the slope, these data can be excluded 
from ca lcu la tion  o f  the true  advancing and receding contact angles. Figure 

20 shows an actual capillarograph p lo tted  from data stored during an 
experiment w ith TP1, in  the cleaned sta te . Since th is  sta te  is 

intermediate between an extremely hydrophobic sta te  and a hydroph ilic  
s ta te , i t  Is designated "INT" (discussed more fu l ly  below, Section 6.4)

I t  is possible to extract a value fo r  the advancing and receding contact 

angles by a graphical construction which is I l lu s tra te d  in Figure 20. Two 
lines  are drawn to  be the best f i t s  to  the groups o f lines in the stable 

advancing and receding sections o f the loop. These lines {or th e ir
extrapo la tions) w i l l  in te rsec t the v e rt ic a l lin e  corresponding to  zero 

Immersion depth. At th is  p o in t, the force is  so le ly  due to  the meniscus 
weight, since dry weight has been tared o f f  e le c tro n ic a lly  by the balance. 
In  th is  example the construction gives 21 mgf in the advancing mode and 91 
rngf in  the receding mode. The perimeter o f th is  diamond is  1,388 cm. The 

surface tension ( in  mgf -  the author begs leave to  forsake the pure SI 
system fo r ju s t th is  one example, and u n t i l  the balance manufacturers s ta rt 

to  provide d ire c t readings in Newtons), 1s 73,8 mg/cm and hence :

advancing contact angle = arc cos (21/1,388.73,8) ■ 78 degrees
receding contact angle = arc cos (91/1,388.73,8) = 28 degrees

The measure adopted to  combine these values in to  a s ing le  index o f 
w e tta b il ity  is  the average adhesion tension s
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adhesion tension = 72,4 (cos ea + cos 8 r)/2  = 39,5 dyn/cm  o r  mN/m.

In operation under computer c o n tro l, the graphical construction is  replaced 
by ca lcu la tions at 50 (approx) points on the stab le  advancing or receding 

sections, w ith averaging o f th? re su lts  at the end o f each pass.

Figure 21 shows the superimposes capillarographs fo r  one diamo.i-J a fte r 
three d if fe re n t treatments :

1. Oxidation at 693 K in oxygen

2. Normal a t t r i t io n  cleaning

3. Hydrogenation at 1023 K in UHP hydrogen.

The capillarographs are progressively displaced downwards (lower wetting 
force or adhesion tension) and the d if fe re n t ia t io n  between the states is 
c le a r, even though the hysteresis loops overlap. This is  because the
advancing angle on, say, an intermediate surface, is s t i l l  higher than the 

receding angle on an hydrogenated surface.

Because the capillarograph is  not a very condensed method o f d isp laying the 
data, a l i  fu rth e r resu lts  w i l l  be presented as e ith e r :

1. A s ing le  adhesion tension

2. A p a ir o f contact angles from the average o f three passes.

Each f u l l  piss takes 0,2 hours, therefore th is  re s u lt re fe rs  to  a surface 
in  contact with the te s t so lu tion  fo r  0,3 hours,.

Figure 22 is a capillarograph obtained w ith a glass p la te  o f perimeter 

2,350 cm, matching the shape o f diamond TP3 as fa r  as possib le . A very 

shallow hysteresis loop (v ir tu a l absence o f hyste res is) was obtained. The 
graphical method gives a mean meniscus force (advancing and receding) o f 

173 mg, and hence a contact angle o f less than 4 degrees - e ffe c tiv e ly
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zero. This te s t was used to  monitor contaminant Ingress in to  the c e l l ,  and 

cleaning techniques.

6.2 Polished Diamond Surfaces

Appendix 5 contains the re su lts  o f experiments on TP1, major face [111J and 

TP3, major face [ l lO j  using alumina a t t r i t io n in g  as a cleaning step. These 
experiments were conducted over a period o f two years. Some o f the e a r lie r

re su lts  fo r  TP1 were obtained by po lish ing  manually on a microscope s lid e .
Later resu lts  were obtained by po lish ing  in the glove box on a glass disc 
a t approximately 200 rprn using three minutes per s ide. Histograms showing 

the d is tr ib u tio n  o f adhesion tension fo r the two surfaces are shown in
Figure 23. The re su lts  show considerable sca tte r, but th is  is  thought to

be a real e ffe c t deriv ing  from the v a r ia b i l i ty  o f surface composition o f 
the diamond surface fo llow ing  various chemical treatments in p r io r  
experiments, rather than experimental e rro rs . This is  discussed in  Section 

8.3.

The major resu lts  may be presented in  th is  abbreviated ta b le , showing the 
average advancing and receding angles, and the adhesion tension, fo r  [111J 

and (110; faces :

TABLE 7 -  WETTABILITY OF MECHANICALLY CLEANED DIAMOND SURFACES

Advancing Angle 
Degrees

Receding Angle 
Degrees

Adhesion Tension 
mN/m

TP1
[ U l j  Surface

76 ± 5 29 * 5 40 ± 4

TP 3
[110J Surface

71 ± 4 25 t  5 45 ± 3
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6.3 Oxidized Diamond Surfaces

Figure 24 shows the e ffe c t o f treatment o f [111] and [1H3J surfaces 1n 
oxygen, at approximately 90 kPa absolute pressure, and progressive ly higher 
temperatures. The time o f exposure was 0,5 hours at the stated 

temperature, w ith progressively longer heating up and cooling times a t the 
higher temperatures.

These figures show tha t ox ida tion  o f the surface, evident as Increased 
w e tta b il ity  or adhesion tension and lower contact angles, begins at 
approximately 470 K and progresses v ir tu a l ly  to  completion at 720 K. The 

adhesion tension approaches 70 mN/m at th is  p o in t, only s l ig h t ly  less than 
tha t fo r  clean glass (72 ,4 ). Sappok. and Boehm (1968) demonstrate the same 

e ffe c t fo r  diamond powders at 690 K. The [110J surface appears to  be more 
susceptib le to  oxidation than the [121] surface. The [110] diamond 
approaches to ta l w e tta b il ity  at a temperature some 50 K lower than does the 
[111] surface.

The extremely hydroph ilic  sta te  appeared to  be unstable, w ith a slow but 
reproducible reversion towards more hydrophobic behaviour. This 1s shown 
In F igure 25. This process is  more pronounced i f  the surface is 

a ttr it lo n e d  w ith  alumina. Table 8 shows the resu lts  o f tes ts  performed on 
the [111] diamond, Immediately a fte r oxidation at 690 K, and then a fte r  
p rogressive ly longer periods o f a t t r i t io n  cleaning, using alumina abrasive 
in a glovebox.

TABLE 8 -  EFFECT OF ATTRITION CLEANING ON THE OXIDIZED [111] SURFACE

State ad. angle 
degrees

rec angle 
degrees

adh tension

Oxidized 690 K 37,3 11,6 64,2
Reclean 3 mins 62,4 23,2 60,0
Reclean 6 mins 70,1 28,0 44,3
Reclean 9 mins 69,0 25,2 45,7
Reclean 12 mins 73,4 28,6 42,1
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The trend is  shown in Figure 26. Apart from an anomaly at the th ird  
cleaning step, which may have been caused by inadvertent contamination, the 
surface tends towards the value seen fo r the clean polished surface in 

Section 6.2. This e ffe c t helps to  explain the sca tte r seen in the resu lts  
fo r  the mechanically cleaned surface. I f  we conclude th a t the process o f 
po lish ing  removes microfragments o. oxidized surface, and replaces them by 

new surface which then equ ilib ra te s  w ith the aqueous environment at the 
time o f po lish in g , then there may be areas o f the diamond surface which are 
protected from po lish in g , because o f o rie n ta tio n  or ru g o s ity , and therefore 
p e rs is t a fts r  a few stages o f cleaning. Chemical m od ifica tion , by fo r  

instance, reduction w ith  hydrogen at 1020 K, w i l l  not be impeded by surface 
roughness.

H y d ro g e n a t io n  1n S o lu t io n

Hydrogenation of surface oxides by an organic hydrogenating agent, lith iu m  
aluminium hydride In d ie th y l e ther, was attempted. The technique was f i r s t  

performed on a polished surface, and then on a surface which had been 
oxid ized. An acid rinse  is  required to  decompose aluminium reaction 
products on the surface.

TABLE 9  -  HYDROGENATION BY LITH IUM  ALUMINIUM HYDRIDE IN  ETHEREAL SOLUTION

Adhesion Tension
mN/m

Intermediate - polished 46,3
LiAlHi+ + acid rinse 45,0
Oxidized 63,9
LiAIH* + acid rinse 49,4

The acid rinse may have had the e ffe c t o f decomposing surface oxlrane type 
groups. There is  a c lear decrease In the w e tta b il ity ,  but i t  is  not 
possible to  say whether the hyd roph ilic  species destroyed was a surface 
carboxy lic  acid or an epoxide group. Note tha t there is no s ig n ific a n t 

e ffe c t on the w e tta b il ity  o f the polished surface, a fte r  treatment with 
lith iu m  aluminium hydride.



Oxidation by Chromic Acid

Oxidation by hot concentrated chromic acid produces a less severe increase 
in  w e tta b il ity  than gaseous ox ida tion . The [111J surface was ex-.osed to  
chromic acid (Leiah e t a l 1979) fo r  ten minutes a t 90 °C . This was 

followed by r in s in g  w ith ultrasound and drying in  the glovebox.

TABLE 10 -  EFFECT OF CHROMIC ACID AND ATTRITION ON THE [111] SURFACE

Advancing
Angle

Degrees

Receding

Degrees

Adhesion
Tension

mN/rn

PolIshed, clean 79 33 37,3
Chromic a dd 62 22,5 50,4
Reclean 3 mins 64,7 27,8 47,5
Reclean 6 .mins 73,2 27,3 42,6
Reclean 9 mins 73,6 28,9 41,9

This is  shown in Figure 27. The chromic acid appears to  be less s trongly 
o x id iz in g  than the high temperature oxygen, and the (interm ediate) 

hydrophobic s ta te is  achieved w ith  lim ite d  a t t r i t lo n in g .

6.4 Hydrogenated Diamond Surfaces

Diamonds w ith [ l l l j  and [110J major faces were exposed to hydrogen at 
progressive ly higher temperatures. Figure 28 shows tha t there is  no e ffe c t 
u n t il 720 K, at which point the surface becomes s ig n if ic a n t ly  more 

hydrophobic, reaching a maximum at 1020 K. The surfaces were p a r t ia l ly  
oxidized at the s ta r t  o f the se ries, which accentuates the tra n s it io n , and 

the [U O j surface s tarted considerably more hydroph ilic  than the [ l l l j  
surface. The change 1s most pronounced at approximately 770 K, which is  
the range o f temperature where the most rapid thermal desorption o f CO and 

C02 from diamond powders has been seen (Matsumoto et al 1977). I t  Is 
possible that the hydrogenation process requires the desorption o f a CO 
group, exposing a reactive  surface carbon atom fo r hydrogenation, ra ther 

than s p l i t t in g  o f the C-0 bond.
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The ( l l l j  surface appears to  be more susceptible to  hydrogenation, a fte r  
p a r t ia l ox ida tion , than does the [H O j surface. This may be a re su lt o f 

the more favourable s ite s  fo r  oxygen chemisorption on a net [ l lO j  face.

The hydrogenated surface was very stab le . The diamonds were stored in  a 

desiccator fo r  10 days anti re tested, w ith  no s ig n if ic a n t change in the 
adhesion tension c h a ra c te r is tic  o f the strong?/ hydrophobic sta te.

The hydrogenated surface cou’ -i be removed by a t t r i t io n  cleaning, cigure 29 
shows the re su lt o f progressive ly longer po lish ing w ith alumina. A fte r 
three stages o f po lish ing  the adhesion tension approached tha t o f the 
standard Intermediate surface (40 mN/m). At th is  stage a chemical 

treatm ent, w ith a c id ifie d  potassium dichromate, was applied. There was a 

small Increase fn w e tta b il ity ,  ind ica ting  that some surface groups were 
susceptib le to m ild oxidants. A lte rn a tiv e ly  th is  may have been caused by 
adsorption o f a hydrated cation (see Section 9.7) because a subsequent 
p o lish ing  stage produced a s l ig h t ly  more hydrophobic sta te.

An examination o f Figure 26 In conjunction with Figure 29 demonstrates that 

there is  a continuum o f states o f w e tta b il ity  fo r  the diamond surface, 

ranging from : very h yd roph ilic , but re la t iv e ly  unstable, a fte r oxidation 

at 670 K, w ith  adhesion tension near 70 mN/m,

through a more hydrophobic range, most usua lly  seen on mechanically 
polished surfaces, w ith  a median adhesion tension at 40 mN/m,

and on to a very hydrophobic s ta te , a fte r hydrogenation at 11)00 K, stable 

against chemical a ttack at room temperature, with adhesion tension 20 mN/m.

In fu rth e r discussion the fo llow ing  id e n tif ic a tio n  o f these states is 
proposed :

TABLE 11 -  CLASSIFICATION OF WETTING BEHAVIOUR

H The very hydrophobic state

0 The hydroph ilic  state

In t The Intermediate s ta te



To some extent the intermediate sta te  is  a range o f s ta tes , depending upon 
the d ire c tio n  of the most recent treatment, oxidation or hydrogenation.

These states can be classed according to  adhesion tension :

TABLE 12 -  ADHESION TENSION OF THE DIFFERENT CLASSIFICATIONS

State Adhesion Tension (mN/m)

H 18-25

Low In t 2S-40

High In t 40-55

0 55-72

The median o f the re su lts  fo r the polished [U IJ  and [110J surfaces
(Section 6.2) provides the boundary between low intermediate and high 

interm ediate valves. Nassau and Schonhorn (1977) give a contact angle fo r 
the polished diamond surface of 47 -55 degrees. I f  we assume th a t th is  1s 

a reasonable average o f receding and advancing values, then th is  
corresponds ' to  an adhesion tension o f 49-42 mN/m. This is in fa i r
agreement w ith the present work, p a r t ic u la r ly  since the top face o f a
b r i l l ia n t  cut diamond (as tested by them) w i l l  not be a [111J face, but

something closer to [100J, l ik e ly  to  have a higher frequency o f surface 
oxides (Verwoerd 1986) and hence p o te n tia lly  more hydroph ilic .

6.5 Zisman Plot

The Zisman p lo t is  a recognized tool fo r  characteriz ing the surface energy 
o f a 'so lid , independent o f a p a rtic u la r wetting liq u id  (Zisman 1964). A 
method fo r  determination o f y c ,  the c r i t ic a l  surface tension o f wetting o f 

m inera ls, using so lu tions o f methanol in water has been given by Kelebek 
and Smith (1985).



Tests were performed w ith  diamond TP1, w ith [111J major face in  an 

hydrogenated sta te  and diamond TP3, w ith  [H O j major face In an 
intermediate s ta te .

The re su lts  are shown in  Table 13 and the Zisman plots appear as Figure 30. 

TABLE 13 -  DATA FOR ZISMAN PLOTS

[ l l l j  Hydrogenated

Volume % Methanol r  mN/m Advancing Receding Adhesion
Tension

Degrees Degrees mN/m

0 72,4 85 41 30,5
5 60,0 82 39 27,5

10 51,4 81 34 25,3
25 42,4 72 26 25,6

100 22,5 0 22,5 *  excluded

[110/ Intermediate

Volume % Methanol r  mN/m Advancing Receding Adhesion
■Tension

Degrees Degrees mN/m

0 72,4 72 26 44,6
5 60,C 69 20 38,9

10 51,4 65 0 36,6
25 42,4 59 0 32,1

100 22,5 0 0 22,5 *  excluded

*  data excluded from p lo t because to ta l wetting occurred.

Linear regression gives the fo llow ing  equations fo r the Zisman p lo ts  in 

Figure 30 :

[111] hydrogenated : y cos e -  0,175 y?v *  27,3
[110] Intermediate : y cos 8 = 0,405 f l v  + 15,2

hence by se tting  cos e to  1 and solving we fin d  the c r i t ic a l  surface 
tensions o f wetting t

[ l l l j  hydrogenated $ Ycr i t  = 21 mN/m
[110J intermediate : Y c r it  * 26 mN/m
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This can be seen again from the in te rcep t w ith the diagonal on the p lo t .  
Kelebek and Smith (1985) fin d  values o f 40 - 45 fo r coals, 29 fo r the 
cleavage plane o f molybdenite and 27 fo r  a sulphur crys ta l face. Zisman 
quotes 22 fo r a surface o f methyl groups. I .e .  a p a ra ffin  wax. We conclude 
tha t the hydrogenated surface has a character e s s e n tia lly  s im ila r to  a 

p a ra ffin  wax, and that even the polished surface Is mainly composed o f 

hydrophobic, low energy s ite s .

6.6 Optical Contact Angle Measurement

The op tica l or photographic technique was used to  find  the advancing and 
receding contact angles on the surface o f good “ near octahedral" diamond 
c ry s ta ls . Figure 31a shows a diamond s t i l l  "locked fn the k fm b e rlite " . 

Figure 31b shows the advancing angle on the newly libera ted  surface and 31c 
shows the receding angle.

Table 14 shows the resu lts  found by the author and another Independent 

party  o f constructions to  f in d  the contact angles at the le f t  and r ig h t  
edges o f the drop lets.

TABLE 14 -  OPTICAL CONTACT ANGLE MEASUREMENTS ON NATURAL FACES

Author's Measurements Independent Measurements

Exposed Surface Surface Exposed Surface Fresh surface

degrees degrees degrees degrees degrees degrees
adv

degree degrees

70 36 76 39 74 37 70 59
55 34 68 27 52 34 57 24
78 27 67 25 58 33 57 24
52 26 77 30 80 32 69 32
67 35 73 26 78 37 69 30
78 38 65 30 81 45 80 36
75 67 32 74 60 69 36
65 69 34 68 65

70 29 81
61 62

68

jA v e ra g es 67,50 32,67 69,30 30,22 70,63 39,71 68,64 34,43
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The adhesion tensions calculated from these re su lts  are

exposed surface: 40,0 - 44,3 mN/m 
fresh surface : 43,0 - 44,1 mN/m

which are in the range seen fo r the intermediate sta te  o f mechanically 
polished surfaces.

The advancing angles were genera lly lower, and the receding angles 

genera lly h igher, than found by capillarography. This is  in part due to  
re laxa tion  during the time required to  make an op tica l measurement, where 

cap illa rog raph ic  angles are measured instantaneously, and in part due to  
evaporation from the d ro p le t. Fortunately the e rrors tend to  cancel in 

ca lcu la ting  the adhesion tension.
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CHAPTER 7 -  RESULTS OF SPECTROSCOPIC METHODS

7.1 Sequence o f Experimentation

H is to r ic a lly ,  the XPS technique was attempted before the RBS or LEEO 
techniques. Because o f d i f f ic u l t ie s  w ith an 0 { ls )  signal derived from the 

sample holder during XPS, which made quan tita tive  measurement o f the oxygen 
coverage o f the surface d i f f i c u l t ,  the RBS technique was used. There were 
i n i t ia l  d i f f ic u l t ie s  even here, because o f a high background caused by 
secondary sca tte ring  o f ions. A fte r solving th is  problem by the use o f a 
beryllium  sh ie ld , be tte r q u a n tita tive  resu lts  were obtained from the 
surface. This indicated an approximately 1/3 monolayer coverage by oxygen, 

which was then followed up using the XPS technique, using a larger diamond, 
a goldplated holder fo r  the diamond, and in troduction  o f the diamond by 

means o f  a UHV tra n s fe r system (see 6.4).

7.2 Rutherford Backscatterinq Results

7.2.1 Oxygen Analysis

Experiments with mechanically polished and oxidized surfaces in the ea rly  
stages were characterized by a high background in the spectra, and no 
s ig n if ic a n t d iffe rence  between polished or oxidized surfaces. Oxygen 

levels o f 0,6 to  0,7 monolayer were ca lcu la ted. There was often 
s ig n if ic a n t level o f Fe and Si (up to 0,4 ML). This suggested changes In 
the cleaning equipment, longer u ltrason ic  rin s in g , and the use o f a 
beryllium  shield on the sample holder. The low atomic weight o f beryllium  

causes very l i t t l e  secondary sca tte ring .

A fte r the Inclusion o f the bery liium  sh ie ld , be tter spectra were obtained. 
Examples are shown in  Figure 33. The use o f a logarithm ic scale in these 
spectra, to  allow  inc lus ion  o f the high carbon s ig n a l, causes some 
d is to rt io n  o f the smaller peaks, and zero suppression which obscures the 
low level background s igna ls . The region o f the oxygen peak, channels 70 
to 80, was rep lo tted  on a lin e a r scale and th is  is shown In Figure 34. The 
oxygen peak can be seen, c lea r o f the background.
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Q uantita tive oxygen analyses o f diamond surfaces, both polished and 
chemically m odified, were conducted. This was done by a technique (Derry, 
1986b) which involved :

1. Summing the counts in the fiv e  channels surrounding the oxygen peak 
(normally at channels 73 to  77).

2. Subtr uCting o f f  a background count per channel found from the 
three channels above and below the oxygen peak to  give P, the true 

oxygen peak.

3. Normalizing by a ca lib ra ted  value o f 65, the count per channel width 

fo r  the substrate, which was determined so as to  exclude the e ffects  
o f ion channeling.

4. M u ltip ly ing  by the system constant :

dz / Z c \ 2 Nav

" ' 2 1  ( W  r

-e P » counts in  surface layer peak
AS = counts per channel in substrate spectrum 

&E2 = channel width (energy un its) 
dZ/dEg = energy to  depth conversion fa c to r = 14 A/keV fo r 1,0 MeV He 

Zc = atomic number o f carbon 
Zi = atomic number o f oxygen 

Pdia = density o f diamond 3,52 g/cm3 
NAv » Avogadro's number 6,023 ID23 
Me = mass number o f substrate = 12 fo r carbon 
el « angle between incident beam and detector

This gave the fo llow ing  figures fo r  the oxygen coverage in  atoms per cm2 on 
the surface of diamond TP2, 5 degrees o f f  [ 111J :



TABLE 15 -  SURFACE COVERAGES CALCULATED FROM RBS SPECTRA

Preparation Oxygen coverage atoms/m2 Monolayers

Mechanically polished in water 
Mecb. polished + organic rinse 
Oxidized at 420 C 
Hydrogenated at 750 C

0,66 1 0 "  
0,13 1019

0,29
0,31
0,37
0,07

The fra c tio n a l monolayer coverage is calculated from the ideal a tr^ ic  count 
on a [ l l l j  face o f diamond, 1,81 X 1019 atoms per m2. Suisprslts •r.n.cira in 
the region o f the oxygen peak fo r  the polished (interm ediate) case and the 
hydrogenated surface appear in Figure 34. Although there is an apparent 
peak at channel 75 in the second case, the overa ll higher background 
o ffse ts  th is  in the ca lcu la tion . I t  was surpris ing  th a t the oxidized 

surface d id  not give a higher s ig n a l. I t  is  possible tha t the greater 
oxygen coverage suspected a fte r  oxidation is  la rge ly  in the form o f 
unstable species which desorb under vacuum conditions.

7.2.2 Identification of Adsorbed Species

The RBS technique was used to id e n tify  adsorbed species which may be 
responsible fo r dramatic changes In the wetting character o f the diamond 
surface (see Section 1 .1 ). A p a r t ic u la r ly  s tr ik in g  case is  the e ffe c t o f 
water from the k im berlite  ore at the Venetia prospect in the Northern 

Transvaal. This was f^und in in d u s tr ia l experiments to  have a very 
de le terious e ffe c t on - • adhesion o f diamonds to grease. Exposure o f 
diamonds to  th is  water has been found to increase the adhesion tension 
(w e tta b il ity )  by 9-10 mN/m a fte r 30 minutes immersion (see Section 9.6). 
The diamond was exposed to the raw water and to  water f i l te re d  through a 
0,22 micron f i l t e r ,  fo r  30 minutes. The RB spectra were used to  id e n tify  
adsorbed components. The raw water produced a very "d ir ty "  spectrum, 

poss ib ly  because o f suspended dust p a rt ic le s . However, the fo llow ing could 
be id e n tif ie d  :



TABLE 16 -  ADATOHS DETECTED BY RBS

Channel Mass Number Species and Comment

61 14 Nitrogen possibly in  diamond (F ie ld , 1979b)
76 16 Oxygen surface oxide or adsorbed 0

iOO 23 Sodlwn-not from f i l te r e d  water
115 27 Aluminium major peak
117 28
130 35 Chlorine-not from f i l te re d  water
137 40 Calcium-not from f i l te re d  water

152-158 54-58 Iro n , or cobalt or n icke l
185-195 Platinum from cleaning apparatus

Figure 33c shows the spectrum from one such experiment. The f i l te re d  
so lution gave only two obvious contaminant species at channels 133-116, 

which could be aluminium or s il ic o n , the major rock constituen ts , and at 
150-158, which cvuld be Cr» Fe or N i, or a m ixture. The la t te r  are more 
lik e ly  to  a ffec t the o r ie n ta tio n  o f water molecules at the solid :w ater 

in te rface  and fu rth e r cap i1larographic experiments w ith  standard solutions 
were performed to  test th e ir  e ffe c t (see Section 9.7)

7.3 Low Energy Electron Diffraction

LEED analysis was performed on two diamonds, TPO and TP1, normally ju s t 
p r io r  to  XPS analysis. TPO is  not a well defined crys ta l face but even so 
a sa tis fa c to ry  LEEO pattern was obtained. On the good [111J face o f TP1 an 
impressive pattern was obtained, w ithout the need fo r  vigorous cleaning. 
Figure 35 shows the LEED pattern obtained on TP1 at 242 vo lts  without heat 
treatment. The ra t io  o f  spot spacing to  the radius o f the screen is  0,59. 

Hence from the re la tio n  fo r  spacing o f the sca tte ring  centres in real

d = 2310/ /  U x 1/0,59 = 253 pm



fig 35  LEED pattern on f111l 1x1
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A s im ila r pattern was obtained fo r the displaced [111] face a t 218 vo lts . 
The ra t io  o f spot spacing to  screen diameter was 0,61 and hence the spacing 
o f  the sca tte ring  centres was found to  be :

d = 2310/ / I  x 1/0,61 = 257 pm

A fu rth e r pattern was obtained at 38/ v o lts , and the ca lcu la tion  showed the 
same surface la t t ic e  spacing. This indicates a f i r s t  order pattern in both 
instances, w ith spacing as expected fo r the unreconstructed [111] planar 

surface. No evidence o f reconstruction - h a lf order spots - could be seen 
in  these spectra or those taken a fte r the surface had been heated at 670 
K. An hydrogenated surface produced e s s e n tia lly  the same pa tte rn , with no 
evidence o f h a lf-o rd e r spots.

We conclude tha t the atoms on the surface o f the diamond occupy the same 

pos itions as do the carbon atoms in  the bulk c ry s ta l, and tha t any
heteroatom which is  adsorbed on the surface does so in  such a way that no
regular su p e rla ttice , w ith p e r io d ic ity  at a m u ltip le  o f the interatom ic 
spacing, is  formed.

7.4 X-raty Photoelectron Spectroscopy

An i ’ i t i a l  program o f XPS experiments was prejudiced by a large component 

o f  the 0 ( ls )  signal derived from the sample holder. In th is  series the 
diamond surface appeared to  re ta in  between 0,7 and 1,1 monolayers o f oxygen 

in  u ltrah igh  vacuum, which is c le a r ly  in c o n f lic t  w ith the resu lts  from 
RBS.

To o ffs e t th is , a larger diamond was used, and a gold plated holder was 

made fo r the diamond. Sold has a low s tic k in g  p ro b a b ility  fo r  oxygen, 
which we hoped would reduce interference from th is  source. In add ition , 
the  diamond was introduced to  the UHV chamber by means of a sample transfe r 
rod, thus e lim ina ting  the "bake-out" at 470K. Better spectra were 
obtained, as shown in  Figure 36.



The jxygen ( Is )  signal appears to  be a s ing le  peak in  the case o f polished, 
annealed and hydrogenated surfaces, w ith an energy d ifference C (ls) -  0 ( ls )  
o f 248,0 ± 0,5 eV. In the case o f the s trong ly  oxidized surface, the 0 ( ls )  
peak appears to be broader, w ith a peak width at ha lf maximum o f 4 eV, by 
comparison w ith  the 2,5 to  3 eV seen in other cases. Also, the energy
d iffe rence C (ls) - 0 ( ls )  is  reduced to 246,5 eV, suggesting a chemical

s h if t  in the d ire c tio n  o f higher k in e tic  energy, or lower binding energy.

This suggests tha t ox,'.gen is  presented in  only one chemical form, but In
varying p roportion, on the polished, annealed and hydrogenated surface. 

Because oxygen is  d iva len t, th is  is  thought to  be the te r t ia r y  hydroxyl 
group. On the oxidized surface, two forms seem l ik e ly ,  with one type, at 

the lower binding energy, bonded d if fe re n t ly  to  the carbon atoms. A s h if t  
to  lower binding energy could be the re s u lt o f double bonding o f surface 
oxygen atoms and hence greater e le c tro s ta tic  sh ie ld ing o f the core
e lectrons. This could be in the form of the carbonyl or carboxyl groups 

proposed by Sappok and Boehm (1968) which would be possible s t r ic t ly  only 
at la b ile  carbons, possessing two or one bonds back in to  the diamond 
c ry s ta l. Presumably, oxidative etching o f the diamond surface produces 
these as Intermediates between te r t ia r y  surface oxides and desorbing carbon 

dioxide. Another p o s s ib il ity  is  a b ridg ing , or oxirane-type oxygen group, 
where the e le c tro s ta tic  sh ie ld ing provided by the adjacent C-0 bond is  
greater than tha t found on an iso la ted hydroxyl.

A quan tita tive  estimate of the oxygen coverage on the diamond surface in 
these experiments is given in Table 17. Use has been made of equation 23 

w ith  a correction fo r  analyzer s e n s it iv ity .

TABLE 17 -  OXYGEN SURFACE ANALYSIS BY XPS

State
Carbon ( Is )  

Peak 
cps-eV2 
x 10-6

Oxygen ( Is )  
Peak 

cps-eV2 
x 10-6

Coverage
atom/nr

Mono­
layers

Polished 415 54 7,1 X 1 0 " 0,39 0,02
Annealed 500 K 467 34 4,0 X 1 0 " 0,22 0,02
Oxidized 770 K 405 185 2,5 X 1 0 " 1,4 0,05
Hydrogenated 1020 K 325 17 2 ,9  X 1 0 " 0,16 0,03
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Apparently there is  s ig n if ic a n t desorption o f the oxygen on heating to  as 
low as 500 K. Evans and R iley (1986) found tha t temperatures as high as 
1220 K were required to  reduce the 0(1s) peak area down to  one percent o f 
the C(ls) peak area. Desorption began from as low as 620 K. The fa c t that 
LEED analysis shows no change from the 1 x 1 pattern seen before heating 

suggests tha t hydrogen Is being adsorbed, or d iffu s in g  out o f  the bulk 
c rys ta l to  s a tis fy  the surfa te  bonds.

The hydrogenation produced a s ig n if ic a n t reduction in  the oxygen signal - 

from approximately 0,4 to less than 0,2 equivalent monolayers.

The XPS resu lts  therefore confirm the RBS analysis, in tha t less than a 
h a lf monolayer coverage o f chemically bonded oxygen ex ists on the polished 
f l U j  surface, and that th is  is  reduced s ig n if ic a n t ly  by hydrogenation or 
thermal desorption in  UHV.
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CHAPTER 8 -  SURFACE MODEL

8.1 Molecular Model

At th is  stage we can propose a model fo r the diamond surface, a fte r

reaction w ith hydrogen or oxygen, which is  o f use in  In te rp re tin g  tnese

This w i l l  t ie  in some o f the re su lts  from spectroscopy w ith  the three
states observed in  wetting experiments.

8.2 F u lly  Hydrogenated

The fu l ly  hydrogenated surface is "b u lk - lik e " ,  i .e .  the carbon atoms are 
very l i t t l e  displaced from the positions they would occupy in the bulk 
c ry s ta l,  and each dangling bond e x te rio r to  the crys ta l 1s terminated by a 
hydrogen atom. Because o f the re la t iv e ly  small size o f the hydrogen atom - 
the Van der Waal's radius is  only 120 pm {Mackay et al 1970)- th is  w il l  

occur on a l l  faces w ithout any s te r ic  hindrance. This is  a conceptually 
simple way to terminate the diamond surface and eviden tly  preferred by
vacuum experimentalists (Pate 1986) and theoretic ians (Lopez e t al 1981). 
However, th is  surface is  very hydrophobic, having the properties v i r tu a l ly  
o f  a p a ra ffin  wax. This sta te  is not observed except in the case of
diamond surfaces especia lly  hydrogenatvi at high temperatures.

Under norma) circumstances the surface is expected to take up some, but 
less than a monolayer coverage o f oxygen. Because the remaining bonds w il l  
need to  be s a tis fie d , and reconstruction r.'n be ruled out on the strength 
o f  the LEED re su lts , the balance o f the surface atoms may indeed be reacted 

w ith  hydrogen. In te re s tin g ly , the oxygen Is very l ik e ly  bound as hydroxyl 
groups, (by analogy w ith s il ic o n  [ l l l j ,  Schaefer et al 1984) which means 
tha t the to ta l coverage by hydrogen. Including the hydrogens o f the 
hydroxyl groups, w il l  approach one monolayer. The d e f ic i t  w i l l  be due to  
edge s ite s  where oxygen could double bond to  the favourably oriented 

o rb ita ls  o f two carbon atoms on adjacent layers.



Despite the fa c t tha t Pate (1986) considers th is  to  be the natural state 
fo r  a polishea diamond surface, a l l  w e tta b il ity  tes ts  and R6S, XPS vacuum 
techniques ind icate sane oxygen on the surface o f a mechanically polished 
diamond surface, but less than h a lf a monolayer. The fu l ly  hydrogenated 

surface seems to be rea lised  only a fte r thermal desorption in vacuum or 
high temperature hydrogenation in oxygen free hydrogen. Pate (1986)

mentions a bake-out in  vacuum at 770 K as part o f the surface cleaning 
procedure he adopted p r io r  to  analysis. THs could conceivably desorb the 
surface oxygen and replace i t  w ith hydrogen d iffu s in g  out o f the diamond 

la t t ic e  (Mainwood 1982, Tabor 1983).

8.3 Fully Oxidized

The f u l ly  oxidized surface presents more d i f f ic u l t ie s  in terms o f  chemical

s tru c tu re . The simplest model would be monolayer coverage by hydroxyl
groups. However, uniform monolayer cr by hydroxyl groups, as in the
case o f hydrophilic  s i l ic a  (Lasko Kitchener 1969; Stasczulc 1985),
is  u n lik e ly  because o f s te r ic  hindrance between neighbouring hydroxyl 
groups. This fo llow s from the spacing o f the surface carbon atoms on the 
(111J surface (see Figure 3) and the Van der Waal’ s radius o f the oxygen 
atom o f 140 pm (Mackay et a l 1969). This radius should also be increased 

in the case o f hydroxyl groups to  allow fo r the cova len tly  bonded hydrogen 
atom in the hydro •< group. E ither way, there w i l l  be considerable 
repu ls ive  in te ra c t!, when try in g  to  pack these groups onto a hexagonal

mesh w ith spacing o f 252 pm. This is  not the case on s ilic o n  which has a
covalent radius o f 117 pm, and hence la t t ic e  constant 50 % greater than
th a t o f diamond (Mackay et a! 1969). Wetting tes ts  w ith s ilic o n  [111J
wafers are discussed in  Appendix 8.

Another structu re  proposed fo r the ox id iz w  '-urface is  the bridging

(oxirane or "epoxide” ) group. The shape o f n bridge is d ictated by 
the sp3 hybrid iza tion  o f the oxygen atomic o r U - J i . ,  as in  water, and the 

repulsion o f the lone pa ir electrons in the two f,i'.fi-bonding o rb ita ls . This 
leads to  a vee-shape w ith  an angle between the ,i.)ing o rb ita ls  o f 100 -110 
degrees. The formation o f surface oxiranes anti peroxides In the overhead 
s ite  above two carbon atoms In the (111J plane requires considerable
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d e flec tion  o f the ordinary bond angles. This kind o f s ite  is  u n like ly  
except in  the case o f unusual edge or d is loca tion  s ite s , where la b ile  
carbon atoms are in the correct p o s itio n . I t  ha* been suggested (Verwoerd 

1986) tha t the [100J surface is  such an agreeable environment. 
Unfortunately th is  is  the least frequent surface encountered in  p ractice . 
(Bansal e t al 1972). An ind ica tion  o f the thermodynamic penalty fo r th is  
de flec tion  can be obtained by consideration o f the s tra in  energy involved 

in  some simple organic compounds (Benson 1976).

TABLE 18 ~ ESTIMATION OF STRAIN ENERGIES

Compound 6Hof (obs) 
ku/mol

& Hof (calc) 
kJ/mol

Es
kJ/mol

Ethylene oxide 
Benzene

-52,5
83,2

-35,3

-168,4 
221,8 

-  9,2

115,9 
-138,6 
-  26,1

Furan shows a spacing between the oxygen-bridged carbons o f 280 pm, most 

nearly l ik e  the spacing on the diairond (111J surface and so should be a 
good model. The comparison is  clouded s l ig h t ly  by the resonance energy of 
the pi-bonded rin g . Benzene fo r Instance, has a true s tra in  energy o f  12,6 
k j/m o l, but th is  is  o ffse t by a resonance energy o f 151,2 kJ/mol, g iving a 
n e tt (apparent) s tra in  energy o f -138,6 kJ/mole. Even allow ing only h a lf 
o f .th is  resonance energy in the f iv e  member furan molecule, th t  true s tra in  
energy is approximate?^ :

-26,1 -(1 /2 * -151,2) *  49,5 kJ/mol

Ethylene oxide is  susceptible to a dd  so lvo lys is  in water to  give ethylene 
g lyco l (Roberts and Caserio 1964). This process Is possible because the 
s in g ly  bonded carbon atoms in the free  glyco l molecule allow the two 

hydroxyls to  splay and ro ta te , preventing s te r ic  hindrance. On the r ig id  
diamond surface, th is  would not be possible. I t  is possible tha t a surface 
ether or epoxide could undergo so lvo lys is  to  produce neighbouring hydroxyl 
and hydride groups and th is  may help to explain the observed in s ta b i l i ty  o f 
the h igh ly  oxidized surface :

th ih * . .  vV 'W4#.



The explanation preferred by the author Is the irre g u la r etching o f the 
diamond surface, f l l l j  or [110 ], by high temperature oxygen, so as to 

produce edges and steps which have the character o f [100] faces. This 
would provide good s ites  fo r  reaction o f oxygen in  the bridging form. I f  

th is  process is allowed to  proceed fo r  long, v is ib le  etching can be seen, 
in i t i a l l y  as a smoky texture to  the surface, and f in a l ly  as microscopic 

etch p its .  There would s t i l l  be a lte rna te  rows w ith , fo r  example, true 
[111] dangling bonds, normal to  the surface, which would require a lte rna te  
adatoms in the form o f hydroxyl groups or hydrogen. Consequently, i t  is 
u n lik e ly  tha t f u l l  monolayer coverage is a tta ined, but p o te n tia lly  as high 
as 0,8 o f a monolayer could be accomodated on a macroscopic [111] face, 
etched by the a lte rna te  removal o f three zigzag rows on the [111] 

plane. The oxirane type oxygens may be susceptible to  so lvo lys is  by water, 
increasing the coverage by hydrogen and hence decreasing the w e tta b il ity . 
The etched surface is  l ik e ly  to  be more e a s ily  polished, even by a so ft 
abrasive, since there w i l l  be defined microscopic ridges w ith  cleavage 

planes p a ra lle l to  th e ir  base. Durinq high temperature ox ida tion , an 
etching mechanism could lead to  the existence o f la b ile  surface C atoms 
capable o f bonding to  m u ltip le  oxygen atoms, and hence greater than 
monolayer coverage.

This could explain why the oxidized surface is  unstable and reverts  towards 
an intermediate sta te .

8.4 Intermediate (0 ,3  monolayer)

Rutherford Backscattering and XPS analyses in th is  study show near to  a 
th ird  o f a monolayer coverage by oxygen. Thomas and Evans (1975) have 
observed tha t the diamond surface adsorbs oxygen to  the extent o f  one th ird  
o f  a monolayer, as detected on a polished surface by XPS. In add ition , the 

polished surface has a w e tta b il ity  considerably less than tha t o f a f u l ly  
oxidized surface. Apparently there is  a s te r ic  hindrance to  the adsorption 
o f more than approximately a th ird  o f a monolayer o f oxygen.



Uniform One Third Monolayer Coverage

I t  is possible to  propose a configuration o f oxygen atoms (in  the form of 
hydroxyl groups) and hydrogen atoms on the [111J surface so that 
each oxygen 1s matched by two hydrogens as immediate nearest neighbours 1n 

a tr ia n g u la r mesh. This mesh then f i t s  together on the hexagonal [111J
surface la t t ic e  so tha t no oxygen has another oxygen as nearest neighbour. 
This is shown in Figure 37. This would give an ideal one th ird  monolayer 
coverage by oxygen and a ne tt hydrophobic character.

However, there are objections on the grounds o f LEED analysis. This 
arrangement should give r is e  to  a p e r io d ic ity  at tw ice the real space
la t t ic e  parameter, and hence h a lf order spots in the LEED patte rn . Such
spots were never seen which suggests tha t a true  periodic arrangement of 
oxygen atoms does not occur on the surface. An explanation can be o ffe red , 
based on the randomized attachment o f oxygens, w ith exclusion o f nearest 

neighbour s ite s .

Randomized Nearest Neighbour Exclusion

Assume th a t the surface coverage is  generated by a random process a fte r
exposure o f the fresh diamond surface (by c leaving, abrasion e tc ) . The 
reactive  species is  assumed to be water. This fo llows the methods o f K lie r 

and Zettlemoyer (1977) in  work on iron  [100] crys ta l face and Schaefer et 
al (1984) studying the reaction o f water w ith  s ilic o n  [100j and [ l l l j . An 
impinging water molecule may have the correct o rien ta tion  fo r  reaction with 
the fresh surface, and s p l i t  in to  an adsorbed hydroxyl plus hydride (as has 
been seen on s ilic o n  at room temperature). A lte rn a tiv e ly , the s ite  on 
which i t  impinges may be occupied, or have as its  nearest neighbour an 

adsorbed hydroxyl group which then in h ib its  reaction o f the water by s te rk  
e ffe c ts . A computer program was w ritte n  to  simulate th is  process of 
formation o f a mixed hydroxyl/hydride surface. K lie r  and Zettlemoyer 
(1977) have used th is  approach to  generate a la t t ic e  o f hydroxyl groups on 
Iron [lO O j. They then used the simulated la t t ic e  as a d if fra c tio n  grating 

fo r  a laser and the re su ltin g  pattern  was compared w ith  a LEED pattern fo r  
the true  iron [100J surface.
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D etails o f  the computer sim ulation are given in  Appendix 6. 

The re su lts  of 10 simulations are shown in  Table 19 :

TABLE 19 -  SIMULATED RANDOM SURFACE COVERAGE

Simulation No. Surface Coverage (Fraction o f a Monolayer)

1 0,307
2 0,300
3 0,328
4 0,300
5 0,264
6 0,300
7 0,293
8 0,286
9 0,307

10 0,314

Average 0,300
Std. Oev. 0,017

Reduced prin tou ts  o f four o f these sim ulations appear as Figure 38. There 
is no c lear pattern, apart from the higher frequency o f oxygens at the edge 
s ite ,  running h o rizo n ta lly  across the middle o f the f ig u re . This edge 

defect would in re a l i ty  be randomized too, so tha t we could expect no 
e ffe c t on the LEEO patte rn , which would be d ic ta ted  p r in c ip a lly  by the 
la t t ic e  spacing o f the substrate carbon atoms. This would explain how a 
surface w ith  an approximately 30 % coverage by hydroxyl grcups, arranged so 
as to exclude near neighbours, would not produce a change in the LEED 
pattern front the bulk unreconstructed pattern.
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8.5 In te rp re ta tio n  o f  Diamond Hydrophobiclty

Previously there have been two explanations fo r the native f lo a ta b i l i t y ,  or 

inherent hydrophobiclty, o f  m inerals. Non-sulphide minerals, such as ta lc  
and graphite are layer structured minerals, w ith  weak bonding between the 
layers. The surfaces formed by shear along these layers are "low energy"
surfaces (Gaudin et a l 1957) and should therefore be poorly wetted by a 
l iq u id  o f high surface tension such a1- vater. This fo llow s from Young's 

equation.

In the case o f sulphide minerals such as p y r lte , chalcopyrite  and galena
which are not o f th is  layer s tru c tu re , hydrophobic behaviour has been
explained by the formation o f one or more monolayers o f molecular sulphur 

the form o f chains and rings (Walker et al 1986). Sulphur in th is  form
is hydrophobic because there is  no ion ic  or dipole character, and no s ite

fo r hydrogen bonding o f water molecules.

The Inherent hydrophobiclty of diamond can be explained, based on the 
resu lts  o f th is  work, by the s te r ic  resistance to  oxidation o f [111J and 
(110j  m icrofacets on the surface. The carbon atom spacing on these la t t ic e  
planes, and the o rien ta tion  o f the residual bonding o rb ita ls , prevents 

oxygen from reacting w ith more than approximately 33% o f the surface. The 
remaining carbon atoms react w ith hydrogen to  form Inert and un-ionizable 
surface hydrides. These hydrides cause a defic iency in  hydrogen- and ion ic  
bonding between water molecules and the diamond surface. As explained by 

LasKowski et a l (1969) and van Oss et al (1986), a surface which is 
d e fic ie n t 1n hydrogen bonding capacity w il l  be poorly wetted by water.

This has pos itive  consequences fo r  the diamond mining industry , because i t  
indicates that the w e tta b il ity  seen in  diamonds at certa in  deposits is  not 
an inherent property o f the diamond, nor is I t  the re s u lt o f oxidation o f 
the diamond by the atmosphere. Evidence points to the adsorption o f some 
ion ic  species on the diamond surface. I t  should be possible to  reverse 
th is  by su itab le pretreatment o f the diamondiferous gravel in the diamond 

recovery p lan t, using mechanical a t t r i t i jn in g  coupled w ith addition of 

reagents.



CHAPTER 9 -  SOLUTION EFFECTS

9.1 Hydration

A major d i f f ic u l t y  experienced by Hartley (1978) in  his study o f diamond 
surface chemistry was the apparent hydroph iiiza tion  o f  diamond a fte r  
storage under water. He found tha t diamonds stored under de-ionized water 

even in  a t in  container, to  prevent s i l fc a  leaching, became so hydroph ilic  
tha t no contact angle could be established by the captive bubble 
technique. Laskowskl s t a l (1968) noted the hydration o f s i l ic a  which had 
been methylated by treatment w ith dim ethylch lorosilane. The contact angle 

was reduced from 60 degrees to  10 degrees at pH 6, and the process was more 
pronounced at higher pH. This was not caused by loss o f the surface methyl 
groups but rather by formation o f a stab le  phys ica lly  adsorbed layer of

Cain e t a l (1983) reported a s im ila r e ffe c t in studies o f the receding 
contact angle o f water on s ilico n ize d  glass. There was a large dependence 

on the time o f exposure to  the water -  i .e .  a hydration e ffe c t.

In th is  work, the nature o f the capllla rograph ic  te s t, with repeated cycles 
over the same area o f surface, shows up a s im ila r e ffe c t very g raph ica lly .

Inspection o f Figure 20 shows tha l successive hysteresis loops are 
progressively displaced in the d ire c tio n  o f higher fo rce , i .e .  more 
wettable surface. The data fo r the three successive loops in th is  te s t

TABLE 20 " HYDRATION DURING A STANDARD TEST WITH THREE CYCLES OF NETTING

Cycle Number Advancing Angle 
Degrees

Receding Angle 
Degrees

Adhesion Tension 
mN/m

1 80,3 29,2 37,7
2 78,4 27,8 39,3
3 77,7 27,6 39,8

Average 78,8 28,2 38,9



The in te rva l between successive cycles is the time to  trave l tw ice 35mm at 
0,01 mm per second. I .e .  700 seconds* or Includ ing turnaround at the 
l im its ,  12 mfnutes per cycle.

By running the te s t program fo r  longer periods up to  40 cycles, the process 
can be monitored fo r  up to 8 hours. This Is shown in  Figure 39, fo r three 
states o f the surface, a high intermediate (p a r t ia l ly  oxidized) s ta te , low 
intermediate or polished s ta te , and a hydrogenated s ta te . The hydration 
e ffe c t is  asymptotic, and the hydrated adhesion tension Is between 5 and 7 
mN/m higher than the In t i t a l  (dry surface) value. The dry surface value 

can be restored, as noted by Laskowski et al (1968) fo r  s i l ic a ,  by drying 
at s l ig h t ly  over 373 K. This is  in c o n f lic t  w ith  H a rtley 's  resu lts  (1978) 
where the hydrated s ta te was found to be ir re v e rs ib le .

Two mechanisms can be proposed to  explain th is  e ffe c t.

Surface Roughness and Imbibition

Even a well polished surface w il l  have surface ir re g u la r it ie s  o f the order 
o f 0,1 microns, (Neogi and M ilte r  1982) and poss ib ly  even cracks o f greater 
depth. These would be possible s ites  fo r the re ten tion  of a ir  pockets,
g iv ing  a net higher contact angle as discussed by Blkerman (1970). The a ir
bubbles would have a high pressure, because o f th e ir  size and hence
curvature, and could be expected to dissolve in to  the water. Water would 

then penetrate the cracks. This should be apparent as an Increase in 
w e tta b il ity ,  as observed.

Formation of Physically Adsorbed Mater Clusters

The fa c t tha t the same e ffe c t can be seen on hydrophobized vitreous s i l ic a  

p la tes, which w i l l  have very smooth surfaces, (Laskowski and Kitchener 
1968) suggests tha t roughness Is not the major cause. The explanation 
offered by Laskowski Involves the existence o f a m ino rity  o f polar
(hyd roph ilic ) s ite s  on the s i l ic a  a fte r methyl a t ion. The fa c t that the 
maximum contact angle which they observed on the s i l ic a  was 70 degrees, and 
not the 108 degress expected o f a momolayer o f methyl groups, supports th is  
argument.
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fig 39 hvdration effect In water
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The polar s ites  i. *■ as nucleatlon points fo r the formation o f water 
c lus te rs  which grow to mask the methyl groups and hence give increasing ly 

hydroph ilic  behaviour. The same explanation can be used in the case of a 
diamond surface o f  mixed hydrogen/hydroxyl surface composition.

This e ffe c t obviously has a serious impact on tes ts  to  determine other 

so lu tio n  e ffe c ts . I t  is  d i f f i c u l t  to  d is tingu ish  the s lig h t  e ffects  caused 
by low level adsorption o f ion ic  species from the concurrent hydration 
process.

This necessitated some care in the execution o f these experiments. The 
diamond te s t plates were immersed in the te s t so lu tion  fo r  only the 

duration o f a standard three cycle te s t, when investiga ting  concentration
e ffe c ts , and the average adhesion tension over the f i r s t  three cycles was
used as a measure.

In tes ts  where the adsorption of an ion ic  contaminant was strongly
suspected, the p lo t o f adhesion tension w ith time was compared w ith the 
hydration curve o f Figure 39 to  determine the s ign ificance o f the e ffe c t.

9.2 pH

The response o f many oxide minerals to f lo ta t io n  is s trong ly  affected by 
the pH because they are the "po ten tia l determining ions" fo r oxidetwater 
systems, the p o te n tia l then a ffecting  the adsorption o f flo ta t io n
c o lle c to r (Finch et al 1979).

In the case o f diamond, the ion iza tion  o f surface groups should lead to  
s ites  w ith  greater in te ra c tio n  forces w ith water molecules, hence a lower 
s o lid s liq u id  in te r fa c ia l energy and greater w e tta b il ity .

C apillarographic te s ts  were performed on a mechanically polished 
(interm ediate) surface at a range o f pH from 1,0 to  13,0. This Is well 
beyond the range encountered in  ordinary mine waters. The resu lts  are 
shown in Figure 40.
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Apparently the diamond surface Is most hydrophobic between pH 4 and 11. 
There may be a s lig h t hydropfVMc trend in the range pH < 2. The most

obvious e ffe c t Is a progressive Increase In h yd ro p h llic lty  from 
approximately pH 12 upwards.

This could be interpreted in the l ig h t  o f the table o f acid strengths o f 

some organic acid groups.

TABLE 21 -  ACID STRENGTHS OF VARIOUS OH CONTAINING GROUPS

Compound Ka Reference and Page

Ethanol
Cyclohexanol

Benzoic acid

Roberts & Caserio, 1965 p 384 
Roberts & Caserio, 1965 p 904 
Roberts & Caserio, 1965 p 902 
Roberts & Caserio, 1965 p 510

I f  the hydroxyl groups on the diamond surface were located on carboxyl 1c
acid groups, or in a location where neighbouring carbon atoms are Involved
in  ir bonding, we would expect major changes near pH 4 and pH 10
approximately, by analogy w ith benzoic and phenolic hydroxyl groups. The 
fa c t tha t th is  does not emerge, but tha t there 1s a ra p id ly  Increasing
e ffe c t as pH approaches 14, indicates tha t the ionlzable groups are more 
lik e  the alcohols:ethanol or cyclohexanol.

This supports the view o f the diamond surface consisting of a m ino rity  o f 
hydroxyl groups whose nearest neighbours are m ethy l-like  hydrogens.

9.3 Temperature

The e ffe c t o f temperature on contact angle and w e tta b il ity  was studied by 
changing the temperature o f the thermostat in  the range 278 -  308 K. Above 
308 K condensation caused experimental d i f f ic u l t ie s .
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The re su lts  o f a te s t on a low intermediate [111j surface are shown in 

Figure 41. The trend towards greater w e tta b il ity  in both d irections from 
298 K is unexpected.

Above 298 K the advancing angle was reduced, w h ils t the receding angle 
dropped only s lig h t ly .  Below 280 K the receding angle decreased sharply. 
This could be a re f le c tio n  o f the greater s ta b i l i t y  o f phys ica lly  adsorbed 
water film s  at lower temperature.

At no temperature did the surface become t ru ly  h yd roph ilic . Subtle e ffec ts  
due to the suspected dependence o f contact angle and surface entropy on 
temperature could not be detected from these resu lts  (Neumann 1974).

9 .4  I o n ic  S t re n g th

The e ffe c t o f ion ic  strength was studied using potassium ch loride and 
sodium ch lo ride , selected because o f th e ir  pH n e u tra lity  and high
s o lu b i l i ty .  Figure 42 shows the e ffe c t o f potassium ch loride at 
concentrations up to  0,1 M o n a  hydrogenated surface and a high
intermediate surface. There is  very l i t t l e  e ffe c t in e ith e r case, with 
possibly a s lig h t increase in  w e tta b il ity  in the case o f the hydrogenated 

surface.

This is compatible w ith the view of the diamond surface as a mixture o f 
poorly ionized surface groups such as hydrogens and a lco h o l- like  
hydroxyls. Sodium ch lo ride , s im ila r ly , had no s ig n if ic a n t e ffe c t. Thus we 
must in te rp re t the fin d in g  o f Weavlnd (1952) on the de leterious e ffec ts  o f

"s a lts "  in sea water to include ion ic  species other than the simple a lk a li
halides.

9 .5  Aqueous O x id a n ts

H artley (1978) found tha t aqueous oxidants such as the hypochlorite ion, 
perchlorate Ion and dlchromate ion produced a decrease in  contact angle and 
an increase in w e tta b il ity . Tests were conducted using 0,001 M solutions 
o f these reagents, whereas Hartley observed oxidation e ffe c t at



concentrations above IQ"5 M. The bichromate and perchlorate solu tions were 
a c id ifie d  to  pH3. The hypochlorite so lu tion was at the natural pH o f 10. 
The re su lts  are reported in Table 22 showing the net change in adhesion 
tension, a fte r 30 minutes immersion, and subtracting a correction o f 1,5 
mN/m, being the s h if t  caused by hydration even in  clean water a fte r the 
same period.

TABLE 22 -  OXIDATION BY AQUEOUS OXIDANTS

Oxidant Change n Adhesion Tension

Bichromate ion -CriO? 0,001 M + 0,5
Perchlorate ion -ClOi* 0,001 M + 2,3
Hypochlorite ion -0C1 0,001 M + 9,9

Apparently only hypochlorite ion is  a s u f f ic ie n t ly  powerful oxidant under 
these conditions, but even th is  represents a s h i f t  in  contact angle o f only 
some 10 degrees. This is  nowhere near as strong an e ffe c t as oxidation by 

high temperature oxygen, which produces a change in adhesion tension o f 30 
mN/m. The d ifference could be explained i f  we accept th a t oxidation o f 
m icroscopically planar [ l l l j  surfaces can occur on ly by an etching 
mechanism, realised only a t high temperatures, and tha t aqueous oxidation 
can a ffe c t only e a s ily  oxid lzab le  s ite s , at edges or steps in the surface.

9.6 Plant Water Sampled a t the Venetia Deposit

A typ ica l diamond ore which contains many diamonds w ith  hydroph ilic  

character occurs at the Venetia prospect in  the Northern Transvaal. 
Diamonds from the upper reaches o f th is  pipe have a very poor adhesion to  
grease, and so probably a very hydroph ilic  surface. A sample o f water from 
a development shaft at Venetia was taken fo r  analysis ana used in these 
experiments.
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An analysis o f the water by atomic absorption spectroscopy gave the 
fo llow ing  major so lu tes, expressed in  kg per m egalitre (ppm) :

TABLE 23 -  ANALYSIS OF VENETIA SHAFT 5 HATER

(a ll 1n mg/dm3)

pH Na+ Ca++ K* Kg** S1» + Fe3+ A l3+ Cu++ SO4" c i -

8,1 880 300 107 1140 20 1 1 <1 2080 6180

Total dissolved so lids  were 17 880 ppm, and to ta l suspended so lids were 17 
ppm. The d iffe rence  between the to ta l o f the analyzed solu tes, and the 
TPS, approximatley 7200 ppm, is due to carbonate and bicarbonate ion.

The water was f i l te re d  at 0,22 microns before use in the cap illarographic 

c e l l .  The surface tension at 25 °C was 72,7 mN/ro, a re fle c tio n  o f the high 
ion ic  content.

Figure 43 is  the capillarograph from the te s t on a polished [111J surface, 
showing the large change between the advancing contact angle on the f i r s t  
pass, before the surface had adsorbed any contaminant, and the lower 
contact angles on the subsequent passes. The f i r s t  receding pass is over a 
surface which has bee?) exposed to the contaminant fo r  approximately s ix  

minutes, and is therefore depressed, and not very d iffe re n t from the 
subsequent passes. C learly some agent in the natural water has a strong 
hydrophi1iz ing  e ffe c t on the diamond surface.

Figure 44 shows the e ffa c t over a period o f ffve  hours Immersion, An 
asymptote is reached w ith in  1 hour. The extent o f change o f adhesion 
tension is  14 mN/m, or 300 % higher than the hydration e ffe c t seen in 
m ill i-Q  water a fte r  the same period o f exposure.
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The id e n tif ic a tio n  of the active species was attempted by two methods :

1. RBS analysis o f the contaminated surface - discussed in Section 7.2.

2. Tests w ith standard so lu tions o f the ind iv idua l cations - see below.

9,7 S pecific  Metal Cations

Solutions of AR grade reagents containing calcium, aluminium, fe r r ic  and 
chromic ions were made up. C a lib ra tion  curves o f concentration v 

conduc tiv ity  were produced to  allow continuous monitoring o f the 
concentration in the c e l l .

Figures 45, 46, 47 and 48 show the e ffe c t o f the various ions at 
concentrations ranging from approximately 10*s M to 0,01 M.

Chromium ions show no e ffe c t, calcium and aluminium a s lig h t e ffe c t, and 
the e ffe c t o f fe r r ic  ion is  dramatic.

Figure 49 shows the adhesion tension o f the intermediate [111j surface 

a fte r  exposure fo r  up to  8 hours to  fe r r ic  ion.

The mechanism o f adsorption o f the fe r r ic  ion probably involves ligand
bonding to  one or more hydroxyl group on the surface o f the diamond, in the
same way tha t fe r r ic  ion can form complexes with polyhydroxy-organic 

compounds lik e  sugars (Mackay et al 1969 p 175). The hydration sheath of 
up to  s ix  water molecules surrounding the fe r r ic  ion would then provide a 
hydroph ilic  mask fo r the surface.

This hydroph ilic  state could be corrected by l ig h t  repolish ing or washing 
in d ilu te  hydrochloric acid. This is  shown In Figure 50. This mechanism 
o f adsorption on the diamond surface o ffe rs  an explanation fo r  the 
w e tta b il ity  of the diamonds at the Venetia prospect. Recent evaluation o f 
the diamond recovery from ore at various depths (Davies et al 1985) showed 
a co rre la tion  between hydroph ilic  behaviour, depth in the ore body and 

weathering o f the ore. The ore w ith in  40 m o f groundlevel had been

*> Jk., il5k v M-
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weathered, w ith a change o f colour, reduced density and presence o f 
reprec ip ita ted  minerals such as ca lcre te  and s i lc re te .  In th is  zone, the 

diamonds showed more hydroph ilic  behaviour. I t  is reasonable to  a ttr ib u te  
these e ffec ts  to the perco la tion o f surface water, o f higher pH than the 

natural pH of the k im b e rlite , and containing fe r r ic  and other ions. This 
explains the phenomenon o f hydrophilic  or "re fra c to ry " diamonds better than 

the oxidation mechanism advanced by S&ppok and Boehm (1968).

9.8 Dynamic Effects

The e ffe c t o f in te rface  ve lo c ity  on the contact angles was studied by two 

techniques :

1. Decreasing the ve lo c ity  o f in te rface  advance to  1,25 x 10-6 m/s.

2. Allowing a s ix ty  second re laxation time a fte r  each advance or recede 

before reading the force.

The f i r s t  approach gave s l ig h t ly  lower advancing angles and s l ig h t ly  higher 
receding angles at the lower ve lo c ity , by approximately 0,6 degrees in  each 

case. The e ffe c t is almost cancelled by taking the adhesion tension -  a 
form o f mean - but not e n tire ly , because o f the nonlinear nature o f the 
cosine function.

The re la t iv e ly  small dependence on ve lo c ity  is s im ila r to  the observation 
o f Johnson et a l (1977) fo r  water on s ilic o n e  coated glass at ve lo c itie s  
such th a t the ca p illa ry  number is  less than 10-5.

The c a p illa ry  number is the dimensionless group :

where V is the ve lo c ity  m/s
n is  the v is c o s ity  kg/m s 
Y is the surface tension kg/s2



In these experiments, the c a p illa ry  number was between 10*7 and 10-8 . 
Experiments at higher in te rface  v e lo c itie s  would require a fas te r weighing 

system than the e lectrobaiince used here.

The second technique gave considerably higher receding contact angles a fte r 
re laxa tion  fo r  60 seconds, by approximately s ix  degrees in most cases, but 
very s im ila r advancing angles. This is  s im ila r to  the find ings o f Bayramli 
e t al (1981) fo r quartz fib res  coated w ith dim ethyl- d ich lo ros ilane , who 
found a re laxation o f the advancing angle o f 1,0 degrees, and o f the 
receding angle o f 3,0 degrees a fte r  stopping from a ve lo c ity  o f 0,004 nim/s.

Hence we might an tic ipa te  that advancing angles from these capiUarographs 
are s im ila r to  equ ilib ra ted  contact angles found by op tica l techniques, but 
tha t the receding angles are lower than found by o ther, non-dynajsie 

measurements.

The dynamic contact angle may d if fe r  markedly f'-om the s ta t ic  angle in 
systems where d iffu s io n  of a surfactant is Important, or where the 
de-wetting phase (replacing water) is  a viscous f lu id  (Grader 1986). The 
la t te r  is l ik e ly  to be the case 1n the adhesion process o f diamond 
separation, but investiga tion  o f th is  property, which is  p r in c ip a lly  a 
function o f the adhesive phase, fa l ls  outside the scope o f th is  study.



CHAPTER 10 -  CONCLUSIONS

The adhesion tension fo r  water on mechanically cleaned diamond [111] and 
[UOJ surfaces was found to  be 40 and 45 mN/m respective ly. This 
translates to an equivalent average contact angle of 56 and 51 degrees 
respective ly. Under these conditions, the advancing angle is s im ila r or 

s l ig h t ly  greater than found by s ta t ic  technique!, (such as the sessile 
drop), and the receding angle is  considerably smaller, by approximately six 

degrees, than the receding angle found by s ta tic  techniques.

The [111] surface was s ig n if ic a n t ly  more hydrophobic than the {110J 
surface, by approximately 5 degrees of contact angle or 5 mN/m o f adhesion
tension, and th is  is believed to  be caused by the loK=r frequency o f s ites
su itab le  fo r attachment o f oxygen groups on the {1U J surface.

The adhesion tension o f water on s ilic o n  ( l l l j  was found to  be 63 mN/m 
a fte r po lishing and atmospheric ox idation, ind ica ting  a contact angle o f 30 
degrees which is considerably lower than tha t o f diamond. This was thought 

to  be due to a higher coverage by oxygen on the s ilic o n  surface.

XPS and RBS studies showed tha t there are stable oxides on diamond
surfaces, formed at room temperature, but that these accounted fo r on ly 25 

to 40% o f the availab le surface carbon atoms. Enhanced oxidation o f the 
diamond surface begins at approximately 470 K and Is accompanied by a large 
increase In w e tta b il ity .

An extremely hydrophobic surface, iv’ th adhesion tension o f 20 mN/m, 1s 
achieved a fte r hydrogenation a t temperatures higher than 770 K. The
w e tta b il ity  of th is  sta te  was s ig n if ic a n tly  lower (20 mN/m) than e ith e r a 
mechanically cleaned (polished) surface, or the surface o f a newly mined 
diamond.



A diamond surface which was produced by mechanical abrasion has a 
w e tta b il ity  intermediate between tha t o f an oxidized surface and a 
hydrogenated surface. The process o f po lish ing Is believed to  proceed by 

the breaking out o f microfragments w ith [ l l l j  faces so that th is  process is 
equivalent to  c leaving, but in very small steps. The surface so exposed 
preserves the bulk arrangement o f the surface carbon atoms, as detected by 
LEE!) studies which show no evidence o f a h a lf order spots, which are 

c h a ra c te ris tic  o f the 2 x 1 rearrangement.

Consideration o f the Van der Waal's ra d ii suggests th a t there would be a 
s te r ic  hindrance to  the formation o f a monolayer o f oxygen on the [ l l l j  
surface.

This is supported by the fa c t that two spectroscopic techniques, R9S and 
XPS, show oxygen coverages o f approximately 0,3 -  0,4 monolayers in th is

The p o s s ib il ity  o f oxirane or “b ridg ing" bonding o f oxygen between two 
surface carbon atoms is believed to  be u n lik e ly  on the ( l l l j  and [110J 
surfaces, because o f the high s tra in  energy involved in  the cyc lic  surfaces 
compound so formed. I t  is  feas ib le  on the [100J surface, and hence at 

edges and steps in  the [111) plane which provide a s im ila r o rien ta tion  of 
surface carbon atoms. The existence o f such edges and steps on a re a l, 
m echani/ally polished surface allows oxygen coverage of 0,33 monolayer or 
greater on a macroscopic [ l l l j  face, as has been shown by a Monte Carlo 
simulation of the process o f surface reaction w ith water molecules.

The adhesion tension o f diamond is  insens itive  to  pH, except in the 
extremely a lka line  regime. This suggests again tha t the oxygen is present 
in  the form of te r t ia r y  alcohols, and not acid groups.

* 1 .  6 n . .»
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Equally, there is no dependence on ion ic  strength in solutions of 

in d iffe re n t e le c tro ly te s , potassium ch loride and sodium ch lo ride . 
Oxidation by aqueous oxidants was minimal, except in the case o f the 

hypochlorite ion. Even here, the s h if t  in wetting behaviour was small in 
comparison w ith tha t caused by high temperature ox idation. These resu lts  
agree w ith surface structu re  where the m a jo rity  o f the surface s ites are 
uncharged and in e r t ,  such as surface hydrides.

Adsorption of fe r r ic  ion , from solutions o f concentration greater than 
10-5M, produced an increase in  the w e tta b il ity  o f the surface. This is  
believed to  be a be tte r explanation o f  the in d u s tr ia l problem o f 
hydroph ilic  diamonds found in certa in  ore deposits, than the mechanism o f 
oxidation by the atmosphere as previously proposed.

The Inherent hydrophoblcity o f  diamond can be explained, based on the 
resu lts  o f th is  work, by the s te r ic  resistance to  oxidation o f [111J and 
[IIO J mfcrofacets or the surface. The m ajo rity  o f surface carbon atoms 
must be sa tis fie d  by formation o f surface hydrides.
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APPENDIX 1 -  DERIVATION OF THE THERMODYNAMIC CONTACT ANGLE

The fo llow ing  derivation is  fo r  the case o f a l iq u id  at the face o f a plane 
v e rtic a l p late or w a ll, which is  a useful geometry fo r  the system o f 
capillarography (Mason 1978). An add itiona l proof fo r  a more general case 

o f a v e rtic a l surface is  given by Neumann (1974).

A liq u id  o f surface tension y i v and density p is  brought in to  contact 
w ith  a se m i-in fin ite  ve rtica l wall or p la te  and rises or is  depressed to 
form a meniscus o f height h see Figure A l . l ,  The p ro f ile  o f th is  meniscus 
was solved a n a ly tic a lly  by Laplace, and shown to  have the form :

z2
—  = I  - cos * . . . .  (A l. l)

where z is the height above the plane surface o f the free  liq u id
a is the Laplace c a p illa ry  constant = Zy/pg, c h a ra c te ris tic  o f

the liq u id
* is the angle made by the gradient o f the liq u id  surface at

height h, measured to  the horizontal

i.e . tan # = —

Note that th is  form is independent o f x, the horizontal co-ord inate, and 
the parameter, a, is  fixed  fo r a single f lu id  at constant temperature.

Assume th a t the height h, at which the meniscus meets the so lid
w a ll, is  variab le , i t  would be in p rac tice , since the meniscus can move up 
or down the w a ll. The wetting equilibrium  occurs at the height where the 
sums o f  the In te rfa c ia l and other relevant energy terms are minimized. The 
contact angle is  the complement o f the slope, 90-4, &t the height h.

New consider a small increase in h, dh, caused by a microscopic advance of 
the wetting lin e . The height o f the meniscus at the wall is  now h+dh. The 
energy terms associate w ith th is  move are (per u n it width o f the meniscus):



solld ivapour In terface decrease : -ysv dh

s o l1d : l1qu1d in te rface  energy increase : ys] dh

to  obtain the increase in the 1iquid:vapour In te rface , re fe r to the 
construction in Figure A l. The increase in  length o f  the curved meniscus 
can be found by tra n s la tin g  the o r ig in  along the x axis by a distance dx, 
so tha t the height o f the meniscus at th is  point is  again h, i.e .  as before 
the meniscus r is e . To f i r s t  order approximation

dx = dh cot * where * is  the slope at the wall

This move has excluded a section o f the meniscus o f length dl where :

dl = dh cosec *

and fa r from the w a ll, where the slope o f the meniscus tends to  zero, th is  

tra ns la tion  w i l l  include an increment o f length dx. Otherwise, between the 
new translated o rig in  and the fa r liq u id  surface (where z *  0 ), the 
meniscus has the same shape and extent, since th is  is defined only by the 
ca p illa ry  constant which does not change.

Therefore, the net change in meniscus length is :

d l1 = dl - dx = dh (cosec $ -cot *)

The net increase in in te r fa c ia l energy o f the w a te r:a ir in terface is 

therefore :

In addition, the tra n s la tio n  of the axes has excluded a volume o f l iq u id ,  
which has been l i f te d  from the plane surface (taken to  be zero potentia l 
energy). Everywhere e lse , the matching o f the meniscus a fte r the 
tra ns la tion  with that before the tra ns la tion  reveals no net energy change.

Yiv dh (cosec * - cot *)



Hence the 'olume o f the Increment can be found : 

dh
(h + —  ) dx = h dh cot * 

neglecting 2nd order terms.

The g ra v ita tiona l po ten tia l energy of the volume fo llow s by in tegra tion  :

d(Pe) = -  pg h2 dh cot *

The to ta l energy change 1s therefore :

-Ysv dh + Ysl dh + y |v  dh (cosec * -cot * )  + 1/2 pgh2 dh cot 4 = dG 

At the minimum : dG/dh = 0 hence :

-Ysv + Ysl + Yiv (cosec * -  cot * }  + 1/2 ogh2 cot* = 0 

2 yIv
since --------  = a2 the Laplace c a p illa ry  constant, th is  becomes

h2
Ysv -Ysl -  Ylv (cosec $ -cot *) = —  YIv cot * 

at the w a ll, ano as dh *  0.

h2
Ysv ■ Ysl " Ylv (cosec $ -  cot 4.) ■ —  Ylv cot * 

h2
Also, —  = 1 - cos 4



so by su b s titu tio n  and rearrangement

(ysv -  * fs i)/Y lv  = cosec * - cot * cos * *  (1-cos2 $ )/s in  * = s in  *

Since the slope, * ,  Is the complement o f the contact angle at the wall

(Y s v - is lV r iv  3 cos 0 . . . .  (1)

I t  is  Important tha t th is  angle is defined by a macroscopic energy balance, 
independent o f core region e ffe c ts . Optical observation o f th is  angle is 

often d i f f i c u l t ,  even more so than fo r a sessile  drop. The angle can be 
found in d ire c tly  by two means, both capable o f high precis ion.

C a p illa ry  Height

By rearranging the equation fo r  the meniscus at the wall : 

h = a / “ I "  sin e

so the ca p illa ry  r is e  is a good measure. The technique has been used by 
Cain et al (1983) who recommend a p la te le t s'ze of 2 cm or more to  obviate 
e ffec ts  caused by the meniscus curvature near the ends.

Meniscus Weight

In the capllla rograph ic  technique, the weight o f the meniscus Is found by 
p recis ion weighing, liikerman (1970) has Integrated the equation fo r  the 
meniscus volume o f the meniscus o f Figure A .l by trigonom etric substitu tion  
and shown :

W = y iv  cos a

so th a t. I f  Yiv Is known from an independent measurement, e can be 
calculated d ire c t ly .  Note tha t no assumptions about reso lu tion  o f surface 
tension components at the three phase line  are required in t i l ls  
de riva tion . Nevertheless, i t  Is consistent w ith the tension/energy d u a lity



o f surface tension tha t the weight of the meniscus l i f te d  per u n it length 
Is numerically equal to  the ve rtic a l component o f the surface tension. In 
the case o f a real p la te le t o f f in i t e  dimensions, there w il l  be edge 
e ffe c ts . The curvature caused by a corner w il l  depress the meniscus, fo r  
uniform contact angle, but the weight o f the meniscus, per un it length of 
wetted surface, w i l l  remain as above because o f the fan !ike  shnpe o f the 
meniscus at a corner.

S im ila r ly  the weight o f a meniscus surrounding a curved body, but w ith 
v e rtic a l sides, e.g. a rod, is s t i l l  the ve rtica l component of the surface 
tension, integrated around its  perimeter (Herb e t al 1983). The only 
exception is  a body w ith in te rna l channels causing "w ieking", a s itu a tio n  
u n lik e ly  w ith diamond te s t p la tes.



I X —>■

c o - o r d in a t e  h  a n is  s h i f t e d  b y  d »  t o  r ig h t

& &  ■- i f  * •  _A«w XV ^JSSAwAW** #



157

APrENOU 2 - FLOWSHEET FOR COMPUtER CONTROLLED EXPERIKNT 

THfl flowsheet for the supervisory program Is as Indicated in the following 
diagram: (Him numbers refer to program CAP GAL, Appendix 3),

I Load machine code for commands to and data froii displacement control 
lines 20-34

I Load machine code for data from Met tier balance! 
Uses 40-/4 )

ntact angle calculation and stability check

recede past caleu' te average contact angle arH display]

of passes (e.g. 3 passes)]

number of data (force/disp. pairs)

End of main program line 930



Subroutine to  p lo t on VDU 1000-1170

Subroutine fo r Inching advance 1600-1620

Subroutines fa r advancing and receding motion 1800-2040

Subroutine fo r displacement In ran 2200-2215

Subroutine fo r emergency stop 2300-2320

Subroutine to  ca lcu la te  contact angle 2400-2560

Subroutine to check angle s ta b i l i t y  - buoyancy slope 2580-2600

Subroutine to unwind co n tro lle r  near end points 3000-3060

Subroutine to store data on disk Lines 5000-5100



APPENDIX 3 CONTROL C ttPUTER PROGRAM

This program was w ritte n  in Applesoft Basic fo r  an Apple l ie  Computer. A 
lis t in g  fo llow s, Note tha t the command o f the form Is a macro
command, not normally found In Apple Sasic, which accesses the G a lll motion 

contro l syrtem. This allows commands fo r re la t iv e  motion (PR), te l l in g  o f 
pos ition  (TP) arid waiting fo r  specified period (WT In m illiseconds).
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APPENDIX 4 - DERIVATION OF THE LEED EqUtTJOM FOR SPOT SPAC1H&
T>ie de Broglie equation gives the equivalent wavelength o f an electron

At the energies used in  p ractice , r e la t iv ls t ic  e ffects  are not Important 
and the ve lo c ity  can be substituted by the c lassica l equation fo r k in e tic  
energy

We have bj/ su bs titu ting  (A4.3) in  (A4.1)

X = /  2meU/h2 . .  (A4.4). (X in m)

From consideration of reciprocal la t t ic e  theory o f d if fra c tio n  (Pendry 
1974), the beams re flected  back from a d if f ra c t in g  su» sea la t t ic e ,  or 
mesh, w i l l  In te rfe re  constructive ly  at a set o f angle. , to the normal

s in  ehk . 1 5 * 1  . . . .  (*4 .5) (Jeffreys et al 1972)

and g^j, is the la t t ic e  vector in  reciprocal space.

gh. = 2 n (h b i + k b2) . . . .  (A4.6) vrtiere h, k are Integers 
nK 6i  S2 are the reciprocal

la t t ic e  basis vectors

b j and b2 are found by matrix algebra.

Let A be the (2x2) matrix defin ing the real space mesh o f the diamond

h h = Planks constant 6,63 x 10* ^ J-S 
. . . .  (A4.1) m *  Mass o f e lectron 9,11 x 10-31 kg 

v ® V e locity o f electron.

(A4.3) Where :
e = e lectron ic  charge 1,602 x 10-19 Coulomb 
U = Accelerating voltage.

. . . .  (A4.7)

sa x
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APPENDIX 4 -  DERIVATION OF THE LEEB EQUATION FOR SPOT SPACING

The de Broglie equation gives the equivalent wavelength o f an electron

h h = Planks constant 6,63 x 10-?* J-S
X = —. . . . .  (A4.1) m = Mass o f electron 9,11 x lO-31 kg

mv v = V e loc ity  o f e lectron.

At the energies used in  p ractice , r t la t l v l s t l c  e ffects  are not Important 
and the v e lo c ity  can be substitu ted by the c lass ica l equation fo r k in e tic  
energy

(A4.2)

or v = / —  . . . .  (A4.3) Where :
V m e = e lectron ic  charge 1,602 x 10-19 Coulomb

U = Accelerating voltage.

We have by subs titu ting  (A4.3) In (A4.1)

X = /  2meU/h2 . .  (A4.4). (X in m)

From consideration o f reciprocal la t t ic e  theory o f d if fra c tio n  (Pendry 
1974), the beams re flected  back from a d if f ra c t in g  surface la t t ic e ,  or 
mesh, w il l  in te rfe re  constructive ly  at a set of angles e, to the normal

sin ehk - I 81* !  . . . .  (A4.5) {Jeffreys et al 1972)

and g(l|( is  the la t t ic e  vector In rec iprocal space.

ghlr = 2 r  (h b | + k b2) . . . .  (A4.6) where h, k are integers 
nK 61 S2 are the reciprocal

la t t ic e  basis vectors

b i and b2 are found by matrix algebra.

Let A be the (2x2) m atrix defin ing the real space mesh o f the diamond 

. . .  (A4.7)
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x y are u n it vectors In real space.

S j, a2 are the basis vectors o f the real space mesh.

For diamond, le t d be the spacing between adjacent top layer carbon atoms 
in  the diamond surface. (252 pm in  the ideal [ l l l j  surface).

Then St -  ^ l d  - i  . . . .  (A4.8)

?J -  ( 0 d )

are the real space basis vectors.

where A- 1 is  the Inverse o f matrix A. 

'  2 „ \
hence b j =

\ySd

(L
U d

(A4.9)

and jb j j  = jb2| * - J - -  ■■■■ symmetry is preserved
dV 3

and |4g| « |b t | = |b2|

hence the angular spacing between two adjacent beam spots 1n any d irec tion

M . i . t i . N . l . / I . L . A L . t . / I .  . . . . ( , . . 0 ,
2itA d v 3 2ir v 2meU d V meU



Substitu ting  MKS values fo r h, m, e we have

A (s in  * )  = 1,417 x IQ"9 1  . «  d in metres

or A {s in  * )  -  1417 1  . -  . . . .  (A 4 .ll)  d in pm. 
d /II

The emergent beams form spots w ith spacing As on a hemispherical screen, 

w ith  radius r .  In the V6 system, the screen is  not a f u l l  hemisphere, but 

subtends 104 0 (out o f maximum 180° }.

Hence, the projected radius, as seen on a photograph is  p = r  cos (104/2)

= 0,616 r

Then A (s in  #) = — ——  = 1417 1  i  
l,624p d /U

or d =- 2301 —  1    (M .I2 )
AS /U

This allows ca lcu la tion  of the diamond la t t ic e  spacing, d 1n pm, from the 

ra t io  o f the spot spacing to screen diameter, and the electron Mam 

voltage.



APPENDIX 5 -  WE’TING RESULTS ON CLEAN POLISHED SURFACES

Face f l l l j f l l l j [ m i f n o j [1101 [110J

Advancing
Angle

Receding Adhesion
Tension

Advancing
Angle

Receding Adhesion
Tension

75,0 27,0 41,7 72,9 25,7 43,3
74,2 28,5 41,7 65,0 20,7 49,2
77,0 28,0 40,2 72,0 32,1 41,9
72,5 26,7 43,3 69,9 26,5 44,9
71,5 29,8 43,0 68,0 28,4 45,5
75,0 30,0 40,8 69,2 28,5 44,7
81,9 37,4 33,9 72,7 26,3 43,3
69,0 25,2 45,8 75,4 20,3 43,1
80,2 31,5 36,3 75,6 22,6 42,5
77,8 35,9 37,0 69,0 15,0 48,0
79,8 36,5 35,6 73,7 26,1 42,7
77,6 34,5 37,7 69,0 22,9 46,4
77,2 34,9 37,8 77,5 34,1 37,9
73,4 28,6 42,2 73,6 23,9 43,3
80,3 28,2 38,1 63,6 16,8 50,8
78,6 33,8 37,3 70,6 21,4 45,8
69,5 24,8 45,6 70,0 29,0 44,1
73,8 33,4 40,4
73,6 28,9 47,0
78,7 26,4 39,6
76,0 25,0 41,6
77,0 31,0 39,2
77,0 30,0 39,5
84,0 32,0 34,5
79,0 27,0 39,2
80,0 29,0 38,0
76,4 22,5 42,0
74,0 29,3 41,6
74,1 30,9 41,0
75,5 29,6 40,6
69,0 15,9 47,9
84,5 35,1 33,1
78,5 30,0 38,6
72,2 28,5 42,9
78,0 31 0 38,6
83,0 36,2 34,3
80,0 37,5 35,1
70,0 27,0 44.7
74,5 24,3 42,7
62,0 13,0 52,3
75,0 24,5 42,3
69,2 19,5 47,0
86,0 35,0 32,2
77,7 23,8 40,9
80,6 34,0 36,0
69,7 23,5 45,8
71,5 .4

Ave,
St d Dev

75,9
4,6

71,0
3,5

44,5
2,9
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WE.NDIX 6 -  CO(f>UTER SIWLATICM OF RANDOM COVERAGE

This appendix describes the Monte Carlo sim ulation o f hydroxyl group 
attachment at the exposed diamond [ l l l j  surface.

Assumptions

We assume tha t water molecules approach the newly exposed [111] surface -
free o rb ita ls  act as nucleophiles to  s tick  down the oxygen atom as a
hydroxyl group, se tting  free a hydrogen atom to  react w ith a neighbouring 
free o rb ita l.

The oxygen {water molecule) w il l  s tick  i f  and only i f  :

a) The s ite  on which i t  impinges is free of OH and H groups

b) I ts  nearest neighbours are free o f OH (but may have H's)

v) Once the -0HZ is  in p os ition , i t s  displaced hydrogen must react with a 
neighbouring s ite  - f iv e  t r ie s  at random d irections are allowed -
simulating the thermal ro ta tio n  of the -0H2 about the new CO bond
axis i f  no free H s ite  is  found, the N20 w i l l  desorb,

d) At edge d is loca tions , :,he nearest neighbour re s tr ic t io n  on OH •$
l i f te d ,  because rr" the p o s s ib il ity  o f bridging bonds (2nd layer bonds) 
and the greater '"teratom tc spacing possible by bond deformation 
towards the step.

An edge is  allowed every 7 atomic rows, simulating a macroscopic face which 
is  7 degrees o f f  a true  [111] axis. Water molecules impinge randomly on
the surface, simulated by * random generator computer rou tine , A fter
s u ff ic ie n t h its  have occurred so tha t no fu rth e r re a c tib le  s ites  are 

availab le  (approximately 250 fo r  the g rid  size used here) the whole surface 
array Is displayed, and where hydrogens from the water reaction are 
lack ing , they are made up by adventitious hydrogen from another source, fo r 
instance d if f fu s io n  from the bulk. The fra c tio n  o f monolayer (per C atom) 
is  displayed as a percentage.

. A .  ,
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Program CSRANO.BAS was used fo r the simulation.

The [111j spacing o f 7 rows was simulated on a g rid  o f 14X10 = 140 s ites . 
The s ites  are la id  out in  the hexagonal mesh o f the [ l l l j  surface. 
Matrices dedicated to  0 and H keep track o f the existence o f OH and H at 
each s ite , and the b u iid  up can be viewed at a preselected in te rv a l. In 
order to  store the hexagonal mesh, there are 14 rows o f 10 atoms, reading 
down the page, but thuy are stored by the program as seven double row;, odd 
cross indices being higher on the page than even (and 0).

The resu lts  o f 10 simulations are :

mulation No. 1 30.7
2 30.0
3 32.8
4 30.0
5 26.4
6 30.0
7 29.3
8 28.6
9 30.7

10 31.4
Average 30.0
Std. Dev. 1.7

Reduced prin tou ts  o f four o f these simulations appear as Fig 38.

There is  no c lear pa tte rn , ap.v t  from the higher frequency o f oxygens at
the edge s ite  , running horizo . ta l ly  across the middle o f the figu re . This
edge defect would in  r e a l i t y  w  randomized too, so tha t we could expect ho 
e ffe c t on the IEE0 pattern vrtch  would be d icta ted p r in c ip a lly  by the 
la t t ic e  spacing o f the subsb >*> f.arbon atoms.

This would explain how a s r ; v . • w ith an approximately 30 % coverage by
hydroxyl groups, arranged so to exclude near neighbours, would not
produce a change in the LEED pattern from the bulk unreconstructed pattern.



APPENDIX 7 -  EUIPSONETM MEASUREMENTS

E lllpsom etric  Detection o f Surface S raph itiza tion

I t  has been suggested (Prtns 1986) tha t the hydrophobicity o f the 
hydrogenated surface may have been caused by g raph ltiza tlon  o f the diamond 
surface at the temperature o f 1020 K used. Graphite has been reported to 
have a contact angle o f approximately 80 degrees, measured by the sessile 
drop method (A rb ite r et al 1975).

There was also a s lig h t surface conductiv ity  measurable using a d ig ita l 

multimeter a fte r the hydrogen treatment, which might be caused by a 
g raph itic  layer, although Pepper (1982) has seen surface conductiv ity  In 

diamond surfaces a fte r vacuum annealing at 1200 K and graph itlza tion  does 
not begin In vacuum u n til over 1800 K. Also, hydrogen Is reported as an
in h ib ito r  fo r g raph itlza tion  (Davies et al 1972).

EDipsometric measurements were made on the [ l l l j  and (110J surfaces in two

Polished w ith alumina in water - the Intermediate hydrophobic state

Hydrogenated at 1020 K fo r 1 hour in 1 bar hydrogen

The measurements were performed using a Rudolph Research auto CL 
ellipsom eter at the Randse Afrlkaanse U n ivers ity , Department o f E lec trica l 
Engineering. The obverse side o f the diamond p la te le ts  and the sides were 

painted w ith Rotrlng black drawing ink to  reduce secondary re fle c tio n s  -  a 
big problem with diamond.

A sample o f Acheson p y ro lit ic  graphite, polished on wet water paper was 
also stud ied, to extract appropriate values fo r  the real and imaginary 
parts o f the re fra c tive  index o f graphite.

At least s ix  readings were taken on each surface, and the resu lts  are 

presented in the tab le .
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The resistance o f the surface, was measured by a Fluke d ig ita l multimeter 
w ith probe spacing o f 3 nm on the surface. This Is a re la t iv e ly  crude 
method, but the large d ifference In the readings makes i t  s ig n ific a n t.

Sample
Surface Resistance 

(ohm) Degrees
Psi

Degrees Refractive
index

i l l polished > 30 Mohm 13,6 $ 2,5 4,40 ± ,16 2,40
m hydrogenated 100 ± 50 kohm 22,2 ± 3,0 4,78 ± ,14
110 polished > ;Q Mohm 6,89 ± 1,5 4,32 ± ,02 2,41
110 hydrogenated 50 *  20 kohm 9,69 ± 3,3 4,2? t  ,09

graphite < 1 ohm 52,4 ± 2,6 12,5 ± ,5 2,09

The e llipsom etric  technique detects a small change a fte r  hydrogenation. A
m u lt if ilm  model using the o p tica l constants determined fo r  graphite
Indicate tha t the a f i lm  o f graphite of thickness 400 pm would be required 
to  explain the Increase In F»s1 from 4,40 to  4,78. However, a layer o f th is  
thickness should be detected by XPS (see Section 7 .4 ). The most l ik e ly
explanation Is a change In the number c,' adsorbed water layers , caused by
the reduced h y d ro p h lllc lty . This e ffe c t has been studied by Pashley (1978) 
fo r  quartz using e llipsom etry.

The minute conductiv ity  o f the surface may be due to some changes in the 

band s tructure o f the diamond when the surface desorbs the oxygen and takes 
up surface hydrogen.
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APPENDIX 8 -  WETTABILITY OF SILICON

A fragment o f a s ilic o n  wafer *•? a defined [111J crys ta l o rien ta tion  was 
obtained from the School and Centre fo r Nuclear Sciences. The fragment was 
formed in to  a p la te le t by breaking and grind ing. A Laue photograph 
revealed tha t the f la t  faces were true (U 1J crysta l planes.

The wafer was cleaned by u ltrason ic  ag ita tion  fo r  30 minutes in 10% Contrad 
cleaning solution followed by three changes o f m illi-Q  water and dried by 
in d ire c t heating in a glove box.

The p la te le t was then tested using the capillarographic technique as 
applied to  diamonds. The perimeter was 17,6mm.

Figure A8.1 shows the capillarograph in th is  "as received" sta te . The 
advancing contact angle reduced rap id ’ v from 48 degrees on the f i r s t  pass 
to 36 degrees on the th ird  pass, and the receding contact angle from 18 
degrees on the f i r s t  pass to 14 degrees on the th ird  pass. The mean 
adhesion tension was 62 mN/m by comparison w ith diamond [ l l l j  which shows 
approximately 40 mN/tn a fte r the same preparation. The hydration e ffe c t was 
also much more pronounced, the adhesion tension r is in g  from !>9 to  64 mN/m 
in  0,6 hour.

This suggests that the s ilic o n  [1H J surface has a higher frequency o f 
hydroph ilic  hydroxyl groups (s ilano l groups) than the diamond [ l l l j .

The s ilic o n  plate was then heated in oxygen to 670 K in the tube furnace 
o f Figure 15 and retested. The capillarograph is shown in  Figure A8.2. 
This shows almost perfect wetting. The f i r s t  advancing contact angle was 6 
degrees and a l l  subsequent passes were at zero degrees.

This should be compared w ith the topmost capillarograph o f Figure 21, fo r  
diamond [ l l l j  oxidized at the same temperature. This figu re  showed a small 
receding angle, of approximately 8 degrees, and a complicated advancing 
behaviour, w ith  the three phase lin e  a lte rn a te ly  s tick in g  and s lip p in g , but



174

w ith  an average advancing angle o f 40 degrees. This leads to  an adhesion 
tension o f 64 mN/m, considerably less hydrophilic  than the s ilic o n  [ l l l j .

The conclusion is tha t the s ilic o n  [1U J surface re ta ins a higher coverage 
o f hydroxyl groups than diamond at room temperature, and tha t heating in 
oxygen produces a uniform very wettable surface on the s ilic o n  surface, 
possibly monolayer coverage by hydroxyl groups. This is compatible w ith 
the theory o f s te ric  hindrance to oxygen uptake on the diamond surface, 
where the interatom ic spacing on the [ l l l j  surface is  only 252 pm. The 
spacing o f surface atoms on the s ilic o n  surface is 383 pm (from geometrical 

c a lcu la tion , and the s ilic o n  covalent radius o f 117 pm). Hence oxygen 
atoms, in the form o f hydroxyl groups can be accommodated on every surface

The moderate hydrophoblcity o f the atmospherically oxidized surface may be 
the re su lt of surface hydrides formed by the reaction o f water vapour w ith 
the s ilic o n  surface, which occurs even a t room temperature, as discussed by 
Schaeffer et al (1984).

. ... ..
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