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ABSTRACT

. Some propert1es of the sma]] linear molecules NZ?“CO and
2 23 phys1ca1]y adsorbed on a graphite surface, are 1nvest1gated
in experlments and computer szmulat1ons
Acetylene, physically adsorted on graphite, is knpdp to have
 two solid phases, but no clear indication of 11qu1d gas and liquid-
so]1d coex?stence has been gbserved. Vapour pressure isotherms of
CZHZ on:exf011ated graphite are measured nEVealing'the two solid
phases and also botn coexistence phases
| At high temperatures Henry's Law constants of CH

22
graphite are measured and used to refine the parameters of potential

and CO on

models. For €O, it is found that a 10-4 medel is easily” fit to the .
data but in the case of C2H2 no realistic parameters in a 10-4
model resuited in an acceptable fit. A qualitative explanation,

*»
invoking an image force, is offered but quantitative attempts fail

%

as the large quadrupo]e moment of C2H2 causes the model for the image’

1nteract1on td'preak down.

Monte Carlo calculations of the two solid structures are
presented which disagree with the proposa]s Jdn the T1terature but are
in agreement with d1ffract10n data

X-ray and LEED studies of monolayer densities of CQ and N2
adsorbed on-graphite have revealed the low temperature structure to ‘

be a 1xv/3 herringbone and to change to an incommensurate herringbone

iii s



structuré at slightly greater densities. Orientationéﬁ order-disorder

transitions occur ét both densities but the character of the transitiong®

is different in N2 than in €O |
Classical Monté Cario ca1cu1at10ns'of the integral heat of °

-adsorption vs. coverage are presented for several potential models and

" are compared to experimental measurements. The best of these models are

used in Monte Carlo simulations of the orientational order-disorder
transition in N2 and CO0. The results  for N2 compare well with experiment
but in-the case of CO the agreement is not as good as the potential

model seems to correspond to a molecule which is too small.
. -
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CHAPTER 1

INTROBUCTION

+
Current research on physical adsorption has recently been

concentrated in two.areas: two dimensional matter and interaction
pofentia]s.

The relative mean square displacements of "the adsorbed
molecules in-a direction normal to the surface is often sufficiently
small so that the film can be considered as pseudo-two dimensional
(2D). These 2D films éxhibit all of the phases found in three
dimensional (3D) matter: gas, ]iqufd, solid and hypercritical fluid.
Phase transitions in lower dimensional systems (< 3).have been
extensively studied theoretically and adsorbed fi]ms provide systems
in wbich to test some of the theories. With regard to the Surfacé
therebis a possible complication. The ideal surface for such a
study would be perfect, flat and confinuoﬂs, providing only a retaining
field. This ideal surface does‘nqt exist; as all surfaces are
composed of atoms and w{11 contain imperfections also.

The most studied systems have been the rare gates (1,2) on a
grgphite surface. The interaction between rare gases is,hto a good
approximation, spherically symmetric, which greatly simplifies the
theoreticél analysis. The basal plane of graphite iS easily cleaned

and, in an exfoliated form, offers a large, reasonably homogeneous

-7 -



-2 -

surface. A sketch of a typical phase diagram for a rare gas adsorbed
on graphite jis s@own in Figure 1.7A. The moTecufes fdrm two &inds of
adsorbed solids, labelled "commensurate" and “incommensurate” in the
phase diagram. By "commensurate" one means that the adsorbed solid has
at least one reciprocal lattice vector_iﬁ common with the substrate.
The basal plane of graphite has a simple hexaéona] structure and; for
many adsorbed molecules including CH4, Xe and Kr, the commensurate
structure is known as:thé 1x/3 triangular lattice depicted in Figure -
1.1B. .EH4 and Kr molecules are of éuch a size that thefr close packed
arrangement -is almost a 1xv/3 commensurate lattice. The Xe molecule is
larger and .pressure must be app]%ed to produce a commensurate layer.
Phase diagramé, such-as Figure 1.1A, are pieced together from ,
a variety of experimentﬁ. A vapour pressure jsotherm is often the
first experiment perfo;med on a new system. An isotherm is a plot of the
surface density of adsorbed molecu]és vs. the pressure of the gas
exposed to the surface'at a constant temperature. In favourable cases,
it is possible to obtain a phase diagram from a series of‘isotherms{ !
‘sketch of such results is shown in Figu}e 1.2. The shéded regions represent
the different bhases. The boundaries are drawn with consideration of the

fact that a vertical segment is an indication of two surface ﬁhases

coexisting with the vapour'or gas phase.

Proof
Systems in thermodynamic equilibrium have equal chemical
potentials. In this case, there are 3 phases: 2 surface phases and

the gas phase in equilibrium at a temperature T. This implies:



Figure 1.1A. Typica] -phase diagram for a film of sphericg! molecules

adsorbed on a graphite surface.

J

Figure 1.1B. Diagram of the 1xv3 structure for a sbhérica] molecule
adsorbed on a graphite surface. The dashed rectangular
box represents thé P2gg unit cell. The lengths of the

~

unit cell vector are in the ratio 1:/3.
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Figure 1.2. A sketch of a typical series of isotherms for spherical
. moTecules adsorbed on a graphite surface. Also shown

are the phase boundaries.
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US'I (T"?)P) = USZ(T, 3:P) = ng(T,P), (1-])

where the subscripts refer to the surface phases (s1, s2) and the jdeal
gas phase (g), ¢ is the 2D pressure, P is the gas pressure which is a
measured quantity.

From eq. (1.7), two of the three variables (¢,P) can be

eliminated 1ea§ing only:
My (T) = usz(T) = ug(T), (1.2)

so that the chemical potential is independent of the number of particles.
For an ideal gas, the chemical potential depends only on the temperature,
which is externally fixed and therefore the pressure is independent of -
the number of particles. | |

Scattering experiments with X-rays, néutrons, and electrons
(LEED) can often yield useful results in the study of both the statics
and dynam%cs of adsorbed films. A difficulty with the first two
techniques is that the scattering cross éections are often very small _
thus requiring long runs or high flux machines (synchrotron or scintil- T
lation sources) to obtain adequate sensitivity and accuracy. LEED
examines only one layer and is not subject to the same difficulty.
However, LEED data are much more difficult to analyse.

Thus far, only spherical or nearly spherical molecules have
been discussed. Linear moleculéds are potentially more interesting but
moré difficult to study theoretically. The approximation of 2D matter
is not as good here because the molecules can tilt from the surface.

The interactions between adsorbed linear molecules are also anisotropic
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and this introduces orientational structure within the centre of mass
lattice. For example, adsorbed N2 has a commensurate 1x/3 centre of
mass lattice with a herringbone orientational structure. The orient-
ational structure has its own order-disorder transition which may be
different fronche centre of mass transitions.

Theoretical endeavours to understand the behaviour of adsorbed
linear molecules has been hampered by insufficient knowledge of the |
molecule-molecule and mo]ecu]e-sdrface interaction potentials. Up to
the present the vast majority of the effort on intermolecular potentials
has been concerned with 3D phaséf. These potentials are often assumed
to be transferrable to the adsorbed systems.

In adsorption studies, the molecule-surface interactions are as.
important as molecule-molecule interactions. The behaviour of a single
molecule on a surface is difficult to study experimentally. A series
of isotherms in the Timit of zero coverage can be used to obtain the
average energy of adsorption and the phasq space available to the
molecule. These quantities are calculable and can be used to ref%hg,
-potential models. Molecular beam scattering can also be used to study
the interaction potential but, this method is limited to very simple
systems such as Helium or Hydrogen.

This thesi§ is goncerned-with the physical adsorption of-the
linear molecules N2’ €0, and CZHZ on graphite. Aftention is focussed
on the orientational order and the fnteraction potentials. The
remainder of this introduction will outline some relevant facts about

these three molecules both in 3D and adsorbed on graphite. Many

properties are listed in Table 1.7.
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1

Acetylene has a large stat1c quadrupo]e moment which should
lead to strong orientational order in the 2D film. Bulk CZHZ undergoes
a structural phase transition at 133 K from an orthorhombic to a cubic
structure. The cupic structure is common to many linear molecules in
which the_quadrupo interaction is importanF such as N2, €0, and H2'
Attempts to develop an intermolecular potential for acetylene have
concentrated on fitting the sublimation energiés and lattice dynamics
of both solid structures sfmu]taneous]y. It'has pkoved difficult to
stabilize the orthorhombic phase over the cub1c phase at low témperature
A few C2H2 C2H2 potentials have been proposed (15,16,17) but only one
model “has been partially successful 1n fitting these propert1es
Lattice dynamics and cohesive energ1es do not un1que1y determ1ne a
potential as they sample only a few re]at1ve d1stances and orientations ‘
of the molecules. For non-bonded interactions, the concept qf_a general
potential should be reésonable; but if bonds are important, the mathem-
atical description of the interactions becomes much more complicated.

In the orthorhombic pﬁase, the mlecules in the "ab" plane form a 'tee’

_ structure with a nearest C-H d%stance of only 2.73 R which is somewhat

.smaTIer'than-that in other hydrocarbon solids. Recent SCF ca]cu1at1ons
{18) have shown that there is the possibility of a weak hydrogen bond
stabilizing the T-shape for the dimer.

There.have been on1y three sets of experiments on the C2H2/

graphite system. The first was a gas chromatbgraphy (84) experiment.
" "This was an indirect measurement of the Timiting slope of an isotherm :
. and was used to calculate energy of adsorption. The second was a series

,of isotherm measurements (19) which indicated the possibility of two

1
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. \ )
~ solid structures. The third was a neutron scattering (20) study of

CzDZ/graphite which verified the existence of two different solid
‘structures. The latter two research groups proposed structures which
will be shown 1ater to be not the most Tikely based on the current
knowledge of CZHZ C2H2 intermolecular potentials.

There has been less work,done-on the-mo1ecu1e-surface inter-
action and tt is therefore not as well unoerstood. For instance it
" on]{_recently.that the effects of two mo]eoule-surfhce forces
have been tested (substrate mediated and 1mage forces}, although they
have been known theoret1ca1]y for sape t1me In part{ the de]ay in
understanding is due to the lack of €xperimental data. Part of th1s
thesis will be concerned with descr1b1ng exper1menta] and theoret1ca1
evidence for the image forces and the1r effect on the CZH2 graphlte
potent1a1 . ! o |

| A series of dsotherm experiments and c1assieai Monte Carlo

calculations was performed to test and ref1ne thquo]ecule surface and |
mo]ecu]e molecule 1nteract1on‘potent1als and to determ1ne the nature of
the two solid structures of C2H2 on graph1te

Nitrogen adsorption is the most stud1ed of all of the systems
of Tinear molecules on graphite. ‘In=3D, much effort has done into
acquiriné an uoderstanding of the tntermolecu]ar potential and
considerable success has -been achieved. Potentials have been developed
which desoribe reasonably the statics and dynamics of the butk solid aud
which have been recently applied to the edsorbing system.

Carbon monoxide is isoelectronic with.nitrogen. The two molecules

have many properties in common such as size, mass, quadrupole moment

- ) - s

Y vV
%
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and 3D solid structure'(Table 1.1). The\3D structure of both is fcc
with the mo]ecu1e§ oriented along the four <111> directions. Both
solids undergo a phase transition to a hcp structure %h which the
molecules rotate freely. It has long been known that the orientational
order of n1trod‘! is dom1nated by the quadrupole-quadrupole interaction.
The quadrypole moment of CO is 40% larger than that of N2. Since the
energy véries as tHe square of the quadrupole moment,_one would expect.

the orientational order-disorder transition temperature to be in a

ratio of 1.42 = 1.96. This simpﬂé scaling is close to being obeyed as:
0 e ) .
( 2) . 35.61 e ' . . .

The difference between. the two mo1eéulesﬂiesjn the charge and, mass
‘asymmetry of carbon monoxide. C0 has an octopoie and a small dipole
moment , whereas Né has no odd multipoles. The dipole moment could, in
pginc®le, lead fo a head to {ail ordering in the solid phase. Calori-.
metric measurements dewn to 0.8 K (21) have shdwn the Pa3 solid to

" have considerable orientational disorder. Recent NQR meaéuréments (22)

<
have'shown'this solid to be in a metastable state with reorientational
times ~ 5. 0,\(10]3 hrs. at 10 K. It appears that the octupole and

dipole moments_are not sufficiently strong to create a completely ordered

state at low temperatures, because the dfsordered state freezes in.
Given these similarities in 3D one might expect to observe

“similar behaV1our when éhe molecules are adsorbed on graphite. Recent

X-ray 063) and LEED (24) experiments have shown this not to be the case,

particularly with respect to the orientational order-disorder transition.

+
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To help to understand the similarities and differences between
N2 and CO adsorbed on graphite, Monte-Carlo ca1cu1atidns'of N2 and CO
were performed. The results of the simu]afigns compared favourably with

those from experiments for N2. Such ‘close- agreement was not achieved

for CO adSofption.

The ougline of the thesis is as follows: the isotherm experi- .
ments are described in Chapter 2 and the resuits and analysis in
Chapter.3. A more detailed discussion of intermolecular potentials is

presented in Chépter 4. A brief descriptioﬁ of ‘Monte Carlo methods
ik

and the results of the classical Monte Carlo simulations on CoH,, €O

2!
and N2 are analysed in Chaptey 5.

4
&



CHAPTER 2 ) P

EXPERIMENTAL

The measurement of an adsorption isotherm is conceptually a
simple experiment. A substrate is placed in a cell of known volume
and meésured quantities of gas are added to the ce]]! Some (hmount
dependjng.on the temperature) is adsorbed onto the surface leaving a
number of molecules in the gas phase; the pressure in the cell is
measured. An isotherm is a plot of the amount of gas adéorbed éga1n§t
the Qreésure in the cell at constant temperature. |

Isotherms of carbon monoxide and acetylene were measured fn a

temperature range from 58 K to 185 K. ~ A detailed description of the

apparatus and a typical procedure f01lows.

2.1 Materials

Acetylene is a hazardous substance. It reacts with'aluminum,
mercury , coppef‘and silver - with the latter three to form'explosive
acetylide compounds. The meta{s with high thermal conductivity,
copper and aluminum, could not be used in the construction of the
adsorption appafatus. It was nece;sary to bake out the gas handling
system, but high temperature silver solder could not be used. Therefore,

the entire gas'hand11ng system and sample cell were constructed of

stainiess steel tubing, welded joints and bellows valves. Some other
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parts of the system, e.g., for the gas supply, were made of glass with
" greased stépcogks. A diagram of the entire gas handiing system and
sample cell is shown in Figure (2.1). >

The tubing was 1/4" 0.D. stain]eés stee] except for é piece of
3/16" 0.D. cupronickel which extended from the top of the Dewar to
approximately 8" above the cell. Alloys of less than 60% copper, such-
as cupronickel and brass, are safe to use because acetylide formation

is confined to the first layer.

2.2 Pressure Measurement

" Pressures between 1.2 and 300 Torr were measured with a Texas
'Instruments spiral quartz gauge (TI gauge)} with an accuracy_of..OZ Torr.
This gauge was calibrated by the manufacturer and again by the author
agéinst a mercury mancmeter to an accuracy of i.O.S%. ‘At pressures up
tb 1.2 Torr the gauge was calibrated against a Baratron ;apacitahce

4

manometer which. had a precision of 1.0x10" ' Torr. The TI gauge was

primarily used for the measurement of the quantity of gas added to the

cell. Only a few adsorption equilibrium pressures were measured with it.
The majority of the data was taken with a MKS Baratron

Eapacitance manometer, calibrated by the manufacturer to a precision

4

of 1x10°% Torr. Its range was from 1.0x10™" to 1.2 Torr, with a digital

4 Torr. There was a zero drift of ~ ].OxTO'4

output in units of 1.0x10"
Torr/day. _Thus, the zero was checked and adjusted periodically -

occasionally after every measurement,

2.3 Sample Cell

The cell was designed to help reduce the effects of thermal

2



Figure 2.1. A diagram of thg cryostat, samplecell and gas handling
- /’ N

system,
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transpiration. Thermal transpiration is a non-equilibrium steady state
effect whereby a pressure gradient will exist in a tube along which

there 15 a temperature gradient. The size of the effect for a particular
gas depends on the tube diameter, the mean free path of the gas molecules,
and the temperatures of the.ends of the tube Thermal transpiration has

been measured for many gases including C2 5 (25) and C0 (26) and the

results fitted to the equations:

Ei - = I..L - b ] : ) ’
A g ' (2.1)
for C,Hywhere A = 1.6x10°%, B = 3.9x10%, ¢ = 0.9, T = (T)+T.)/2,
x = Podl U5 g - tube diameter ,
Py - T 1 .
and P, 1 [J/Tz 1J(A_XJ+B_X+C/§}]) | _ (2.2)
for CO where A = 10x10%, B = 2000, ¢ = (TI+T2)/2 X = Pyd/T,

d = tube diameter

in units of Torr, millimeters and Kelvin. For both equations P, is the
measured pressure and P; is the actyal pressure.
The Baratron pressure gauge and the sample are at different .
.. temperatures, see Figure 2.1. The larger the tube diameter at a constant
temperature gradient the smaller are the thermomblecu]er pressure effects.
To reduce_the effects, one should ensure that the tehperature
gradient occurs in the tube with tbe Iargest dﬁameter. In the present
system, this was the 3/4" 0.0D. tube which extended.lg" above the cell.
The top of the tube was kept at as high a temperature as possible through

the following procedure. The tube extending througb the liquid He4



~/
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Dewar was wrapped with heater wire, then many layers of supefinsu]ation
and maintained at room temperature. Another heater was used between
the joint in the cupronickel tube {pt. T4 'in Figure 2.1, whére the first

heater stopped) and the top of the 3/4" 0.D. tube (pt. T3 in Figure 2.1)

- to keep the temperature there as high as possible and still to be able

to control the temperature of the cell.

2.4 Temperature Measurement and Control

The temperature of the system was monitored at § positions which

are shown in Figure (2.1) as. T1 through T5. Five different thermometers

were employed. These will be described in order from the lowest to

highest temperatures.

At the low end, there was a calibrated platinum resistance
thermometer, about 1 mm in diameter and 1/2" Tong (Lake Shore Cryotronics
(Pt-103)). It was greased (APIEZON N) and placed in a hole drilled into
a piece of brass which was silver soldered to the side of «the sémp]e
cell (pt. T1 in Figure.é;l). The platinum thermometer monitored the
temperature of the graphite sample.

The temperature was‘contrp1]ed with a Lake Shore Cryotroniﬁs
temperature contro]Tef (DTC-SOO).(TZ-in Figure 2.1). The diode-was.
attached with G.E. Glyptal varnish to a 1 cm thick copper ring which
was fastened to ‘the top of the cell with Wood's metal. The temperature
of the diode could be controlled to + ~1 mK with a Heater wound around
the copper ]ink e*tending between ;he ring and the bottom of the helium
Dewar. Chéhges in the cooling rate were made by altering the' dimensions
of the copper link.

The third sensor was 10 K !; Watt carbon resistor that was
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attached to the top of £he 3/4" 0.D. diameter tubé with Glyptal (pt. T3

~—~Jn Figure 2.1). It was calibrated against the silicon diode between
300 K and 77 K and.was used only for the purpose of calculating thermal
transpiration corrections.

The fourth sensor was a copper-constantan differential thermo-
couple extending betweeh the joint in the sample line {pt. T4 in Figure
2:]),and a position near the platinum thermometer. It was used to ensure
that the sample line was maintained'at a éhosen temperature: room
temperature in the case of the experimenfs with C2H2.

The fifth thermometer was a mercury in glass the?mometer placed
on the calibrated voiume (pt. T5 in Figure 2.1). Knowledge of this
temperature was‘necessary for calculating both the thermal tranSpiratiqﬁ
correction and the quantity of gas added to the cell.

Although the temperature at the silicon diode could be controlled
very QeT] (# 1 mK), the poor conductivity of stainless steel meant that
the control at the ﬁlatinum thermometer was’only approximately i_SO mK,
but this was mﬁch better than what was required.

An irreproducible temperature gradienf of up to 1 K.g21sted
between the silicon diode and platinum thermometers. Fortunately,
variations in the magnitude of the gradient haa no effect on the }
reproducibility of the data. The gradient was most probably between
the copper ring and the top portion of the cell and did not extend down
to the Grafoil sample, the top of which was about 3/4" pelow the top of
the cell. |
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2.5 Graphite Sample

The substrate was a commercial exfoliated graphite known as
Grafoil (type GTA, Union Carbide). ) |

Exfoliation is typically done-by intercalating graphite with a
substance such as FeC13 and heating it quickly to approximately 2000°C.
This blows the structure apart and increases the specific surface
dramatica]]y; The FeC]3 is then pumped away and the remainihg sponge-
like material is compressed and rolled flat. The resﬁ]ting substance is *
sketched in Figure 2.2. The graphite sheets are brbken into platelets
of well correlated graphite approximately 110 R in dimension, as
revealed by x-ray diffraction. The full Qidth at haif maximum of the
distribution of tilt angles from parallel is 27°. Some of the graphité
platelets are separated by large gaps into which the gas can diffuse.
The adsorption surface available in Grafoil is approximately 22 mz/g

A rectangular sample of Grafoil was scored w1th para]]e] lines,
1-2 mm apart, on both s1des to aid the diffusion of gas into the
structure. The treatment was unlikely to cause significant damage to
the platelets. The total surface area of the sample was estimated to
be 770 m2. The details of the area determination will be described
later. The sample was rolled up gently to fit into the-ce11l The top -
was then welded on under vacuum.

The cell containing the Grafoil sample was Solderéd info the
system and baked out under vacuum to remove surface impu}itieg. The
temperature was raised to 600°C over a period of two days and held

there for 12 hrs., after which the pressure was steady at 2x10'6 Torr,



.

Figure 2.2. Sketch of a piece of grafoil. The small circles
-

represent adsorbed molecules.
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2.6 Gas Sample
The two gaseé used in the experiments, carbon monoxide (CO) and
acetyTéne (CZHZ)’ were obtained from Matheson Co. The acetylene was
92.8%‘pure, éhe major impurities being N2 and 02. The other impurities,
Cjé,and phosphine,accqunte& for a maximum of .01%. To remove the 0, and
Né,‘thelgas specimen was condensed into a glass trap at 77 K and the
voiéii]e gases pumped away with a diffusion pump. The procedure was
repeated several times. Finally, the gas was condensed slowly intg
the trap, held at a temperature only s}ightly below the triple pointr
(191 K), to form a clear solid and then pumped on for a short time.
(~ 2 min.). It wii1‘be evident from the adsorption data obtained at the
Towest temperature (109 K} that the purfficatioﬁfprocedgre was effectivé.
The carbon monoxide gas was of research puri%y (99.99%) with the ‘ \\\
stated impuritigs: hydrogen (~ 2 ppm), N, (~ 21 ppm), 0, (~ 1 ppm),
CH, 13.8 ppm), co, (21 ppm). However, during the first experiments, it -
became apparent that the analysis could not be correct as an appreciable
amount of the gas would not adsorb on the graphite at 60 K. The ‘
impufity (probab]} Hz) was removed by alternate adsorptioﬁ and pumping of
the gas over the graphite at 50 K until the épparent vapour pressure was

constant.-

2.7 Measurement of Relevant Volumes and Gas Quantities

-

. %
The volumes of the parts of the adsorbing system were calibrated
by expansion of helium gas from a known volume. The volumes were
measured to an accuracy of + 0.1%,

The amount of gas added to the cell was measured in the dead

TS
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space of the TI gauge enq~a§sociated‘connecting tubing. Deviat}ons.

from the ideal gas law were estimated to be + 0:2%.f0r C2H2 and + .05%

for CO up to the highest pressure_used (~ 250 Torr). . -
The quantity which remained in the ges phase at equilibrium

was subtracted from the amount added to the cell to obta1n the guantity

of gas adsorbed. The unadsorbed gas wads in ‘the samp]e ce11 and the

1ines ]ead1ng d1rect]y back to the Baratron gauge. Stnce theeequ111br1um

pressures were a]ways 1ow, the 1dea1 gas law could be used throughout.

2.8 Cryogenics
A basic Oxford Instruments (MD4A) cryostat with 1iquid nitrogen

in_both the he]ium and nitrogen containers was used to obtein temperatures

greater than 80 K. At lower temperatures, approximately 1 litre of

- liquid n1trogen was added to the helium conta1ner and pumped on with a

mechan1ca1 pump. The lowest temperature that could be achieved in
th1s way was approximately 50 K, but s1nce heat had to be supplied to
the f1111ng line to prevent condensation, the lowest temperature that

could be maintained during an experiment was 58 K.

2.9 Typical Procedure

Gas from the storage volume was admitted to the. TI géuge and
the quantity calculated. The valves connect1ng the TI gauge to the
cell were opened slowly and the gas allowed to flow into the cell.

4

The valve to the TI gauge was then closed and the Baratron gauge opened

to the cell while the system came to equilibrium. Equilibration times

L}

'ranged'from 15 min. to 2 hours depending upon the temperature and

state of the film. At a given tempergthre, the time constant was
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~~_longest when the monolayer was near completion and shortest at low

dgnsities when the film was in a 2D gas phase. These times increased
at lower temperature. When it was thought the system had reached
equilibrium, the pressure was recorded and the zero of the gauge
checked. Tﬁe amount of gas not adsorbed and the thermal transpiration
corrections were then apﬁTied. From time tq time, the system was

left for 12 more hours to check that‘equilibriﬁmihqd indeed been

» -
achieved. ‘



CHAPTEé 3

RESULTS I

3.1 Low Temperature Isotherms for Acetylene

The isotherms obtained at the Towest temperatures are plotted
in Figgre 3.}, The dashed curves are estimates of.phase boundaries
based on these adsorption data alone. Finite size effects, due to
substrate 1nhom0gene1ty, may be expected to cause the vertical
regions of the. 1sotherms to have finite slopes, but changes in slope
can still be used to indicate changes in the state of the film.

There are e1ght d15t1ncp‘reg1ons in the phase diagram, five of whicﬂ
were reported previous]y by Menaucourt et éi (15); 2D éas, 2D gas-
soiid, 2D solid I, 20'solid II, and hypercrif{ca] regfons.ggThe new
features found here are thefclear'indicatioﬁs of the 2D gas-liquid,
2D liquid-solid and 2D 1iquid regions which are-marked by vertical
segments in the'isothenns. Fkbm thesé results, we can place the
critica1-poin%_§t épproximately 121 K‘énd tﬁe triple point at approx-
imateiy 117 Ko o o=

The 1sotherms reported by Menaucourt et al (Figure 3.2) ;?g
not yield evidence for 11qu1d -solid or.gas-liquid coexistence. The “
critical temeprature was placed at approximately 155 K (34° higher'
ihan this'work), as deduced frop the temperature dependence of the

quantity:

- 23 -
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Figure 3.1. Isotherms for acetylene obtained at T = 109.47 K, 114.10 K,
117.84 K, 119.00°K, 119.43 K, 120.85 K, 122.70 K. The g

dashed lines -represent. phase ‘bpuﬁdaries.
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Figure 3.2A, Isotherms obtained by Menaucourt (19) at temperatures

of (1) 117.84 K, (2) 122.65 K, (3) 130.58 K, (4) 138.83 K,

Figure 3.2B. Isothérms obtained by Menaucourt (19) at temperatures
of (1) 149.7 k, (2) 150.75, (3) 152.73 K, (4) 154.75 K,
(5) 155.72 K, (6) 156.75 K, (7) 157.75 K, (8) 158.76 K,~
(9) 159.74 K. - .

“

Figure 3.2C. Isotherms obtained by Menaucourt (19) at high

v

coverage and T = 114.16 K. Figure taken from ref. (19).

\/ v
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(240

(3.1)
an T

where n is the quantity adsorbed and P is the pressure. The derivative
is taken at half a monolayer. At the critical temperature, the film
undergoes a transition from a liquid-gas coexistence'to a hypercritical
fluid phase with a change in the temperature dependence of the slope.
This large diffefence in estimated values of the 2D critical temperature
is puzzling. | .

For simple mo]equles, it has been shown that‘the ratio of the
two and three dimensional critical temperatures is TC(2D)/TC(30) =
0.40 + 0.05 (27). The 1argest deviagion from this value is for
' Cyanogen, 0.475 (27). From the data of Menaucourt et al (19) TC(ZD)/
T(30) = 0.51, which is to be compared with 0.39 found in this work.
Terlain and Larhef (27) obtained isotherms for COZ’ a molecule similar
to CZH2 in several ways, and found features similar to those of Figure
3.1 with Tiquid-solid and liquid-gas coexistance regions and TC(ZD)/
TC(3D? = (.42. C02 and C2H2 have the same strupture in the bulk Qolid
(Pa3) and similar quadrupole moments, as wei] as simi]ar'sublfmation
and.crjtica] temperatures in 3D (195 and 304 K for COZ‘and 189 and 308K
for C2H2). Menaucourt et al measured pressures with a mercury Mcleod
gauge which is not as'precise as a Baratron manometer. Also, mercury
-reacts with acety]ene.1 .

The graphite substrates used for the experimenté were not the
,same. Menaucourt et al used an uncompressed exfoliated gfaphite which

has been shown (28) to yield sharper features in isotherms than does

graphite GTA. They have been interpreted to mean that the former
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material has a more homogeneous surface (greater correlation length).
If size effects are playing a significant role, in reducing the
transition temperature, then, one might expect the observed transition -
temperature to be lower for the adsorption on Grafoil. On the other
hand, Teriain and Larher used a substrate which was very similar to
that used by Menaucourt et al (19). |

A measurement of the critical temperature, with a different
experimental‘technique, would possibly settle the inconsisteﬁcy, but
no such experiment has been performed to date. The possible kinds of
experiments which can be made on physisorbed layers are scattering
‘(neutron, atom, ions, electron, x-rays), NMR, and thermodynamic. In
the scattering experiments, the different mobilities in the hyper-
critical and ]?qﬁid phases can be observed through the jntensities of
the inelastic components. The results of NMR studies of methane (29)
adsorbed on Grafoil indicated different behaviour of the spin-Tlattice
relaxation times as a function of both-temperature and density in the
liquid-gas coexistence and hypercritical phaseg.' Recently (30), the
critical temperature of adsorbed methane was estimated through heat
capacity measurements. This calorimetric method might be tried‘with
_C2H2 bﬁt the experimental problems in hénq1ing C2H2 would make it some-

what more difficult than for CHQ.

3.2 Absolute Area

A proper analysis of adsorption isotherms requires a knowledge
of the area presented to the adsorbing molecules. In the present work,
the area was determined in two ways with excellent agreement. The %irst

method involved the measurement of an isotherm of carbon monoxide at low
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temperatur?//EB K). X-ray scattering and LEED experiments have shown
that the comp]eted monolayer is a commensurate 1xv/3 solid structure
(Figure 1.1), with a corresponding projected area of 15.72 A /molecule.
Primarily due tE-surféce inhomogeneity, the film wou]ﬁ not be expected
to be jdeal and the experimental area not exactly 15.72 32/m01ecu1e.
But, where the surface is not ideal, the molecule is still adsorbed,
and-therefore the relative error in the area is very much smaller than
the relative area of the damaged regions. It is difficult to place
error estimates on the area determined in this way. The amount of gas
‘needed to complete the 1x/3 structure was 60x10f4 moles, which on the
assumption. of the ideal area of 15.72 A%/molecule, yields an absolute
area of 568 m2. |
The simplicity of the above method is due to the fact that,

at 58 K, the adsorbed CO is commeqsurate_with the well-known structure
of the graphite substrate: At 111 K; a Xe monolayer on graphite has a
close packed structure which is incommensurate with the substrate (31).
Thus, x-ray scattering-data (31)7were used to determine the Xe atom-atom
separation. A x-ray scattering peak corresponding to the planes shown
in the inset of Figure 3.3 was found at 1.61 + 0.0],&'1 and it yields

a plane separation of 3.90 + 0.02 R. This implies an area of 17.58 +
O.ZZ‘RZ/mo]ecu1e., From a Xe isotherm at 111 K, also shown in Figure -

3.3, the total surface area is found to be 556 + 12 m’

, which is in
excellent agreement with the first methbd used.

No further remarks w111 be made here about the 2D gas, 2D gas-
]1qu1d 20 ]1qu1d—so]1d 2D liquid and hypercr1t1ca] phases at Tow

temperatures. The remainder of this section will deal with the two



Figure 3.3. Isotherm of Xe on Grafoil at T = 111 K. The arrow
indicates coverage for l'monoTayer. The Insets are an
x-ray diffraction peak obtained at 1 monolayer and

T =112 K, ref, (31) and the Xe planes to which this

-

peak corresponds.
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solid phases.

Menaucourt et al (19} used the surface density and the shape

of the acetylene moiecule in proposihg the structures in Eigure 3.4A.

The areas of solids I and II (points M and N respectively in

Fxgure 3 2) were 18.6 + 0.7 and 16. 1+ 0.6 Az/molecu]e The proposed

Tow dens1ty, solid I, structure is 1ncommensurate with the substrate,
and the molecyles lie flat on the surface with hydrogen atoms in

contact. If CZH2 molecules are considered to be rigid sticks this is

not an unreasonable structure, but, if standard interaction potentidlé
are c0nsﬁdered the proposal is extremely unlikely.. The most. unfavourabie
arrangement for molecules with large“QUadrupo1e moments is to ]ie.side '
by side. It can be shown tnat this proposed structure is not bound to
the surface when typ1ca1 potent1a1s presented in Chapter 4 are emp]oyed
in the calculation. '

The proposed high density solid II structure (point ¥ of
Fijure 3.2) has the mo]eeu1es stending vertfca]]y in the cemﬁensurate
1x/3 positions. Again, for molecules wieh large linear quadrupole
moments, this arrangement is‘very unfavourable and the orientation with
respect to thé Surface is the most unfavourable. It can.be ehown that
the structure corresbendjng to this preposa1 is also unbound.

-1t would be difficult ff not impossible to guess the structures
of the two‘solids on the basis of the ieothermldata alone. Later,
results of calculations Qi]l be presented to assist tﬁe structural
deductions. A coup}e‘of points wi]lrbe made now. The densities.of the
two solids as estimated here are 18.9 + 0.5 and 15.7 + 0.3 A /molecule,

which are comparable to those found by Menaucourt et al, 18.6 + 0.7 and
. jJ .



Figure 3.4A. The two solid structures for,CZHZ/graphite proposed by

Menaucourt (19), . o

Figure 3.4B. The two solid C2H2 structures for C2H2/graphite from
the neutron diffraction study (20). .
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16.1 + 0.6 Rz/mo1ecu1e. Within the-uncertainties, the two sets of

" estimates overlap. Both agree that the solid II area is tHat of

the commensurate 1x/3 solid, 15.72 Rzimolecu]e. The reason for the

discrepancies is probably due to the methods used to determine the

total area of the substrate. Menaucourt et al ﬁsed a value o;

14.7 + 0.3.32 (32) for tﬁe cross-sectiona] area of a Kr atom, with the

nunber of Kr atoms needed to complete a mono]ayer The problem with

this method is that the cross- sect10na1 area of a polarizable molecule

" such as\Kr could change when the mo]ecu]g is placed near a polarizable

surface such as graphite. In fact, it is the polarizability of the

atom and the surface that leads to adsorption.’ ' ®
The only-other experiment which has been performed on the fwo

solid struetures of adsorbed C2H2 was peutron diffraction (20). It

vérified that the two solids have different structures. Two Bragg peaks

were obtained for each structure, and the two proposed structyres are

displayed in Figure'5.48. The Tow density solid is incomme#?urate with

the substrate and the molecules lie flat on the surface, whereas the

high den51ty phase is commensurate with the graphite substrate but

“the molecules "are tilted 35° from the surface. The proposed high .

density phase is qpt the 1x/3 structure’but has an area Bf 15;72'32/

molecule. Both proposaIS'aésume no basis-inafhe lattice, i.e., all

molecules have the saﬁe‘orientation. Calculations to be presented

later will show two different structures which also agree with the

diffractibn data. | S‘

Isotherms, at surface cdvérages beyond almond1ayeg, were obtained

over a Timited temberature\range betwégn 109 - 111 K (Figure 3.5). There

-

a
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Figure 3.5. [Isotherms obtained at densities beyond

T =109.47 K, 110.3 K and 111.14 K.

L 9
e

1 monolayer at
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are‘two.features of interest here. The kink at 100><10"4 moles adsorbed
in all 3 curves represents a density that is close to twice that of so]1d
)| and this suggests the format1on of a bilayer. 1In order for the b11qyer
to be of the solid I structure, the first layer would have me make a
transition from solid If back to solid I. This transition would need to
occurﬂin_the region preceding the vertical section in the 2nd layer, and

could be responsible for the observed distinct curvature in this part of

the isotherm. Although the features attributed to the bilayer dppear

reproducible, this was only true if the experimephts wéré done slowly.
In runs thrgithe monolayer was created very qdick]y; the kinks appeared‘
at different densities and were not. reproducibfe. \;ﬁ:thé'experiment at
109 K, the film was built up over a period of almost 4 weeks and the
features'are much moré c]ea?]yidefiqed than in ejther of the other two,
where the film was created in 2 dﬁys. .

Menaucourt et al (19} had seen transitions at higher densitie&-
which were attributed to Efth structural transitions in the first layer
gnd to the fonnat1on of a second layer. In the ?1r§t of these (point
- P in Figure 3.2), the film was seen to make a transition from the 1x/3
conmensﬁ}ate;arrangement with the molecular axjs perpendicular to the
;urface to a close 5acked inéommensurate structure with the mé]ecules
still standing on the surfacé., As mentioned earlier, this structure
can be shown to be -unbound. The second trén;ition (point Q in Figure
3.2) was seen to be a bilayer of the (III) face of the.cubic phase of
the 3D crysta] or a b1]ayer of solid IL (po1nt N of Figure 3.2) rather

than of sol1d 1.
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3.3 Isotherms at Higher Temperatures
=

Isotherms at temperatures greater than 117 K, displayed in

-

Figures 3.6, 3.7 and 3.8 were measured at high 'densities in order to
examine the disappearance of the solid I to solid Il transition. That
seemed to occur gradually. However, conjecture on what is happening

here would be very speculative if it were based on these data alone.

3.4 Low Density Isotherms

Some of the host 1nteresfing results of the experiments were the
values of.Henry's Law constants as a function of temperatgre. Hénry's
Law constant is defined to be the s]obe of an isotherm in the 11h1t of
ZEero coverage (dénSity) where the adsorbed moleculeés can be considered
_to be non-interacting, $ e.,-a 2D 1dea1 gas. In this limit it can be
shown that thel1sotherm should be linear. Another important quan%ity, -~
which will also Se discussed is the igosteric heat of adsorptio%.
Experimentally, thig 1% the.heat released when a molecule in the 3D gas

phase above the surface is adsorbed at constant temperdture, and is

given bx\the relation:

= k.T (Bf.ﬂp )

A7 = KgT

> - (3.2)
A plot of At Vs. coverage, obtained with the aid of eq. 3.2, is‘shown_
in Figure 3.9 for seyeré]'temperatures.rAt Ldﬁ tempeﬁ%tures, the small
absolute pressure differenée; héve such large uncertainties that no ‘
Qa]ues of Ogt beiow 124 K are presentqg. The scatter.in the\values of 957
is an 1nd1cat1on of the uncertainties involved.in the use of eq. 3.2.

Piper et a] (34 have measured 97 for CO/graphite directly using a



Figure 3.6. Isotherms for CoH,/Grafoil obtained at T = 117.84 K,
12270 K, 124.50 K, 130.38 K.
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Figure 3.7. Isotherms for C,H,/Grafoil obtained at- T = 134.89 K,
| 146.10 K, 154.11°K, 163.86 K, 173.85 K, 183.76 K,
182.70 K. '
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Figuré 3.8. [Isotherms obtained at Tow coverage for CZ-HZ/Grafoﬂ at

T = 163.86 K, 173.85 K, 182.70 K, 183.76 K.
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Figure 3.9.° Isostéric heat of adsorption of C2H2/Gfaf0i] vS. coverage
obtajned with the use of eq. (3.2) and the isotherm data.

The ]inésrserve only as a guide to the eye.
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ga]orﬁmetric technique. The results for C0/graphite are.displayed in
Figure 3.10; the uncertajnties are only of the order of 1%. Because of
the reactivity of C2H2, this apparatus could not be emplnyed for measure-
ments on it (copper was used for the sample cell to obtain a necessarily
hi gh thermal conductivity). A quantity, which nill be needed 1ater, is

the integral heat of adsorption of EHEnggeted monolayer (~ 52x107% moles)

of solid I at low temperature.
- ) no ' . R
Q(?b) = fo qgp dn . (3.3)

Becanse of the scatter in the data, it is difficu]t to estimate Q, but
smootning and integrating the curves for 124,127, and 140 K yields a
value 0? 25 + 1 kJ Moi'] at T = 130 K. The harmonic approximation with
-5 degrees of v1brat10na1 freedom yields a cohesive energy of 26.6 + 1
kd Mol from the eqfation

. . \ '
3 DTk i
QST = -<U>.|.=cJ -7 kBT + kBT S - (34)

~
where n 1s the number of degrees of vibrational fregdom and <U> is the
) ) \
potential energy at T = 0 K, a quantity easily calculated as ‘a function
_ o t
of density. For a 2D ideal gas one can, show that:
aznkH ’ - : —

. w
95T = k8 3077Y ¢

a useful relation between Henry's constant (kH) and dST'

(3.5)-

" Prior to presenting results for kH and 97> it is-necessary and
1nformat1ve to exp]a1n a snag in the definition of k presented above
Henrya' 1aw constants are measured to obtain information on the
mo]ecu1e,surface interactiod. There are no ideal surfaces. Al1l sﬂnfaces

have a nearly continuous and peakkd distribution kperhqps Gaussian) of

> {.
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Figure 3.10. Isoétekic heat of adsorption vs. coverage for CO/°

@rafoil from Piper et al (34). The different'symbojs-‘

represent independent runs..
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adsorption_energies, but normally interest_is foéussed on the most
homogeneous regidns..;fhe finst adeorbed molecuies fill up the high

.energy wing of this d{stripution: This can be seen frbﬁ‘the.direct
neasurements of qST‘shown in Figure'3.]0. .The larger values of Qg7 at

-low coverage are presumab]y due to adsorpt1on on the damaged areas of
the surface and perhaps on the neta]11c parts of the sample cell. Aﬂ
Targe value of ds7 manifests itself as a-]arge‘STOpe of the adsorption -
isotherm. An examination (on an ekpanded scale) of the highest temp- |
erature isotherms (175 - 185 K) revea]s a very large initial slope

. followed by a change to a long linear region. A later increase in slope
occurs when’tne mo]ecu]e-mo)ecu]e_interections become significant. The '
large initial slope is presumably that caused by the molecules being |
strongly bound in the deepest energy we]1s< For this reason, the sIope
of the long 11near reg1on, and not”the initial sTope, was taken to
determine the Henry's law constant.

An eXtrepo]ation of the high temperature Qg Vs. coverage curve
to zero density yields‘a vaiue of 19.0 i_O.S'kJ mo1™1 for the isosteric
heat-of one isolated molecule. A better way to determ1ne th1s quantity
is to plot En(K ) vs. 1/T, the s]ope of which y1e1ds qST through eq. 3.3.
The plot is shown in F1gure 3.1 and g1ves the resu]t for Ag7 of 19.4 +

-1 . . o

0.5 kd Mol . : A

“

At this point, it should be mentioned that these results for q¢;
are not in eg%eement with the velues of g = 17.3 kJ Mo1”! at 183 K as -
determined from the gas chromaiography measurements (84). No estimates
of the errers were offered in the latfef‘nork ‘Comparisons of the ges
'”chfomatography results for CH4 and the d1rect measurements of Piper and

Morrison shows the gas chromatography resu]ts to be smaller by ~ 1 kJ Mol ].



Figure 3.11.

The logarithm of Henry's Law constant vs. inverse
temperature for C,H,/Grafoil. - The error bars lie

within the symbols.
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~

e

be shown to compare well w1th the direct measurements. As yetf this

disagreement is unresolved. — : .

-

The fu]1 significance of these Henry's -Law constants will only

become apparent in a ]ater cuapter/ﬁpeh an attempt to calcu]ate them .

fwﬂth a -potential model is made.

/!

3.5 Carbon Monoxide Ieotherms
The isotherms of carbon monoxide on Grafoil are dfsp]ayed in

Figure 3.12. The two dimensional critical temperature can be identified

as lying between 60.4 K and 62 K because the isotherm at T = 60.4 K

has a vertical segment but the one at#62.0 does npt. The three-dimensional

cr/t1ca1 temperature is 134.4 (14} from which we obtain TC(ZD)/T (3D)

61. 0/134 4 = 0.45.

“the existing ﬁﬁformat?dh'about the phase diagram for the CO/ .
graphite system obtained from x-ray scattering (23%, LEED (24), and -

thermodynamic results (34) is summarized in Figure 3.13. The contribution

" to this phase diagram from the 1sot/erm data i# the’ 1dent1f1cat1on of

the critical temperature
At four higher temperatures, Henry's Law constants were measured:

and plotted against inverse temperature, (Figure 3.14). From{thef§T65e/

- in the Tatter figure and eq. 3.3, the value of the isosteric heat at

zero coverage was found to be 11.25 + 0.3 kJ mo]‘1 at a mean temperature
of 93.2 K. An independent direct ca10r1metr1c measurement (34)

Figure {(3.10) gave the resu;t of 11.0 + 0.1 kJ mol -1 which is in good
agreement. As in the case of acetylene, there will be further discussion
about Henry's Law constants when the caTcu1ations based on potential

models are presented.



Figure.3.12. Isotherms obtained for CO/Grafoil a¥ T = 58.0 K,
60.4 K, 62.0°K, 63.9 K. o
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Figﬂre 3.13. A phase diagram for Carbon Monoxide adsorbed on )
| + graphite from x-ray (23), LEED (24) and thermodynamic
IR

(/ (34) studies.
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Figure 3.14. The logarithm of Henry's Law constant vs. inverse

temperature for CO/Grafoil. The error bars lie within

the symbols, | ¢
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CHAPTER 4

INTRODUCTION TO INTERMOLE CULAR POTENTIALS .

4.1 Ab Initio Calculations

The properties of an adso?bed film are determ%ﬁed by the
interaction forces between the molecules and between the molecules ard
the surface. In physic adsorptibn thé'molecules remain as distinct
units, because the inté%zction energy‘betweeﬁ the. moTecules is much
smaller than bonding energies of the atoms. “Hence, fhey,are known as

.

molecular systems.

The 1nteract1onabetween two mo]ecu1es (A,B) can be approximateﬁL‘J
up to second order by {35, 36) ) “\zgfy
. .
AB._ALA A BB, B
. AE = <A¢ v ]H |Aw0¢0> -<w0|H |w0> - <y [H l’w0>_
A B AB A B
G ' _(4.1)

- A A, B /J. S AT
: Eo - B * Eo - Eg 'ABK///" o o
whi;; A is an antisymmetrization operator, HA, HB, H> are the'iso]atiﬁk 0o

molecule and dimer Hamiltonians and

VB2 B A B - |
. . _.eB.e'i ' 4) =p
S . o
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Exchange has only been considered in the first order, “because second )

order exchange energies have been found to be ver% small (36). The SN

prime in the summation of eq. 4.1 indicates that both r and s # 9. -
Although, in principle,eq. 4.1 can be eVa]uated for all orient-

ations and separatiens, thiszis only practlcable, in terms of comouter time,

for simple molecular and rare gas d1mers The best results have been

~ found for the s1mp1est systems.such as He3 4 and H2 dimers (35,36,37),.

~ but rec ' ca1cu1at1ons on systems of larger no]ecu]es including
) to (5) and ZR; (18) -have been performed. Equat1on 4.7 is proh Ttively -
3 e'omph'cated to use in calculations on condensed systems. Appro*xﬁlate “ :

model potentials have been deve]oped for them BEEEE‘on the individual

terms of eq. 4.1. : <f~ - ~
The first approx1mat1on 1s the arb1trary division of the '
-k
1nteract1 eq. 4.1 into Tong and short range so]q;1ons and then.to
combine- them to describe the pof#ftials of intermediate range
. At Iong range where the molecular wavefunct1ons do not overlap
s1gn1f1cant1y, the ant1symmetrlzat1on operator 'A' is replaced by the
L]
identity 0perat0r Teading to: '. )
: |<upun VB [uBEs
' <p v (VT v >
AE_(:w IVABNA g ool tots
r=0 E - E \
. o _ s#0 (4. 3)
. B AB 2 AB
- \I<w lv Iw I <w I‘-' "‘”'
' . L] + z A .
~s=0 0" Er r#O E E + E s
- : ' r#0 . N s#0

. " .e%

In the 1imit of zero ove‘Tap V ‘.can be expanded as a

conve gent ultipole ser1es’ﬁg; the first term in eq. 4.3 can be séen :

S —

—_ —
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to be just the electrostatic multipole interéction'energy. The second
and third terms are known as the 1nejat1on energy. They arise as a
result of the static multipole of one molecule 1nduc1ng a multipole in

»
the other.

The Iast term in eq. 4.3 is the dispersion or van der Waal's

energy. This ‘interaction: ex1sts between any "two po1ar1zab1e molecules.
A fiuctuation produces a mu]t1po]e in molecu]e A which then induces a - -

N

The induction and dispersion terms can be calculated as a

multipole in molecule B.

hultipo]e expanéien Teading to aniSotropiC/attractive interactions which
vary as 1/r0 (dieele-dipOIe), 1/¢8 (dipole-quadrupole) and 1/r°
(quaqhupoieiquadrupo]e)_etc;
The inductton forces are typically very much smaller than either
the e]ectrostat1c or d15pers1on forces ayd are usuaily not 1nc]uded in .
the tota] interaction. It should be noted that the dispersion terms
can be ca]culated by a-semi~empirical method 1nv01v1ng dipole osc111at0r
. strengths (f-vaTues) dedyced from the results of 1ight scattering
' experTmeﬁts (40,41). The long range interaction then cons1sts of

an1sotrop3c electrostatuc muIt1p01e -multipole and d1spers1on forces.

" At short range, the 51tuat1on is more complicated as one must -5\/1

evaluate eq. 4.1 w1th the antisymmetrized wf‘efunct1on (at Teast 1n

" first order). It is instructive to consider the first and second order
energ1es as consisting of two parts. The flrst order energy is d1v1ded
1nto e]ectrostatﬁc'and exchange terms (38) The e1ectrostat1c erm is
the first order energy of eq. 4.1 with fthe ant:symmetr1zat1on 0perétp

rep1aced by the 1dent1ty operator The f1(§t order eﬁfhaniﬁ.}ern is

. )
! 3

. . i . ' . B . . B .
- . - . .
‘ . - - : .
X - - d . A - - -+ L
" a - -

/
2
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1 1 1
> éxgh ) E( ) Eé]éct (4'4)

The effect of the overlap of the electron charge clouds on the long

ramge mu]tiﬁ%]e moments of the molecules can be estimated through

the quantity

(1)- . =(1) (1)
Epenetration - Ee]ect Emult : (4.5)

where Emu]t is the']ong“range'electrostatic energy. In a similar

manner, the secend ordey energy is partitioned into

R St N ¢ ST TR
' ' Epenetrat{éﬁ E Emult o - (4.6)
S |
where £(2) is the second order term in eq. 4.1 and E is the long

mult
range multipole dispersion energy. The charge penetration or Overlap

effects have Been shown to reduce the electrostatic interactions at

typical lattice separations in sd]i@s. Tee exchange and_penetretion

e;ergies vary approximately exponentially and are strongly anisotropic. -
‘ The/To1ecu]ar separaiions of interest in condegged matter lie iy

in an intermeeiate range. t}he eptenti§1-in this region is cOnstrected

by adding the long ®ange e]ectrostatic and dispersion energies to the

short range e%chenge and penetration energies. - =

The potent1a]s described above 1nvo]ve conp11cated an1sotrop1c

1nterae&1ons in a numer¥¢aWNform, but for use in a calculation on a

'cond nsed system the potent1a1 must be described-in a simple mathematical

form. This l§//;ua1 effected w:th mu]t1cente¥ed i téractions {atom-
atom é?)pra’ximation) The short xange and d1sper‘s10n pofg \;‘a1s are &
fitted to e1ther tﬁe 6- 12 or 6-exp JL“E,_

‘.. .c_ 1 »
. e Y. .
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12 6
V(r) = 4c(Sy7 - &)

(4.7)

) e - g

i

with several interaction sites in the molecule (often but not always
the nuclear sites). More complicated forms have beén suggested which
invoive the atom-atom method but with anisotroptc parameters (37,42).
" The 6-12 potential is sketched in Figure 4.1, 4 represgﬂts the separafioﬁ
at which the potential is zero and e is the well dgpth; g and o are
measures of'the atomic faaii and C6 and ¢ are measures of the atomic
polarizability. |

The electrostatic interaction is described with a distribution .
of.point multipoles or tharges which are fitted sé as to reproduce >
the long range multipole moments of the molecule.

Only reEent]y have evaluations of eq. (4.1) been feasibIe for
molecy]es as complicated as N2 but large molecular systems have been
. stuéied for some time. Empi {cai potentials. have been deve}dped by
fitting the atom-atom parémeters of eq. (4.7) to é wide range of
‘experimental dat; including Tattice dynamics, 5ub1imatiﬁn energies,
crysE%] structures and vifiql coefficients. This approach has bee ugég?
extensive]j in. the development of potgﬁtia]s for hydrqcarbons (43,44}1
Two approximations p;nmeate the 1i£er§ture ‘of atom-atom polegtials.
First is the assumption that a set of barameters1for any type of atom
lcan.be transferred from one,moIeéu]e to another. For éxample, botentia1
?arameters for oxygen in CO. are transferred to oxyd%n'in C02 or 02 and
vigs versd, The.second assumptioﬁ‘hea]s'with intecgftionsof unlike
2}0T%1:hch as carhgg:qu hydrogen.. A common approximétjon is‘to work

[
L d ] '

P

-~

'Y 1. _ . . - ———
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Figure 4.1. The 6-12 Potential Form.
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out parameters for the like atoms (carbon-carbon (C-C) or hydrogen- _

hydrogen (H-H)) and then to use the so-called combination rules (below)

for the C-H parameters.

n

A = (opn * oggl/2i g = (o, + apg)/2 e
- 4.8

= N, - ), 5
“a8 = (eaatae) 5 Copp = (CopnCegp) 3 Mg = (Aafhgg)
The first of these is simply the mean of the size parameters, and the

~ second is based on an approximate express1on for\the Van der WQa]s

interaction (45).

- Al

4.2 Additivity

In the above discussion the interactions were pair-wise inter-
actions. The total energy of a many body sYstem would be EEEﬂZDm\of all
painiinberacp1qn53 Th1s assumption of pa1rw1se additivity is only
approkimatej& valid. If there are at least three molecules, the short
range 1nteract1ons are not strictly pairwise additive. This ¢ eas1]y
be seen fran eq. (4. 1) because the antisymmetrization operator can act
on m&fe than Just pa1rs Phys1ca1]y, the electron cloud of each mo]ecu1e
w1]] be d1storted by the presence of all the molecules near it, but th1s
c]ear]y cannot5happen~1n a.palrwrse fashion. The long range e]ectro-
‘. stat;g and 2nd b;ag?;31spers1on energ1es are struct]y paLHh1se add1 ive
but-"the 3rd ‘and higher order ‘dispersion cannot be descr1bed as algum of
pair interactions. ~In these many boé; energ1es, the depers1on 4nter- )
action between mjlecu]es A and B 15 med1ated by a.3rd (3 body), or a

4th (4 bOdy),iﬂd teractién, molecule A - ~,I
o )

-

In the thre ‘
indyces & mu1t1po1e<:: molecdle /:bhich theinteract? with moQEEu1e B.

N
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The three body energy has been calculated in the muthpole

expansion (46). If only the .dipole is considered, the term 15 known
as the triple dipole energy (47) and has been shown to contribute
significantly to the energy of a bulk system (2). But, in the adsorbed
state, the smay1 number of close triples reduces this erergy to only 2%
of the two body dispersfon energy (48). The higher onder multipoles
make increasingly smaller contributions. In the lightnof fhe preéent
knowledge of intermolecular potentials, these 3 body terms are typically
not included. |

@ In the presence of a surface, the fnteraction between two
molecules is signif%cantly altered by a 3 body interaction in which
the surface plays the roie of the nédiating body. The surface medidted
interaction (as it has come to be‘known) was f1rst d1scussed by Sinanoglu
and Pitzey (49), but the approach presented here is due to McLachlan
(50). With a field susceptibility, linear response approach and the
continuum approximation for the substrate, he showed that the dispersion _

interaction between two adsorbed molecules. is altered b] an amount AE:
8E < —im3(2 + 3cos(20) + 3605 (26) %02 (1) g( i) du
- ;%Tgfzaz(iw)gz(iw)dw o ' (4.9)

where g(iu) = (c(iu) - D/(e(iu) +1).
. T ] »

-This term is generally bositive if the line joining thefmq]eCUIar |
centres is parallel to the surface and can be as large as zob of direct

© dispersion interaction. a(1m) is the dyhamic po]ar1zab1]1ty of the

moiecu]e and £(iw) is the dielectic constant of the sol1d at frequency

\ -
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w. McLachTén also showed that the dispersion interaction of a molecule *
with a surface can be considered as the interaction of the mo]ecu]e with
its own image in the substrate. In fact the 3rd body in the substrate )
mediated interaction was the image of one of the molecules. Figure
4.2 illustrates the image plane and the coordinates of eq. (4.9).

| A théoretica] est%mate of the poSifion for the image plane was
made by Zaremba and thn (51). Théy found that, for'rare gases adsorbed
on noble ‘metals, the 1mage -plane should be placed half a ]att1ce spac1ng
above the surface defined by the nuclear centres. A]though graph1te
is metallic in the basa] plane, it is not a noble meta] but, in the
absence of a cajcu]at1on specifically for graphite, the same theory is,bﬁ

usedffor the position of the image plane.

’ThE'fo]1owing gpproach in applying Mclachlan's theory is duesto

Rauber et al. (52). Eq. (4.9) can be written in the form: .

0 = prykre(2 + 3cos(29) + 3cos(2¢))C]S 2rsCos (4.10)
where ' i . L : o

) Cis = 2f7g(iu)e(1u)d IR ANIRIY
and ®
= 3 o¢s 205 V4 .
Cyg = nf:a (1w)dg?(iw)dw : (4.12)
e

In terms of these qﬁantitiesthe parameters in the dispersion interaction

C6 and C3 can be written as: T

i Ce = fe2(iu)d . . - (4.13)

C3 = -#f:g(’im)a(im)dlfl ' | L (4~]4_)

-Application of this thé3?9 reqh?%ﬁg/;lknowledge of the quantities g(im)"q
LA P . )

‘4\\(*\, : B ‘1‘! '

_~\\ . ' ;
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Figure 4.2. The geométry for the substrate screened interaction; also

shown arg the image atoms (dashgd).
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and x(iw). Vidali and Cole (53) used Lorentzian approximations to . i

ca]cu]ate the Tong range dispersion interaction. Their approximations

were used by Rauber et al. (52):

- cc‘(”'i-m)

ao/[1 + w?/E2], | o (4.15)

and

§(iw) = g /[1 + w?/E2] . | (4.16)

~ where E and E “are Characteristic energ1es 0F the molecule and the

surface and @, and g are static values. Subs§1tution of eqns:

(4.15) and (4.16) into eqs. (4.11), (4.13) and (4.14) yields
=3 2 i : ‘ . :
Cg = 3 a2E_ _ | : (4.7)

Cy = 8(T'__§T ‘ 7 (4.18)

_ x(2 + x' C -
.-Cls - gocs (1 + xig‘ o ' (4.19)
oo : P . .
= 20 X(X2 + 3+ 1) ' o
C?s’ gocs (1 +x)3 . - (4'20I‘

where x = E /E
Va]ues of a, and C6 from exper1ment were used in fitting 9y E and E
- for a var1ety of substrates and .adsorbed molecules. These resu]ts for

CO'\ﬂeikand N2 ogfgraph1te were- used in the poten:1a] models. out11ned R
in the next.-chapter.
\ L - . | 1
L . ‘ .
4.3 Molecule-Surface Interaction
. Tor ,
For long range interactions. in the continuum approximation,

Lifshitz (54) ¥ound the result: LN

: - | - | i“ '7 / L SN
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= c6/z3. o (4.21)

McLachlan (50) showed that this molecule-surface interaction can be
considered as a molecule-image molecule interaction.

“At short range, the atomic nature of the surfacesmust be taken

into account. By far, the most widely used model is the sum of a 6-12

potential over the atoms of the surface. The™ordered surface and the

. n - - . . ..
1/r"" form allows the sum to be performed as a Fourier series similar

to the Ewald sum method that is used for ionic lattices. The sum for a

6-12 potential was performed by Steele (55):

Vr) = Vo(2) + T ¥ (2)F (xy), (422)
. n>dERp .
. 20 %a5,10 1 %"

: V (z) = dnoe g2 (= - =) 1, 4.23)

E\ <o ozr °A§hﬂ£05 %? 2(p)‘ . oL |
9 2me 6 — - . ‘,._,.." ..

e IS T T (g, - 2 2 Kale2] '(4,.23
. g S L. - " 4 ~

}

For molecules, the atom-atom approximation is used and -the sum must be

performed for each inferacting site of the molecule. The subscripts AS

refer to the interacting site (or atﬁ%)-surface o and g are the 6-12

-

parameters. The quantity In is a surface rec1proca1 Tatt1ce vector, aS
1s/§hﬂ‘surface unit cell area and the K 's are modified Besse] funct1ons:

The index p refers to the sum over the gﬁaph1te layers with Zp g1ven
. . -3
by.: .

4

- - 7. =7 +pd

p P -
: o N .
where dj:)3.37 A -is the interplanar separation. For most moleculess



obtain sufficient accuracy.
& . "
‘ : . L
A M 42[cos%1(x + *}-j) + coszf:(x - %) +’c05(4?TT 7%)] (“4-Zé)l
with a = 2.46 Ez If, in the 6-12 model, one approximates the sum over
the surface atoms with an integral the result is the 10-4 model. It is ’/J
often used, but, it 15 a flat surface model and it can only be used' .

where the surface corrugation is presumed not.to be important. In ~¢;” i
add1t1on, 1ntegrat1on over' the graph1te p]anes yields a 9-3 potential,
the attract1ve part of which has the“Lifshitz ]/23 form The 10-4
potent1a1 will be used to calculate Henry's Taw constants at h1gh '
temperatures where the effects of corrugation arfe sma]]

It is. 1nterest1ng to note that, a]though at long range the -
concept of a3 1mage has beeahased, it p]ays no role in the 10-4, 6-12 *
or 9-3 models. The latter all assume that the 1nteract1ons are centred

about the nucleij. '

A ﬁo]e&a]e-surface interaction in which the position of the
.1mage plane'blays a cruc1a] role is the electrostatic 1mage potential.

At long range mo]ecu]es possessing an electr1c tipole moment should
produce an image moment in the surface. An 1dea]‘meta]'sePstrate would
have an exact image, whereas, fpr a die]ectric, in the continuum
apprdximatign, one would introduce a die]éciric constant. It is the
static reeginse of the solid which is 1mportant here, and in this J1m1t,

grapt1te is considered to be a good metal (56). Typ1ca1 d1s;§nces of

adsorbed molecules from the surfaces (def1neﬁ by the nuclear centres) . C

s are 3.0 - 4.0 A. At these small separat1ons, the use of an image™plane

s quee\jqnable for twq\:sasons First, at C]Jse range the corrugat1on ///

N “ = ‘\
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of thelirrface will become important, buy’the concept of an imége plane

assumes a flat surface. A second point has to eo with the%calcﬁ1ation d '
of_jmage forces on grahhite'specifically. ‘As in the case of .substrate

mediated interactions, ehe theory uséd for the position of the imag%r

" plane is that due to Zaremba (51) which was worked out for noble-metals.

Graphite js- 1am1nar and the e]ectrons are not as rnobﬂe*perpen-

dicular direction as they are in the.p]ane. It seems un]fke1y that

graphite could pr6auee as go;L an image as'a'noble mete1f ' -

Bruch (56)'ca]cu1ated_tﬁe imége potentials for Né enﬂcog'on

graphite assuming point multipoles ongthe centre of mhss and ?oﬁndithe - %ﬂ'
- energy to be a §1gn1f1cant frac¢1on of the tota] of the 1nteract1on
energy

1
"

... Calculations discussed inlﬂuelﬁxﬁ\shapter will shew that fhie
approach to image forcei’breaks down when the mu1t1p01e moments’ are
1arge or d1str1buted widely in fﬁe mo]ecuhak In these s1tua:10ns, the -
‘mu]tipo]e centre is able to touch its own image. The remainder of this

chapter will present .in some detail those spec{fic models employed fn,

calculations. - | A ) L
4.4 N, Models - ‘ | - .4’
) N1tr0gen is second only to the rare gases in- the effort that . ) 9_

has been made in developing an 1ntermo]ecu1ar potent1a1 It has‘y1e]ded
severa] mode]s which have been tested aga1nst a broad spectrum of .
(i,J . experimental data with some considerable success. The tests 1nc1uded
= | the gas phase (second v1r1a] coeff1c1ents, viscosity), the ]1qu1d phase
(thermodynam1c prOpert1es,\structure factors, d1ffu51on coeff1c1ents)
and the solid phase (lattice dynam1c5, sub]1mat1on_energies, structure). . >JWM~%r
'}5 _ , : .

)

v 1Y . ‘
Jmparisons of many N2-N2 potentials can be found.in Murthy et al- (57)
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and Ling and Rigby_(?Z).- The latter authors suggest a model which was
too compTicated {o be used-in‘the cdlculations to be presented here
-.and therefore two less accurate but simp]er mddeTs were chosen.

The two N2 N2 potential models were due to Luty and Pawley (58)
and Berns and van der Avoird (38). The Luty model is an atom-atom
6-exp modeT with the parameters fitted to the lattice dynam1cs of the
solid. The parameters are given in Table 4.7. The model was used in
only one calcuTation and was primarily. intended to be compared to the .
f0110w1ng model. ‘\ .

L1ke the Luty potential the van der Avoird potent1a1 is an
) atomeatom 6- -exp but a]so 1nc]ude§“an e]ectrostat1c interaction in the
form of dlstr1buted po1nt charges The d15pers1on constant was taken ‘
from ab initio. calculations of Mu1der et al (40). In these ca]culat1ons,
ab 1n1t10 ca]culat1ons of the an1sotrop1c d1spers1on coeff1c1ents C6’
',C8 and C]O were combined with semi-empirical va]ues of C and exper1menta1
“po]ar1zab111t1es to form a model for the an1sotrop1c d1spers1on inter-
lact10ns for n1trogen dimers. Three body 1nteract1ons‘were not considered
and' the- 1nduct1on interactions wefe found to be very smé]] The van der
| Avo1rd dispersion term was found by fitting this an1sotrop1c molecule-
molecule potentTaI to the C5/r atom—atom form. -
- The-electrostdtic interactions were approximated with four point
charges (two pairs of equal magnitude butIOpposite sign) symmetricdily
) placed on the mo]ecularlaxis. The positions'and magnitudes were fitted
‘;o the electrostatic energy from the multipole expansion up to the -
'hexadecapo]e for 36 orientations of the dimer. The multipole moments

" weré also taken from the calculations of Mulder et al (40).
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Table 4.1

Atom-Atom Nitrogen Potential Models -

V=B exp(-a-r) -+ Cg/r8

-

Luty and Pawley Berns and van der Avoird,

Short Range a .
B (kd Mo1T1) 2.050%10° 7.70x10° K\\__,,/"
o (A1) ' , 3.60 4.036

Long Range Dispersion

og 1 i ] \W
Colkd A" Mo1™") « - 1803 - 1407 ‘
Long ﬁ%nge Electrostatic _
q (e), position (A) - o -.373, +1.044

+.373, +0.847

. Substrate Screening Parameters
" (from eq. 4.10-4.12)

Cpg (kI to1™T 26) 1922
Cpe (kI 01! 28y 3683
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The parameters of the exchange term were found\by f1tt1ng tHe1r
—,

"'\

own SCF calculations on- 36 0r1ent5t10ns of the dimer to an atom—atom
o. )- - -
) N

The. potent1a1 thus derived compares well withe semi-empirical

exponential form.

potent1a1 models fitted to gas phase data-and thereTbre shou]d prov1

an equa]]y good desckiption of ang]e averaged 1nteract1ons The

el
authors also report good agreement with solid phase structural data 'rrxr

(for twvo structurds: cubic phase at 0~K_and- tetragona] phase at high
' pressure and 0 K), sub11mat1on energies and ]att1ce dvnam1ts (59 38)
The substrate med1ated interaction was calculated w1th the
method and parameters due to Rauber et al (52). This is a mo]eeu]e- .
molecule interaction with the force centres Tocated at the centres of |

mass.

4.5 Hydrocérbon Models ‘ . : . . ‘?}R‘
These are ;1most exclusively atom-atom 6-exp type,.with'end

without an electrostatic interaction. Seéveral authors have presented )

nodels (43;44460,61). The differences between .the models 11 in the h | -

treatment of the e]ectrostat1c 1nteract1on " The w1111ams pproach is

typ1ca1 and his modeils seem to be the most often used in, the literature.

For th1s-reason, it was chosen for the ca]cy]ations (with altered e1ectro—.

Williams chose an atom-atom 6-exp form. This model has nine

static terms).

parameters, three for each type of atom, C-C, C-H, H-H. .The size
parameters appe =3.68 A 1, aCH-3.74 A"1, aHH==3.67 A“] were chosen at

the outset. ape Was taken from a calculation of the interplanar
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. separation and compressibi]ities of graphite (62). aHH'was found by
B fitting ab.inftio caicutations to the hydrogen dimer. The combination
: rules were used t0'find e Tpe remaining Six‘parameters BCC; BCH’

.J : .. B H‘.CCC’ Con» Gy were fitted to the crystal structures and sublim-
at1on energIes of many aronat1c and non-aromatic hydrocarbons In
tpese fits the hydrogen atom centre was located 1.040 A from the carbon-
-atom for all molecuTes. The typicaI.C-H distance is 1.110 K from the
- - .,l_ hydrogen atom. - '
' ; oo ~ N : N11]1ams also anc]uded electrostat1c 1nteract1ons in another
h --_~‘ ser1es of fits jn the form of point charges at the atomic sites. The-
| magn1tudes of the charges were 1nc1uded as parameters but the charge
of the hydrogen atom was maintained equaT and'oppos1te to the charge
- - on the carbon atom. The resu]ts of both fits are in Tab]e 4.2. It
shoudd be noted that the charge distribution, if used in the C2H2
mo]ecu]e wou]d give a quadrupdTe of only 57% of the value for the
. motecule in the gas phase. To a]leviate this discﬁepapcy, a new point '
. - charge distribution was detetmined whicp reproduced the long range °
qdadrupole and'hexadecapo]e moments as determined by SCF ca]cu]atiops
} A _ , (5). This electrostatic nodel is also described in Table 4.2. The
' = quadrupo]e moment of C2H2 is almost fﬁve t1mes that of N2 In Né it
has been shown that the eTectrostat1c 1nteract1on is cruc1al to the
proper descr1pt1on of the. N2 N2 1nteract1on The electrostatic
1nteract1on should beﬂaktremely Jimportant in C2H2 Since the Williams

model leads to-a small quadrupole moment the exchange and d1spers1on

. terms mus t make up the d1fference 1f t?1s model is to be used for
mp

\\“\\L’/// CZHZ‘ One might, then, expect tha simply tacking on a Targer quadruy-
R : . : e .
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pole-would overestimate the binding energy. This turns out to be only
partially true for a simple reason. In most hydrocarbon solids studied
by Williams, the e]ectrostat1c contr1but1on to the energy is not as

large as in C2 2 This means that the Williams f1ts are primarily to

the exchange and d1spersion terms.

4.6 _Qzﬂz_czﬁz Model

The only potent1a1 model which has been developed spec1f1ca]1y .
for C2 2 is due to Gamba and Bonadeo (GB) (16). It is also.an atom-atom
6-exp model but with the electrostatic intenaction described by foﬁr
point dipoles on the molecular axis. The magnitudes and posifions of .
the dipoiqs were adjusted to fit ;he quadrupole and hexadecapole
moments The parameter# were fitted to the experimental sublimation
energies, trysta] structures, and Iqﬁtice dynamics (K = 0) of the two
solid phaﬁes, cubig and érthorhombic. The paraméférs varied in the
fits were all nine 6-exp paraméters, and an overall multiplicative
constant for the e]ectrostat1c energy similar to a dielectric constant
The GB potent1a1 parameters are given in Table 4. 2" This is the only
potential which stabilizes the orthorhombi¥c structure. Other models
give the cubic structure ét'T = 0 K. Un.ortunately, the value of
the sublimation energy used in the GB fit did not include the heat of
transition from the cubic phase to the orthorhombic phase. This has
been measured to be ~ 0.6 kJ M01-] (63). A comparison of the observed

and calculated values of the sublimation energies is given below.

When the transition energy is included the fit is not very good. .
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Tabfe 4.2 -

Atom-Atom aetylene Potential Models

!

aR &
- CG/R

V = Be~

Williams I Williams II 68,
Short Range+ _
B (kd Mo1™1) 350000 300000 1830000
By 36000 60000 23000
By 11000 12000 31000
L . .
ace (A7), 3.60 3.60 | 3.909
oy 3.67 3.67 3.703
“HH 3.74 3.74 3.746
Long Range Dispersion _
Coce (kd Mo1™1 28) 2386 1880 2029
Cocn 525 562 418
Cenn 115 168 1381

Electrostatic Models

1) q {electrons), Z (R)
e

2) dipoles (eh), Z(R)

3) q (electrons), Z (R)

Substrate Screening
-1-8

615 (kd Mo1™' "A°)

C

2s

»

+0.179, +0.6035
-0.179, +1.6625

- 40,300, +1.6625
~-0.179, ¥0.6035
-0.244, ~0.0

8336.8 . .
4463.5

4

+0.2667, +0.528
¥0.0337, 2.0

- .
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g
| ' _ Observed - Calculated ’i

’ Cubic - 5.6 kd M1~ 6.0 kd Mol”]
Orthorhombi ¢ 6.9 6.3

Although the quadrupole and hexadecapole moments were fixed
to the yélues from SCF calculations (5), the next highest mbment was
;—-nasfree parametér Gamba and Bonadeo found that t had an apprec1ab]e
effect on the ca]cu]ated frequenC1es which improved as the size of
this moment was increased from 10 to 24 eAP. bn the other hend, it
was found that the lattice_energies and constants did not change
significantly if the five point charge model was substituted for the
four dipoles. Since the former is much easier to calculate, it was
used in the structure determinations to be described in }he next
" chapter. l .

Although the GB model appears to be successful in the region
in which it has been fitted, there are-disturbing features in the
exchange and dispersﬁon-termsg The dispersion parameterl'cgH is almost
as ]drgg as Ccc'and iarger thén CCH' These parameters are e;oportiona]
to the po]arizabi]ities of the relevant atoms and the polarizability
for the carbon atom should be larger than that of the hydrogen atom.

The ggrameter o is 1nverse]y proport1ona1 to the sum of the. ard core

radii of the interacting centres. An examination 4% Table 4.2 shows

# that Gamba's model ‘has the carbon atom smalier than the hydrogen atom.

Finally, the factor E = 0.544, which reduces the electrostatic energy

by a factor of g2 - .3, seems too high to be explained in terms of a

dielectric constant or reduced multipole moments due to charge overlap

L

v
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_ effects. ¢

g

.

The Sgbstrate\mediated ?ﬁ%eract1on requ1res a knowledge of the
d1p01e dipoie d1spers1on parameter CG This has not been calculated,
so the value for Xe was used ds an estimate. Thé isotropic 6-12
parameters for Xe and CZH2 are similar and one might expect that the
values for Cs are close. The method due to Rauber et al was uséd to
«calculate the substrate screening parameters. The Va1ue,of the static
po]ahﬁzabiTiéy was taken from SCF calculations (5): This éerm was

sma11 and therefore any errors in the use of the Xe parameters w111

not affect the results.

o

In the orthorhomb1c phase, the nearest ne1ghbour C-H separat1on
is only 2. 73 A with the molecules in a Tee conf1gurat1on This short
distance has led to speculatTOn about ° the occurrence of hydrogen
bond1n£ SCF calculations (18) on the dimer have shown the Tee config-
uration to be the most stable and sugge;%ed a'weak hydrogen bond..
Neither of the models presented have any terms represent1ng a hydrogen
bond between the hydrogen atom and the centre of the triple,C-C bond
in the molecule. It would be d1ff1cu1t_to include this ipteraction in
a mode]lapplicable to many different\situations. The large charge
differenée between the hydrogen atom and the centre of mass in the five

pdint‘charge model does make the Tee configuration the most stable for

the dimer in the Williams model.

4.7 Carbon Monoxide Models

-

bittle research has been done on, possible potential hodels for
C0. Some early work (70) in lattice dynamics assumed that the inter-

action was similar ta that of N2’ but this ignored the charge asymmetry

4
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found in SCF calculations (6). Recently, a lattice dynamical study of

~ the cubic phase of CQ yielded several asymmetric models, two of which

are summarized in Table 4.3. The electrostatic parts (t?ree point
charges on the molecular axis) were fitted to the multipole moments )
found from recent SCF‘calcu1ations (6). The exchange and dispersion
terms were fitted to the lattice frequencies'(|K| = 0) and cohesive
energies. The molecules have three interaction centres, orfe on each

L]

atom and oné-at the centre of mass{\ﬁEiFause the initjal calculations
with these models were disapppinting, their use to stu&y the adsorbed .
state was not pursueq further.

A potential model deve]oﬁed in a manner similar to that applied
to hydrocarbons was introdiiced by Mirsky (65). It was an atoﬁ;atom
b-exp potential with an addedle]ectrbstatic interaction. Thg parameters
of this model are also.given 1ﬁ Table 4.3;. The C-C parameters were
fitted to the cohesive energies‘and elastic constants of many different

hydrocarbon solids (60). The 0-0 parameters were fitted to the structures

" and cohesive energies of CO2 in an atom-atom 6~exp plus point quadrhpo?e

model (66). The combination rules were used for the C-0 parameters.

The potential was used by Mirsky (65) to calculate various experimental
re}ults'of dilute CO-Ar solid mixtures with reasonabTe success. The
'CO-Ar mixtures would not involve electrostatic interactions if they were
sufficiently di]ﬁte and therefore the simple superposition of an electro-
static interaction is perhaps more reasonable here than in the Ni]iiams
models. The same three point chargé interaction was used as in the
preyvious models;

i The asymmetry in the dYspersion interaction leads to an asymmetric

) . . o §§

\
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" Table 4.3

Atom-Atom Carbon Monoxide Potential Models

V(r) =‘Be-°r - F(r)[%% + %§-+ BTy

F(r) =

o

1

o~ (1-r/R) -

P

rlo
»

r > R

r <R

B

(leMoT“IR) (A1)

o3

Ce

%
Cq Cig -

Model 1
c-C  32.58 3.269
c-0 ,  31.9] 3:521
C-CM -8.77 3.113
0-0 31.15°  3.505
0-CM -7.84 3.333
CH-CM 0.27  2.971
Model 2

c-C 10.15 3.4
c-0 9.88  3.41
C-CM 0

0-0 20.10  3.34
0-CM | o
CM- CM 0
Mirsky

C-C 3.00 3.68
c-0 3.17 3.9
0-0 3.25. 4.8

Electrostatic (used in

71561

-1908

0

1410
0
1017
1937

1761
1420
1085

all models)

q (electrons), Z (A)

-9.636,
0.831,
- =0.195,

(kd Mo1=1A8) (k Mo1-1A8) (KkJ Mol-lA1o} (A)

31288 . 280366 .. 372

0 0. -

0 0 -

0 0 -

0 -0 -
13092 S N7307 3.72 -
0 0o - L
0 0- -

0 o -

0 .0 -

0 0. -

Q0 0 -

-1.0820

-{}.6446
0'3256i: .

...... continued
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£ Table 4.3 (éontfnued)
‘o égbétrate Streening
.- | = C]s C25
kI Mo1-1A8) (kJ Mol1-1A6) o
¢-¢c ° 709.7. . 373.4
c-0 557.6 © 293.4
0-0 438.1 23005

-C-Carbon; O-OXern;'CM—Centre of Mass

Origin is ét~the‘centré of mass - -

L : \
Carbpn'is at -0.6446 A ‘ .
' -, ) A <
Oxygen s at +0.4836 A . .
‘ r
. f .
-, -~
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substrate mediated interaction. Again the method of Raubey‘et al (52)
was used to-ca1cu1ate.the substrate mediated parameters. The value of
C6 and the static polarizability for a CO molecule were taken from the
calculations of Jhanwar and Meath (67) and of Amos (68), respectively.
The molecule-molecule parameters were then C1s = 2263 kJ_Mo]'TR6 and Cé:
= 1192 kdJ Mg]"]ﬁsf Conversionité.atom-atom parameters was effected by
assuming that they were in the same.rat}o as the C6 atom-atom barameters

of the Mirsky mode] The resulting parameters are 11sted in Tab]e 4.3

and were used in all of the C0-C0 mogdels. .

4.8 Molecu]e—Su;face Interactions

The molecule-surface interactioné were ‘calculated with one of -
two procedures, either by a Fourier (if a corrugated surface was'required)

or a 10-4 method. -

CZH?;' _ |
The atom-atom 6-exp parameters for C-H and C-C from the
Williams model were fitted to-a 6-12 form By bomparing the separation
at zero potential {o) and the well depth (e)i‘ The imagé.inte}action,
if used; was éimp]y superimposéd on the above terms. V

L ..-‘ ' 3
QO: .

The Mirsky atom—atom 6-exp C-C and 0-0 parameters were fitted
to a’6-12 fofh as in CéH . The graph1te 6-12 parameters were taﬁbn
from ca]cu]at1ons of the 1nterp1anar separat1on and compress1b111t1es
of graph1te (62), g =3.4, ¢ = 28 K. Combination rules were used to

-find the C-graphite and O-graphite parameters.



2! ,
| The N-graphite poteAtial was developed by-Steele (55) by
comb%ning 6-12 N2-N2 parameters and-the 6-12 graphite parameters..
The N -N2 parameters were fitted to exper1mentaT thermddynamic and
structural properties of tﬁ/ liquid. in mo]écu]ar dynam1cs s1mu1at10ns
(69). |
The mo]ecule—sﬁrfage_pafahetérs for CoH,, CO and N, are '

displayed in Table 4.4,



Atom-Atom Molecule/Graphite 6-12 Par'arneteré
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Table 4.4

12 6
V= belfry - T

(A)

(K)
(K)

(K)

3.45

2.88
47.97
25.09

3.39
3.14
" 33.42
41.52

31

~



CHAPTER FIVE

RESULTS II

~

5.T Monte Cario Methods and Techniques -

« The statistical mechanics of many body systems often involves
integrals over a large number of variables. For example, in the

. cangnical enserble the average energy is:

. fu{q;- ) dq;...dq,
- . ’ -'U(QI qn)/RBT (5 T)
fe ‘ 7 dgy...day

wbere qidescribes the coordinétes of each particle in the system.
The.straightfbrward numerical evé]uation of the integrals of eq. (5.1i
is not possible. It has béeh 10ng known (71,72) that the Monte Carlo
proceduré is much faster. .In ifs most.basic form, one.averages the
integrand over a ‘randomly chosen set of points in the coord1nate space.
This method works well if the 1ntegrand does not-vary too rapidiy.

The Bo]tzmann factor in eq. (5.1) var1gs very rap1d1xﬁ§nd,an1extreme1y
large number og.ﬁoinfs is néeded-to obtain sufficﬁeﬁt ;ccuracy{ The
bjased sampling procedure, first introduced by:MetropoIis et al (73)

— reduces thé number of samples needed. The ensemble average can be

-rewritten as:

- 76 -
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(q)/kBT
<A> =

-U(q)/kBT | | - (5.2)

fl e dq

P

where-p can be any probability distribution. 'Metropo]is'et al chose

the Boltzmann distribution itself for p which rasults in:

=
n

fA(a)da/ fd
! Alg,)/] 1 : : . (5.3)
v v .

n

"

: .
M é Alq,)

whe}e 9, ’b the vth point in the samp]ee set. The method. of Metropo]1s et
al (73) is not Just to sample randomly the coordinate space but to bias the
random samp11ng with the Bo]tzmann d1str1but1on which helps to ensure
that the samp]ed set of points s1gn1f1cant]y contr1butes to the
integral (eq. 5.1).%,

To imp1ement.the method, the enehgy of the systen'is calculated
at an initial position (q). The coord1nates of one or more ‘particles
are changed to (q} + (Aq) where the (Aq) 5 are randomly chosen increments
ranging up to a previously se]ected max1mum va]ue The energy of the
new position' is evaluated and.the.Boltzmann factor exp(-aE/kT) is
compared to a random number between 0-1. If the Boltzmann factor exceeds
the random number, the move is accepted, otherwise, the move is-rejected.
If the move is accepted, the new position is used in the average (eg.
5.3), but, if it is rejected, the old position is put into the average
~again. In this way, the system evolves towards classical thermodynamic

equilibrium.
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5.2 Size Effects

A réa] sysfem involves a very large number of particles but this
is not a realistic choice in_ simulations. The largest simulation
published used 100,000 Xe atoms (74). The interaction potentials between
Xe atoms are simpler than thoses to be discussed here. It was desired
to test severai‘modé] poteﬁtiaTs oh three different systems, theréfore ¢
the system size had to be quite small. |
The. magnitude of size effects varies with the number of particles,

and actsto decrease the fluctuations in the system.

5.3 Surface Effects

In a small system the number of particles on or near the surfacé
can be a large fraction of the total. The environment for these particles
is very different from those in the bulk. Périodic bounda;ies greatly —
. reduce surface effects but at the expense of introducing a fafse
periodicity into the systém. This can be very important in smali
systems. For example, if the natural periodicity is incommensurate with
the boundaries, the structure could be frustrated. In adsorption on
. a periodic substrate, the boundaries should be maintained commensurate

with the substrate. ‘ . *

5.4 Interaction Range

-

‘ Al1 of the potential models of Chapter 4 are of the long range
I/rn form, and therefore, every molecule interacts'with the entire
system. 'Includiﬁg-every pair interaction in the energy was unfeasible
and unnecessary and so two cutoff radii were used. Up to the first
cutoff, fﬁe full anisotropic potential model was used but, between the

two cutoff radii, the calculations employed an approximate orientationaily-
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dveraged potential. The effect of the procedure on the energy was
‘less than the uncertainty in the model while the saving in computer

L]

time was substantial.

5.5 Sampling

The procedure‘for determining.ﬁhich partje1e to move and the
maximum increment ag 1is part of the probability distrfbution over
which one is sampling. If therincrement is very small, then af will be
small and most moves will be accepted but the system will be slow to
reach equi]ierium. By contrast, a 1ar§e increment will result iﬁ a
Tow acéeptance rate but the system will again be slow to reach equili-
brium. A’'given systep will have some optimum increment size which is
not known a priori. A rule of thumb is to choose the increment size
to produce an acceptance rate of 50%. This can be done through short
test runs or by monitoring the ;Eceptance rate during the run and
perdodically adjusting the increment size. In situations where the
energy dispersion is large, such as at high temperatures or in clusters
where the surface molecules have higher energies, {he acceptance rate
can be monitored for each molecule individually. A different method for
handling large energy d%spersion has been suggested (75).‘ Here, the

B{E-<E>) | . ‘ .

increment size is biased by the factor Ae where <E> is the

running average energy. High energ} particles are. then given large
“increments. The authors (75) found that by optimizing the parameters

A and B, the procedure was substant1a11y faster in reach1ng equilibrium
in the high dispersion systems stqdied. In the systems to be discussed

here, the dispersion was not particularly large and it was found that
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this method was_nbt faster in producing equilibrium than monitoring the

acceptance rate for each molecule separately.

5.6 Methods

Two general methods were employed in the calculations. The =
first was to p]ace 64 molecules in periodic boundaries (commensuqﬁte with

the substrate) and to allow each molecule to move separate]y

=

The second_method was to assume a unit consisting of fou

r

molecules and to replicate this unit periodically to form a so1i<
c]ustér;'Figure 5.1. The height and orjentation of each molecule, the
lattice vectors L] and L2 and the position of the origin were allowed to
vary sepaméte]y. The lattice vectors could also be chqnged under the
restriction of constant area defined by Ly x Ly. This four sublattice
method can only produce ordered solid structures which have no more than

a

a four molecule basis.

5.7 Henry's Law Constants

Henry's Law constant, which is the slope of an isotherm in the
limit of zero density, probes‘the %nteraction of a single molecule with
the surface. With the assumption of a flat (uncorrugated) surface,
Henry's lLaw constant (KH) is given by: _ |

- -0(2,6)/k T |
K, = ZA— 1o ins (e D= 1)dedz - (5.4)

o} 0

-~

where ¢(z,e) is a model potential, z is the height of the centre of mass
above the s&yface, 8 is the tilt angle from the normal to the surface,
and A is the total surface area. This section deals with the evaluation

of KH for a standard 10-4 potential model- and the attempts to refine



~

Figure 5.1. The unit consistingﬂof 4 molecules which was replicated

to form a solid cluster.
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the parameters of the model to fit the experimental data of séc. 3.4.
The atom-surface 10-4 model (eq. 4.23) is the atom-atom‘G—TZ
potential -integrated over the surface atoms, and it results in a flat
surface model. The approximation of a flat surface at the experimental
temperatures (> 155 K) is very good because the maximum corrugation
typically obtained from the 6-12 model is ~ 80 K and ~ 20 K for CH,
and CO respectively. .
The double integral involved in the expression for KH is noE“
analytic and it was evaluated numerically with Simpson's rule. -The
experimental-results for C2H2 and CO are presented in Table 5.1. The
values bf Qg7 were derived from the temperature-dependehce of KH {eq. 3.5).
The first potential tried was that of Williams (set IV) fﬁtted to a 6—12
form. This and potentials very similar to it are the most commonly used
potentials for hydrocarbons. The results of the fit are 11Tustr§ted in
Table 5.2. The calculated value of Qg agrees with eXperiment‘quﬁte well
but KH is larger than experiment by more than a factor of 2-3. The §-
exp form of the Williams model yielded essentially the same results. In
some sense, KH is a measure of the allowed phase space. The Williams
type potentials seem to allow the molecule too muth freedom over the
surface. There were no other potentials available and so the method
was checked by applying it to the CO/graphite system. The Mi#sky
potential (Table 4.3) as fitted to a 6-12 fo;m but with the values of
€cg and €05 scaled up by.5% was used in the calculations. The calculated
results are cbmparéd with the experimental ones in Table 5.1. The

comparison is obvfously quite satisfactory and so it is felt that the

disagreement in theé case of C2H2 is caused by the potential and not by
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Table 5.1

Henry's Law Constants and Isosteric Heats of Adsorption

Tgmperature KHMOL+ (exp) KHXTO“ (calc.)
CoH, ‘
183.76 .95 + 0.04 -
182.70 1.02 -
173.85 2.04 5.92
163.86 4.44
154. 33 12.00
Ag7 19.4 + 0.5 | ~19.4
&0 | ‘
102. 39 6.9 + 0.2 7.1
94,27 21.30 + 0.05 21.9
85.66 91  +2 91.8
84.02 122 +2 123.2.
dg7 11.25 + 0.3 11.3
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Table 5.2

Fitted Values of the 10-4 Parameters

for CZHZ/Graphite

“cs Ies “us ° Hs
(1) 59.1 | 2.72 40.8 2.875
(2) 49.2 2.73 47.4 2,99
(3) ~ 70.9 *2.60 43.1 2.60
() 65. 71 2.76 3.6 3.10
(5) -0.60 3.35 & 92.6 2.88
Williams 8.0 3.45 25:1°

2.88 ~

i
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'the me thod.

A refinement_of the 10-4 parameters was fiade with a non-linear
IMSL routine (ZXSSQ). The quantities fitted were q ., and KA at 173.86
K. Many fits were found depending on the 1nit1a1';a1ues given to the
parameters. Occasionally, an initiaf set-would result in the program
running off into some completely non-physical regioﬁ of parameter
space w?ere‘it'was unable to find a fit in a reasonable number of
iterations. In these caseé, a new set.of initial values was given.
In all of the fits, the final set of parameters {(Table 5.2) h5d~the same -
physical significance. There are four important differences between
these parameters and the Williams parameters (also in Table 5.2}. .

The Qe]] depth for a 10-4 potential is proportioné] to 9.
The fitted parameters all have well depths for the hydfogen atom up to
50% larger than those for the Williams parameters. )

In 4 of the 5 fits, the va]ug of s is.greater'than or‘equal to
Seg which implies that the hydrogen atom’ig equa]-t? or 1arger‘than the
carbon atom.

SCF calculations (88) show{that the outer charge density contours
of an acetylene molecule are egg shaped. In an atom-atom poténtial
model these outer charge density contours approximately determine the
hard core';épu1sive distances, o. _The’Shape of an écetylene mhlecule
“can be represented with oy < 9c »

Hhén-oHS and e Were fixed to values close to the Williams ~ |
values, the value of Ecs approqqhéd zero (no interaction at all).

A1l of the fitted potentials resulted in the molecule lying less

than 3 A from the surface (defined by the nuclear centres) and more
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restrained to lie flat on the surface than in the w1111ams model.

An 1mage force could be used to explain each of these points.

If a point charge model is assumed to describe the charge distribution,
(eg. the 5 point charge model of Table 4.2), the image forée would be
ﬁuré]y attractive and would pish the molecule cioser to -the éurfaee,

The cérbon atoms which usually sit in the potential minimum in the
willﬁams mode1 would be pushed out of the minimum towards the repulsive
- region of the poE;nt1a1 The hydrogen atoms which usua]]y s1t too high
would be pushed towards the potent1a1 m1n1mum The 1ncreased attraction-
at th% endS\\f the molecule would come from the image force and ’the :
hydrogen atoms. Since the molecule now lies closer to the surface, the
repulsive part of the 6-12 potential is more éffective in preventidg thé
moiecule from tilting.

A1l attempts to calculate the fmage force, using the theory
outlined in Sec. 4.3 and the fivé point charge model, re§u1ted in one of
the outside charges touching its own 1mage.- A point quadrupole at the
centre of mass resulted in the Qéme catastrophe. It appears that the
image force is far too large if the imagé plane is raised above the
surface. The magnitude of the image force re1nf0rces the objections to

the use of an image p]ane in these systems which was ment1oned 1hs§sf 4.3.

- 5.8 The Solid Phases of Adsorbed Acetylene

' _'AcetyTene adsorbed on graphite has been shown to have two
dif%éreﬁ; solid structures (19,20). The areas have been determined .
» from-isotherm data to be 18.9 + 0.5 and 15.7 1_0.3132/m01ecu1eﬁ
Neuéron'dﬁffraction studies have been made and the stfuctures of Figure

3.4 prnpos%d. These éxperiments were performed at two temperatures 57 K

!
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27 kJ Mol1”

~.This is a square near]y tee structure (P
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and 120 K. The results are displayed in Table 5.3. With only two
Bragg peaks ane cannot cobtain a uhique structure and' the proposed
structures were made with no basis assumed. The next two sections
will present Monte Carlo simulations of the so11d structures at 0 K
which emp]oy the two CZHZ 2 7 potential models of Table 4.2 and two

CZHz-surface potential mode]s of the previous section.

5.9 Low Density Solid ‘ i

& )
The simulation of the Tow density structure employed the 4

molecule method at 5 K with the area free to change. This method was

~hecessary to match the areas in the simulatiops to those corresponding

to the isotherm data. _ '
The CZHZ C2H2 GB . potent1a1 model with the C2H2-surface mode 1 of
Williams was the f1rst to be tried and y1e]ded the structure in Flg 5 2.
Th1s is a very slightly 1ncommensurate 1x/r'herr1ngbone w1th ‘the molecules
lying flat on the. surfate Th1s structure does not reproduce the
diffraction Bragg peaks of solid I. TQe energy of the structu;s is A
32 kJ Mol I, wh1ch is not 1n agreement with the vaTue of the integral heat,
-1

» found from isotherms. The Williams mer] reproduced the

single partic1e adsorption energy'and therefore, we conclude that' it is

~the GB potential wh1ch g1ves too much binding ‘energy.

The next attempt was with the Williams C2H2 C2H and C,H

2 2727

graph1te models and the resu]tIng structure is shown in Figure 5 3.
299 space group) with the
molecules lying flat on the surface and a lattice spacing of 4.45 A.

Th1s space group reproduces the d1ffract1on Bragg peaks, but

the area of 19.9 A /holecu]e is 1arger than the value of 18.9 + 0 5 A2 /
° s
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Table 5.3

Neutron Diffraction Data

Coverage Bragg Angle (Deg) Coherence Length (A) -~ Intensity
0.65 ' 16.9’ , 200 93
' 27.35 | 120 175
0.89 C17.03 150 122
27.60 120 216
1.24 19.3 $120 152
26.75 200 . 280
1.54 19.9 <1200 o 152
26.77 - 200 280
oy,
- 4
- 9 *
{
) H



|
Figure 5.2.  Result of the 13? density solid C2H2 simulation using

- the -potential due-to Gamba and Bonadeo. The (+) signs
9 ' -
denote the carbon atoms of the graphite substrate.

-

The dashed lines indicate the replicated unit.
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Figure 5.3.

The resuit of the Tow density solid C,H, simulation
using the potential due to Williams and the 5 pt.
charge model. The (+) signs denote the carbon atoms

of the graphite substrate. The dashed lines indicate

the replicated unit.
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molecule found from the isotherms. The energy is aiso too high (32

- kd Mo1'1) as in the case of the GB model. To reduce the energy the
magnitude of the quadrupole was Towered by 16%, which reduced the
electrostatic energy by 30%. As was discussed previously, a reduction
of the electrostatic moments (from the gas phase values) in condensed
systems is often necessary to obtain a fit to experimental data. A
reduction of 16% is not as large as many authors have nggested.

The reduction of 16% introduces a factor of /.7 = .84 into the
e]eétrostatic potential similar to but smaller than the factor of ¢ =
.544 in the GB model. The simulation employing the factor of ¢ = /77 and
Wifl%ams CZHz-CZH2 and C2H2-graphite models vielded the structure of
Figure 5.4. This is an incommensurate 1x/3 herringbone stﬁucture whicH
does not reproduce the neutron Bragg peaks, but the energy of 27 kJ.MoI_1
agrees with the experimental value. The mq]ecu]és in Figure 5.4 ére
tilted 20° from the surface. The ends tilted from the'surface are
indicated by the arrows. . Williams CZHZ-g?aphite potential did not fit
Henry's Law constants begause it allowed the molecule too much freedom
to tilt on the surface.._The same Csz-tZH2 potential but now with a
C2H2-graphite poteqtia] which fit-KH, set #2 of Table 5.2, resulted in
the structure of Figure 5.5. This is, again, a square nearly teed
lattice with the mole£u1es lying flat on the surface and a lattice
spacing of 4.55 R, larger than in the previous square lattice. It fits
the experimental d%ffraction data. While the energy of 28 kJ Mo1~!
agrees with expefiment the area of 21 RZ/molecu]e is too-low. No

other models for the low density structure were tried.



Figure 5.4,

The result of the low density C2H2 solid using tﬁe
potential ‘due to Williams and the 5 pt. charge model
with the quadrupole moment scaled down by ]6%.‘ The
(+) signs denote the carbon atoms of the substrate;

The dashed lines indicate the replicated unit.
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Figure 5.5.

e

The result’of the Tow density C,H, simulation using
the potential due to Williams and the 5 point charge
model with the quadrupole moment scaled down 16% and

@ potential to the surface which fit 9g7 and k The

Y-
(+) sign denotes the carbon atoms of the graphite
substrate. The dashed lines indicate the replicated

unit.
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In summary, two struccures were.found,.a 1x7v3 herringbone and
a square tee. The herringbone does not reproduce the Bregg angies nor
the relative intensities, as will be shown in the next section. It
will belproposed‘that this is the high density structure. The squere.
nearly teed lattice can rebroduce the neutron deta. Its strucxure
(Figure 5.5) has a Hearest neighbour separation of 4.55-E and the averege
deviation from a tee orfentation is » 3°, The Bragg'angles, plane
separations, and relative intensities for.a Sqeare Pzgg.]actice {Figure
5.6A) were calculated for several n.n. distances and deviations from
the perfect tee oriehtations The best f1ts were found for a n.n.
distance of 4.33 A and a. 0° deviation. These resu]ts and the results from
similar calculations on-the simulated structures are given in Table §.4;
The relative intensities were ca]cu]ated on the assumnt1on of -a 20 "‘_
powdered samp]e The necessary structure factor and mu1t1p11c1t1es were
taken from the International Table on Crystallography. Table 5.4 shows“.
results for only the main’ peaks. - A1l other peaks have either low
structure factors or are at high angles where che geometric factors
quickly reduce the intensities. -

The simulated structure differs from the structure cerreSpoedieé
to the best fit primarily in the lattice parameter (3.5 - 6%). 'Iﬁ'the
simulated structure the hydrogen atoms are pointing Semewhat towards the
carbon atoms and away from the cenﬁre of mass. This also occurs ifr the
a,b plane of the orthorhombic ]att1ce where the n.n neighbour separat1on

is 4.31 A, which is very similar to the best fit.

5.10 High Density Solid

SimuTations of'the high density structure required the use of



Figuﬁe 5.6A. The PZgg unit cell which gives the square-tee structure.

Figure 5.6B. The PZgg unit cell which gives the 1x/3 herringbone
. structure. '

A Y

o
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4.26 A

7.38 A



_ N
.' - 96 -
TaB]e.5,4

Low Density Structural Fits {U\QQS Neutron Data

-

. Exp. - Best Fit Simulated

Bragg Ahg]g (Deg) - 16.9 S 169 16T - 16.5
) : 27.35 27.35 25.9 26.6
Plane Separation (A) . .33 RPRT 455 4.45
' 2.74 2.74 . 2.88 2.82

Intensity , 03 | '
‘ o 175
Relative Intensity .88 $2.00 - 2.28 2.37
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either the four mo]ecu]e‘method-at fixed area or periodic fixed boundaries
because the structure was only stable under pressure.

The'dnitia1 configurations for the simu]ations were eitherPthe
diffraction based proposal (Figure 3.4B) or the same centre of maes
structure but with random orientations.

. A1l of .the models yielded d 1x/3 herringbone‘structure (P“‘H\_/r
Figure 5.6B and 5.7). The GB model was not tried s1nce it. a]ready had.
resulted in a 1x/3 herringbone which was onl¥ very s]ight]y incommensurate
at zero pressure. It was felt that the introduction ‘of commensurate
boundar1es at the 1xv/3 commensurate density would make no d1fference

On]y the tilt ang]e of the mo]edu]e from the surface’ was
different: The w1111ams C2H2-C2H2 potent1a1 with no reduction of the
.quadropo\ gave the structure of F1gure 5.7. Here, the titt angle is
m20°(the raised end is 1nd1cated by the arrows) Reduction of the
quadrupole caused the angle to increase to «,25°w1tﬁ no other changes.

The sfructure has been labe11ed "the 2-out structure' by Harris and
"Ber11nsky (76) who made a mean f1e1d study of possible structures of
N2—11ke mo1ecu]es adsgrbed on graphite. Substitution.of the mo]ecu]e-
surface potent1a1 for set #2 of Table 5 2 (fits to KH and qST) reduced
“the tilt angle to only ~11° and destroyed the order in the tilting angles.

The results of toe same structural analysis which were made for
the'1ow density case are displayed in Table 5.5. Many f1ts to the
neutron data were obtained by vary1ng the re]at1ve orientations-and tiit -

angles of the molecules. The reso]ts in Table 5.5 are for the simu1ated
- structures. None of the simulated structures fits the difrrgction data
becaose a peak at alBragg ang1e of 36.5° (h,k = 1,3 and 2,0) has'.an .

A}



Figure 5.7. The fesu]t of the higﬁ density C2H2 solid simulations.
The arrow represents the end of the molecule which is
- tiTted out of the plahe.and the dashed lines outline

. . L 4
a unit cell of the P2gg structure.
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Table 5.5

High Density Structural Fits to Neutron Data

Exp. Gamba Williams ¢ =v/.7 Williams ¢ =v.7
.. and and
Williams to the Fits to Henry's
Surface Law Constants
5=30 -9=41 o, 8=41
$=0 $=25 ' ¢=11
Bragg Angle- 19.9 19,9 19.9 19.9
(Deg)
26.8 26.8 26.8 26.8
Plane o 3.70 3.69 3.69 3.69
Separation (A) (0,2)(1,1)
(h’k) e . -
2.80° 2.79 2.79 2.79
: (1,2)
Relative 1.84 2.28. 2.27 . 3.42

Intensity
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intensity equal to that of the peak at 19.9% The angle & of Figure 5.6
is 30°and 41° in the structures as determined by the GB and Williams
models respectively. The best fits were obtained for angles & of 539
525 51°and 48° if the tilt angle ¢ was 05 115 20°and 25° respectively.
Therefore, a change of only 10° in the angle § is necessary in the
structure of the Williams models but, a Chiﬁge of 23° is needed in this
angle for the GB model structure.
To summarize: the GB potential which was moderately successful

in describing the sublimation energies and lattice dynamics in 3D did
_ not predict the correct solid structures in 2D and resulted in a
cohesive energy which was fqr too Targe. The Williams potential with 5
point charge; predicted solid structures (square tee and commensurate |
1x/3 herringbone} in agreement with the diffraction data but the cohesive
energy and the area per molecule were too large. Reduction of the
quadrupd]e moment resulted in an incorrect structure at low densities
as the molecules found it easy to tilt from the surface. A change of a
the molecule-surface {ﬁteraction to one_in which the molecules found it
more difficult to titt from the surface returned the structure to the
square tee. The Williams model with a 5 point charge eIectnqstatic
model and a re@uced quadrupole has néz been used to describe ghe
lattice dynamics of the bulk solids. Calculations of.the cohesive

energies of tHéKBB\EE;jc and orthorhombic structures with this model
. potential yié]ded 22.7 and 21.4 kJ Mol'] respectively. This is to be
compared with experimental values of 23.4 and-28.9 kJ Mol']. A rough
check of the stability of these structures at 0 K showed that, in the

cubic phase thére was a very broad, shaliow minimum in the energy‘gg a
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volume 12% Tower.than the experimental volume (isotropic compression)

with an energy of 23.7 kJ Mo]-]. The cubiéi}hase is only stable for
T > 133 K, and lattice expansion could make up some of this difference

~ .
in the volumes and energies. For the orthorhombic phase, an uniaxial

compression along the c-axis producgd‘a very small decrease in the.
ehergy of 0;2 kd Mo]'1. Clearly, this model does not stabilize the
orthorhombic structure at low temperatures. Attempts to fit the
parameters of this model to the cohesigg energies were not successful.
The conclusion from these results is that no satisfactory
intermolecular potentiai for QZHZ has been foynd as yet. Models which —
seem to work for the bulk systems do not work for the adsorbed systems,
The possibi]ityhof hydfogen bonding in the 3D orthorhombic and 2D squaré‘
tee structures needs to be addressed. A hydrogen bond could stabilize
both of the structures. It would also tend to compress the square tee
structure ﬁfound 1ﬁ these simulations) to a density closer to that found
experimenta]]yt Iﬁ the hydrogen bond did exist, oné would havé to use
different potential forms (in these simplistic models) for the different
structures since the hydrogen bond would not exist in the cubic or 1x/3

herrthgbone structures.

5.11 Integral Heats of Adsorption

Direct measurements of the isosteric heat of adsorption as a

‘Bﬁggs;ion of coverage have been made by Piper et al for Ny (33) and €O

(34) on Grafoil. The results for CO were already presented in Figure

3.4. Integration of this curve yields the integral heat of adsorption

-

which is a quantity easily calculated in a Monte Carlo simulation from

P

the relation:

\w
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0= Hy - Ho = (g + (PV)) - (£ + (PV)]) (5.5)

where g and s refer to the gas and surface .phases. The PV term for the
-surface phase is generally very small and can usually be dropped. The

PV term for the gas phase is kBT. These approximations lead to:

Q= (g - Es) +kgT. ' (5.6)

The d1fference in the total energ1es is the potential energy of the

surface phase at temperature T.

Q= kgT - U(T}  « (5.7)

- This was the relation used to calculate the integral heat 1;\\h
s1muTat10ns The experimental heats vs. coverage for CO and N2 at
T =79.3 K are displayed in Figure 5.8 and 5.9.. The large values of the -
integral heat at low coverages were due to adsofption in the damaged
areas of the substrate and the cell walls. When these contribut{;ns are
corrected for, the results are the dashed lines marked 'experiment’.
An extrapolation of the 1ntegra1 heat to zero coverage yields the heat
of adsorption for a s1ng]e molecule, Q(0).

Monte Carlo simulations of the integral heat fdr N2 and C0 at
Coverages up to one monolayer were performed as a test of both the

molecule-surface and the molecule-molecule potentials. The same

'prpcedhre was used for both N, apd CO.

An atom-atom 6-12 model and the Fourier method with parameters

proposed by Steele (55) (Table 4.4) was employed as the mo Tecule-graphi te



. figure 5.8. A comparison of the calculated integral heat of

adsorption vs. coverage and the experimental values

for the CO/Grafoil system.

*
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Figure 5.9. A comparison of the calculated integral heats.of

adsorption vs. coverage and the experimental values

for the N2/Grafoil system.
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potential. The simulations were performed in two parts.

1. A Monte Carlo simulation of one molecuyle on graphite was perform§d
| first. Typically, 8.0x105 steps were made with an estimated
uncerfainty in the ehergy of ~ 0.02 kd Mol™ !, The Né—graphite
parameters of Table 4.4 resulted in a value of Q= 9.3kJ Mol 1,

Th;s is to be compared to the experimental value of 10.4 kd Mol ]
Any change in the parameters to fit the experiment would not be
unique, so, the well depth parameter ¢ was scaled to give Q(0) =
10.4 kJ Mol-]. These parameters were then uUsed in the simulations
at higher densifies. -

2. The simulations of the‘coverage depe?dence 5?;0 were ﬁerformed
with 64 molecules and periddic;boundakies. Typicaiﬁy, 5000 steps
were made which réSuTted in an uncertainty of ~ 0.05 kJ Mol_T‘in
the energy. The temperature was thé éxperimenta1 value of 79.3 K.
The total potential othapIe 4.] was used up to a centre of mass
separaticn of 3.0 R. Between 8.0 and 12.0 R, a‘molecule-molecu1e
6-12 potential.was used with e = 91.5 K and « = 3.68 A. This
procgdure resul ted in ‘a djfference 6f < 1% in the energy buf &

‘very large saving in computer time.

The two iiolecule-molecule potentiallmodels‘of Sec. 4.4 were tested at -
- coverages of 1/4, 1/2, 3/4 of a monolayer (defined by the 1x/3 gommén-
surate monolayer density). The results for both mdaels are diSpTayed
in Figure 5.9. It is the difference in energy from the zero coverage
value that should be considered when these results are compared to the

' experiment. It can be seen that the Van der Avoird potential gives -

F]
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values of the integral heat which are considerably closer to the
experimental values tth the Luty model but neither model fits the
experimental results exactly.

Both of these potentials-describe the lattice dynamics of the
bulk solid but they give quite different results here. For both modeis,
the film acted as a.fluid_with the molecules rotating freely. This
rotation is the origin of the difference since, in the van .der Avoird
model the quadrupole energy is or1entat1ona11y averaged resulting in
a smaller contr1but1on, but in the Luty model] there was no e]ectrostatlc

interaction and the exchange and dispersion terms will not average away.

0 | . 4

The same molecule-surface model wae used as in the case of N2
but w1th the parameters due to Mirsky (Table 4.4). “The wel] depth
needed to be raised by only 4% to fit the exper1menta] value of Q(0) =
10.9 kd MoT71. It was values scaled by 5% that fitted the Henry's law
constanfs in Sec. 5;7. ’ ‘

A1l three mode]s of Table 4.3 were used in the simulations of
Ithe coverage dependence and yielded EHEFQTBS (Figure 5.8) which were
too high. The two. models which fitted the lattice dynamics (K = 0)
and cohesive energies of the bulk solid (64) were far worse than the
Mirsky model. It resulted in a f1u1d 1ike behaviour with few 1ong-

lived clusters. The other two models gave a Tiquid-11ke structure but

with many long-lived clusters and few isolated molecules.

5.12 Orientational Order-Disorder Transition in N,_and CO

. . . -
From the previous section two models emerge as the most
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3
"successful, the van der Avoird (NZ) and the Mirsky (C0). The remainder

of this chapter will be coﬁcerned with the simulation of the Tow temper-
ature structures and the orientational order-disorder transitions of
these two molecules adsorbed on graphite.

As 8lluded to in the introduction, N, and CO ﬁave many similar-
ities such as mass and size. In the past intermolecular poteﬁtials used
for CO hé@e been scaled from N2 mode]l potentials. But CO and N:-
molecules have sone.{%portant differencgf. There is a mass asymmetry,
and SCF ca]culg%ipns have shown a charge asymmetry in the CO molecule.

N2 has no odd multipoles whereas CO has an octopo]e and a small dipole
moment. ATthough N2 and CO ‘are essentially the same si'ze, the charge
density gradients are qu1te different. N2, of course, is symme;r1c bufk
in CO the charge density gradjents about the-carbon and oxygen atoms are _
not the same. Therefoqé, one caﬁ ekpect_different exchange and dispersion‘
‘ parametérs for the two ends of the CO molecule in an atom-atom model of
the intermolecular potential.

In NZ’ it has ]ong been known that the e]ectrostat{c interaction
is essential to the understanding of the condénsed’;hases. For CO, the
e1ectrostatf& interactfon should be larger and more complex than in'Nz.

The structure of N2 at the 1xv3 comménsurate density at low
temperatures is known {78) to be the herr1ngbone shown in Figure (5.10).
Results of heat capac1ty measurements (79) depict a transition at 27 -

28 K which wgg\jnterpretiﬁ'as'an order-disorder.transition from a 1x/3
herringbone structure to-a 1xv/3 rotator phase. Recently, a series qf

x-ray (23) and LEED (24) experiments has examined the low temperature

“structures as well as the transitions in both N2 and CO adsorbed on

-



Figure 5.10.

-y

The commensurate 1x/3 herringbone structure for N

adsorbed .on graphite at-10 K:

2
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graphite. The X-ray studies have shown that the molecules are in .a
commensurate 1x/3 herringbone structure at 10w-temperatures and coverages
up to one monclayer. The orientational correlation length for CO was |
approXimate]y half that of N2. The LEED study confirmed these results
but also showed that there was no head to tail order in the CO structure. .

Hhen'the commensurate monolayers of CO and NZ were heated an orientational

-

p

order-disorder transition was observed in the X-ray measurements (Figure
5.1714). In N2 this trans1t1on was sharp and occurred between 27 - 30 K
but, in CO it was much broader, beginning at ~ 20 K. The melting
trahsitions were shown to be at ~ 80 K for both solids (Figure 5.11B).
These results are completely the reverse of those expected from the
simple sca11ng arguments for the quadrupo]e moment that worked we]] for
the buik so]1ds ' . | |
The x-ray 5tud1es were a]so made at. hlgher surface dens1t1es
but. the authors claim cons1derab1e uncertainty in the-value of the

d --_
denstty They tentat1ve1y placed the value at.1.12 commensurate mono-

v'layers but suggest that this value may be too h]gh In any case, the

structure of both .CO and N2 remained herr1ngbone but the behaV1our of

. the or1entat1ona] tran51t1on was completely .different, in fact, almost

the reverse of the situation at the" commensurate density. Here, the
transition is broad for NZ, start1ng at a very Tow temperature and is

accompanied by a slight lncrease 1n the Tattice parameter The transitioh

_in CO on the other hand, does Jjust ‘the reverse It is sharpened consid-

erab]y and moves to a h1gher temperature accompan1ed by an increase in

the 1att1ce parameter The higher density results are shown in Figures

§-12A, B.



-Figure 5.11. X-ray scattering data for the.commensurate pﬁ&seSiof]
N, (@) and CO (0) adsoréed on graphite,‘fromjré%. (23).
The (20) né?lection is due to the centre of mass_

1x/3 order'and the (21) reflection is due té-the '
herringbone supé?lqtiice.

A} Data for the orientationé] order-disorder

transition. ’ .

B) The melting transition.

. B3
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Figure 5.12.

-

X-ray scattering data for the incommensurate phase of
N, (A) and CO (B) adsorbed on graphite, from ref. (23).
The open circles are the data for the orientational
order-disorder ‘transition and the closed circles are

the data for the intermolecular distance.
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LEED measurements at 1.13 commensurate monolayérs have shown that

CO has a binwhee] structure shown in Figure 5.13. Since the x-ray
results gave no indication of pinwheels, the density might bg
lower than the 1.712 commensurate monolayers tenative]y/suggeéted.

. Three calculations héve been ma@e 6n the N2/gtapﬁite system
(80-82) which blace the transition at ~ 30 K. The system of 0'Shea
and Klein was a fixed‘triangular lattice of point‘quadrupoles whereas
Mouritsen and Berlinsky ysed an ideal quadrupole Hami]tonfan for 10,000
centres, also fixed on a triangular lattice.  They found the transition
to be 1st order. |

falﬁot et al used the md]ecular dynamics method on a smaller

system of 96 molecules but a more realistic NZ'NZ potential. Their
model was an atom-atom 6-12 potential (o = 3.32:3, e = 35 K) with 3
. charges on the atomic sife-and centre of mass, The 6-12 paramete}s-
were taken from Chung and Powles {69) and were developed by‘firtfng to
several properties of the 3D liquidy The 3 point charges reproduced
‘the ekperimental quadrupole moment. They did not incldde_substrafe
médiated effects. The mo]ecu]e-éraphite hotential.u$ed was the same as.
the one used in Sec. 4.8 to”calculate theskntegra] heat but'thé para-
meters were not sca1ed to fit the experimenta1Jva1ue of 10.% kJ M01—1
(this datum was not avaT]ablg at that time). The orderediso;der _ _'
(roiator) transition was fbpnd to be at 35 K, i.é., 8 K higher than in
the experiment. An important result of the work was the_finding~fﬁa£ : J/
the transition is accompanied;with an 1q¢réé$;d tendeﬁcy for thé'moTécuIes |
" to tilt from the surfaée. To.Help to undefst&nd these results, Monte

Carlo simulatiors of CO and'Né were performed at densities of‘1300'and-



[

Figure 5.13. " An incommensurate pinwheel structure.

ot
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1.09 commensurate monolayers az; temperatures up to 80 K. Simulations
at densities up to 1.25 monolayers were a]so made” to determine the zero
tgmperature structures. The potentials used were the van der Avoird

: (N2) and Mirsky (CO) models with a moTecuie-surface interaction which

fitted the experimental values of dgy At zero coverage (Sec. 5.11).

uy)

It was important to know at the outset the zero temperature
structure predicted by the vah-der Avoird model. The 4 molecule and the
64 moiecule systems both yielded the Eommensurate 1x/3 herringbone
lattice with the molecules lying flat on the surface aﬁ is depicted in
Figure 5.10 at 10 K. This is in agreement wifh the x-ray and LEED data.

The structures at densities of 1.09, 1.13 dnd 1.16 1xv3 commen-
surate monolayers were found ét 5 K using the 4 mo]écuIe system at a
fixed area. The results at densitiés of 1.09 and 1.13 were the same as
at 1.00 but with an un1ax1a1 d1stort10n in the X= d1rect1on (Figure 5. 10)
LEED data of Fain and Diehl (83) have shown such an un1ax1a1 distortion
for-a density of 1.05 commensurate mono]ayers but at hlgher dens1t1es
A triangular lattice with the molecules t11tedfrom the surface was formed.

At the density of 1.16 1x/3 3 monolayers ‘the pinwheel structure of
Figure 5.13 was- created. It is very similar to the (11]) plane of the
bulk phase gﬁd was prediﬁted fot N2 on grephite by Harris and Berlinsky
(77) from their mean field calculations.

The Mbnte Cér]o s{mulations of the orientational ordeé-disordeﬁ
phasé transitionwere performed with a;smalﬂ system consisting of 64

molecules in periodic boundaries. In other simufﬁtions the effect of
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small system sizes has been shown to be a broadening ef the phase
transition (81). Such an effeet would be expég}ed here.

A small system was used as a compromise between an attempt to
test many.different potential models and to obtain accuracy in the
simu1atiens. In typical simulations of thevphase transition, 16,000
steps were made but in transition regions up to 32,000 steps were
occasionally necessary to obtain sufficient accuracy. The mo1ecu1e?
molecule interaction was taken to-be the complete potential in Table
4.1 up to a centre of mass separation of 8.0 R. Between 8.0 3 and
12.0 R the molecu]e-mo]ecule'G—TZ potential was used as in the simUIEEion
of Qgy Vvs. coverage in Sec. 5.11. - |

To characterize the system several order parameters were

calculated. The average potential energy, E, can be used to calcul

the heat capECity either through CV = dE/dT or from the fluctuatibns
Y - .

Very good stat1st1cs are necessary to find bécause smal) djfferénceg\j

are 1nv01ved The average angle of the tilt of-the melecula exis from

the surface <g» was useful in studﬁing the out-of-plane ord The

herr1ngbone (1n plane)Korder was monitored w1th theyquantity Zcos(ze )

where e is the ang1e from a reference position. for molecule 'i'. For

all of the runs the reference was a snapshot of the Tow temperature

(10 K) structure. The centre of mass order was followed by cdlculating

the mean square displacements of each olecule from a reference position.
The results of the simulation are presented ‘in Figure 5.14A, B.

The in-plane order parameter shows a clear trans1t1on centred at 28 K



X

Figurer 5.14. Results of the simulations of-the'orientational order- °©

- disorder transition in the commensurate phase of N2 on

graphi te
® - energy .
0 "- heat capac%ty '

orientational order parameters <cos2es

(. *

o
'

angle of tilt from the surface
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‘meter (Figure 5.158) shows a sudden drop at 15 - 20 K and another at-

- 117 -

in agreement with experihent. There is also a peak in the heat capacity
as calcu]aJ:d from dE/dT and a change in the tilt angle at_this temper-
ature. The agreement with experiment (Figure 5.1]) is somewhat better
than inhthe calcdlatdons of Talbot et al (82) The difference prohably
lies in the lower quadrupole moment in the fan der Avo1rd potent1a] model.
The mono1ayer remained $07id up to 80 K which was the me1t1ng point as ,

detected by the x-ray measurements, but the s1mu1at10ns do not aliow

for lattice expans1on (f1xed boundaries) and therefore one can expect

the me]t1ng temperature to be raised ' N

Because of th1s success, & s1nu1at10n at 1.09 1x/3 mono]ayer was
tried. The cho1ce of th1s surface den§1ty'was determined by the requ1re-
ment to maintain commensurate periodic boundaries. Only particular )
densities could be usgd if the number of‘molecu]es was to be kept ®

constant. Toachieve a density of 1.09 the comfiensura te monolayer was

. distorted uniakia}]y to be consi§€%nt with the 4 molecule structure

calculation at this density. .The results are in Figure 5.15A,8 and should

be cquared to those of the x-ray experiment in Figure ‘5.1 ,,B. We,

, should note that the x-ray heasurements showed a broadening of the

tranédtion starting at a very Tow temberature: The in-pTane order para-_

35 K. The transition is completéd by T - 40 K which 1s about 5 K higher

than’ the transition temperature found ekper1menta11y _ \
' The heat capacity also shows a broadening of the trans1t1on w1th
a shou]der on the Tow temperature s1de of a peak at 31.5 K. Aga1n the .

x-ray experiments indicated a s]1ght decrease in dens1ty (1ncrease in.

‘
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lattice parémeter ) (Figure 5. 128) through the transitio but the

s1mu]at1on was QErfonned at constant dens1ty Thg"effect of that

restr1ct1on on the orientational order is difficult to determ1ne but

the change in dens1ty was qu1te small and so, hopefu]ly, would Qg its

effect | ) ‘ =~ ‘ ~
The shoulder in the heat capacity and the first decrease in the"
in-plane order parameter (<posZe>) is aécompanied by a 1arge;incrgase. ) (1::?
in the tilt angle <g> at T = 17.5 K. A snapshot of a‘Eypigglbgpnf%guration
at T = 20 K is shown in Figure 5.16. There are|8 mo]ecu]eé standing ‘,-_“

vértica11y to form local pinwheel structures. By contrast ateT =-10 --
15 K the molecules were Tying flat (no pinwheels).

When the solid waé cooled from 20 K~ d 15 K, the numbér of

the increasedeensity and temperature by the formatiﬁn' } hﬁ?]s * k;l
At-a density .of 1.16 1x/3 3 monolayers at 0 K the structure was an .y

ordered system of p1nwhee15 The creation of isolated plnwheels wo‘}tf

then account for the broadening of the rotator transition gt 1ncreased

[ - -

densities wh1ch was seen in the X-ray experiments. G§3
c_of)

of Table 4.3 were tried with the molecule-graphite potential which

+For CO the same approach was used. The three C0-CO-potentials



-

Figure6:-¥6.” A snapshot ‘of the simulatad stiucture of incommensurate

'NZ on graphite, projected onto the surface.. \f

AU
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fitted both Q(0) and the Henry's Law constant (Sec. 5.7). ’ -
| The first potent1a1 (I in Table 4. 3) did not give an ordered
herringbone structure when 64 molecules were placed in periodic
boundarwes at the commensurate density. The structure consisted®of
small patches of herringbone with many 15013ted p1nwhee]s In'a.larger
system it is conceivable that these patches would become domains of

herringbone with pinwheel walls, or doma1ns of both p1nwhee1 and hé??TREE‘\

bone structures.

is modeT also gave "a much t00 Targe value of the
integral heat of adsorhtion. |

Potential mode] I w1thout the substrate med1ated 1nteract10ns
gave an dgdered cormensurate 1x/3 3 herringbone when 64 mo]ecules were
placed in per1od1c boundar1es but it also corresponded to a value of
the integral heat qf adsorpt10n which was too large. A quick (poor

. stat15t1cs) 1nv§;:fgat1on of the or1entat1ona1 order- disorder trans1t10n
showed it to oceur at T = ~ 35 K, which was about 15° higher than was
observed in the expergnent The d1fference is probably due to- the

\large attractions in the rodel but, when the subst#ﬁte mediated inter-
_action was added the ‘low" temperature structure’ became as in model I,

-

‘\‘\ a’ m1xture of" herr1ngbone and Jsolated pinwheels. : ‘7?
T This left on]y the Mirsky mode] potential‘hhich when used in the
4 molecule method at a f1xed commensurate denSTty, yielded no obviously

' ordered state at 1ow4temperature With 64 mo]ecu]es-in periodic
boundar1es, the result was a-badly disordered herringbone structure with
’ patches of hErr1ngbone and orientational g]assy structﬂ?éxaguhgn, in

the 4 moTecu]e method the dens1ty was allowed to change the stricture

¢ ‘
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at 5 K'was,éh‘ordered incommensurate herringbone structure at a density
of 1.085 fionaldyers. Therefore, it appears that the molecule which

corresponds to the Mirsky potential is too small. There has béeg a

suggestion (86) that the corrugation.in the Fourier sum method B

did not dec ése the density significaﬁt]y This was not pursee
' furthef* uh n 64 molecu]es were placed in a commensurate TxJ_ herr1ng—,u
Pone structur with per10d1c boundaries the system remained stabTe up
to T = 25K at whétﬁ-point it transfonnéd into the stable orientational
gIassy structure with on]y small patches of herr1ngbone as 1s shown
in Figure 5.17. The energy of the glassy structure was 1Lwer than that
7of the ordered herningbone structure. The gIass was cooled to 15 K and
heate&_to 80 K. The fesu1t§ for E,-CV,“%6> and Rjare displayed in
Figureé 5.18A, B. Experimentally, the.transition from an ordeted 2
herringbone to a free rotator phase was observed to be very broad -
| between 20 and 35 K. Because of the glassy state, an orientafional
order parameter was not‘céiculated. The heat capacity seemed to have a
“broad transition between 30 and 60 K with a peak at 50 K. There

appeared also tb be a broad shoulder on the Tow temperature side which

is also seen in the change of the tilt angle (Figure 5.188). The

reason is clarified when the mean square deviations from ideal commen-
surate sites are examined Figure 5.18B. yp to 45 K the layer remained /‘ ‘
solid but at 50 K eleven molecules jumped to neighbour1ng solid sites
followed by three other molecules at 55 K. At 60. K the monolayer was i
\3 ‘- -« . . » :

' . qr————\



Figure

5.17.

-

A snapshot

A
C0 in a glass-like state. The shaded circles represent

the oxygen atom. -
.

4

of the simulated structure of commensurate
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P\Figur‘e 5.18. Results of the simutations of the orientational order-

(

s disorder transition in the commensurate phase of (0

' on graphite. -

® - energy
o - heat"lcapacity

® - root mean square deviations from i’dea] sites
o -

angle of tilt from the surface
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liquid. Thus, melting occurs between 50 < 60 K, which explains the
origin of the peak in the heat capacity. The x-ray measurements sho@ed
the melting point to be T = 80 X but, since the.monolayer in the
simulation is being maintained at a commensurate density (it wants to
be higher) by the periodic boundaries, it is effect?E}]y at a negatiye
pressure, whith reduces the melting temperature. The shoulder in the -
heat.capacity'thetgfore could be due to a transition to a free tgtor
phase just prior to melting

The simulations at 1.09 monolayers ware started from the
structure determ1ned by the 4 moiecule method at SJé*fﬁTh1s was an

un1ax1a11y distorted commensurate herringbone. The heﬂg—to-ta11

ordering of the CO molecules was investigated in the LEED experiment .

‘only at the commensurate density and no order was f0und. This does not

\ r

mean that order does exist at h1gher dens1t1es. There are many ways of
sett1ng up1aqberr1ngbone if head-to- tail order is considesed. The

two primary ones are shown below. The energy of structure II was fodnd

7\
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b
to be Tower ‘than that of I in the Mirsky model at a density of 1.09
1x/3 monoiayers by only 11 K. The former structure was used as the

starting point in the‘simu1ations. The results in Figure 5.19A, B

-gﬁﬁbqu be compared to‘the x-ray resul%@pr Figure 5.12. The order-

. . S
" molecule pethod. At densit%es of 1.13 and 1,16 1x/3 mono]ayezz, the

_Plane order is accompanied by a loss of the out of plane order {79,82)

*structure was a uniaxig}ﬁgﬂdisygrted herringbone but, at %he

disorder transitions in both occur at 35 K but the simulation shows a

- N .

slightly broader transition. As in other simulations, the loss of in-
A possible reason for this is that the‘herringbone.structure'makes
tilting unfavdurable but whenlthe order is lost enly the surface inter-

action is left to hold the mo]eSUTes flat against the surface. The

X-ray data showed & small change in the']att{Ce_parametér at the

transition but, as before the bound;ry condit{ons prevent lattice
expansion. There was no evidence of melting of the solid up to the
highest température inv;stigated, T=70K.

Although'there is.good agreement between the calculated

and experimental results it muskt be remembered that the monolayer in

: - i
the simulation was no? subjectad to pressure due to the small size of

fthe molecule in the model. - A'Eompeqaating factor mhy be that the uni-

axially distorted structure @& the experimental structure, as was

found in theé case of N, . - =7

Thebehaviour of_$he model at the still higher densities of

1.13, 1.16, 1.25 473 monolayer wés Thvestigated at 5 K with ‘the 4

nsity

“Nof 1.25 1x/3 n%ﬁ'o].aﬁ'ers the zjgwhee] struceure was found. LEED Ve L

4

G S . : .
experiments found evidence for the,pinwhee] ssgycture at a demsity
L1 o P F ' 9—\’ ‘ .
. ‘W . . N V.. —
A ™

. ' . o
o } . ' J. P53 |
§ + J‘ ' lﬂ; ) . - - % \ .v . . .
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" octopole at eaq? centre (87) also results in this catastrophe, but point

‘]28" Q

of oﬁ]y 1:13 mono]éyers - If one uses the zero pressure density of 1.09
1xv3 mono]ayers as the reference, then the den51ty of 1.25 is reduced
to 1.75 monolayers in the calculations. It is possibie that p1nwhee15
may appear at an even lower dens1ty in the calculations, but this was
not investigated. ’
Simulations were performed on a hybrid potential model

A%

consisting of the electrostatic interaction of O-Hnd the atom-atom P
parameters of N2 in an attempt to d1st1ngu1sh the effects of the e]ectro—
static and atom-atom asymmetries. - The results perta1n1ng to " the
structures at densities’of 1.00, 1. 04 1.13, 1.16 monolayers were
essent1a]]y the same as those obta1ned for N2 which 1nd1cath that the
major d1fferences in ‘the bBhaviour of CO and N2 are to be ascribed to

the dispersion and exchange terms.

“hvx\ The effect of an iﬁage force on these résu]ts should be

addressed. With the three point charge distribution of the CO models

and an 1mage plane raised above the nuciear centres, the charge on the

- carbon a%om end touches its own 1mage (EA model for the charge -

d15tr1but1on which cons1sts of three centres and mu1t1p01es up to.the

multipoles placed on the centre of mass are stabJe The quadrupole-

\

- image quadrupole interaction 15 greater by a factqg\of 8/3 if the

molecular axis is perpend1cu1ar to the surface than if it is para]lelr
to it. ' This anlsotropy 1ncreases the probability of a pinwheel

structure. Ca]cu]ations emp]o§ing the’h subTattice method did show a

| tendency to increase the tilt angle s11ght]y4n the case of [:0 and to

EJ&SEEE:_extent in N2 ‘The effect of this interaction was st®d] being
'« - '

' . . 1 ' ' - ) . . _ \ . nﬂ
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pursued at the time of this writing. Thedenergy differences involved
are small and large amounts of computer time ére required to reach
equilibrium.

The éonc]usion of -this section must be that a satisfactory
potential model for CO has';ti1i to be found. It appears that the

properties of CO are more sensitive to details of ¢the potential than

are those of N,-

A
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CHAPTER 6 ' -

SUMMARY AND CONCLUSIONS
“~\

DR ‘ ' To help und/rstand the behaviour of the simpie linear mo}ecules
"Co, N2 and C2H2 adsorbed on a graphite surface and the®interaction
potentials involved, vapour pressure isotherm measurements and classical
Monte Carlo simulations were perfommed. B

With the;uge of standard interaction potentials, the Monte
.—_f Carlo calculations of C2H2/grqph1te revealed two sd]id structures: ~an
,inconpensurate\square-tee at low dpnsity'and a'commensurate ﬁij herring-
bone at higher densities. Bd§h of these strdﬁtdrégbwére shown to be - ‘;» ‘ff\)
in agreement with existing diffraction data but differed from those

proposed in thé 1iterature [t was found that several comblnat1ons/;f =,

©/~ molecule- mo1ecu1e and molecule-surface potent1a1;\t6;]d produce these
N L .
structures .. ) ¥‘S$5

-

Henry's Law constants were uséd to study the interaction of a
single molecule with the §urface.{g%t§ya§ found that in the case of (0
: A -

a2 simpie 10- otentia] model could be used to fit he values of

Henrylf W constants but for C2H2 no f1t could be found w1th reasonab]e
parameters. An exp]anat1on for this was given in terms of image forces,

i _bd; quant1tat1ver§Elmgtes of the image force resu]ted’1n the molecule

-being pushed so close to the surface as to touch its own image. The

theory used in these calculations empToyed an image plane raised above .

the surface {defined by.the qyc]ear centres) by 1.7 A. [t wass the

position of this plane which cauasd the Eatastrophel The cdnceﬁt'of i

.

' ~o =130 - | 7/
. . |-‘{,'u

o~ v, "g.



3 - - ]3] =

an image plane can be used at large distances but close to the surface
it is perhaps better .to consider the 1nteract1on as an electrostatic
1nduct1on interaction between parts of the molecule and the corrugated
surface One could then include the an1sotrop1c polarizability of

the surface which cannot be done in an image plane model. Calculations
of this nature are underway and considerable improvement ha been found
but these ca1éu]ations are much more expensive in terms of computer

- \'
Lime.

f Simulations of the order-disorder transition in'NZ adsorbed on )
graphite were found to be in agreement with the x-ray experiments.
The broadéning of the’ transition was found to be caused b§ the formatfon
of isolated pinwheel structures. Because this transition (at higher |
densities)u1s accompan1ed 'by an increase in the lattice parameter, 1t.f~—\\\\
would be betteh to- use a constant pressure simulation technique rather
than the constant area method used here.

In-the case of CO adsorbed on graphite the agreement was not as ™
gaod. The molecule-molecule potential emp]oyed seemed to correspond to
a molecule wh1g: was .too small. The zero pressure monolayer density
was 9% too 1arge when compared to experiment. More work 1s needed to
properly describe the CO-@o1ecu]e-mo]ecu]e potential. -

® L e T > £ %
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