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ABSTRACT

'Recently'deVelQped;techniques are used to measure the highe
.COVQEage'portiQHS-(S to 31'molécular 1ayers) Qf“theiadsorption
i sotherms of;benzenea carbon tetrachloride, cyclohexane, and

The Frenkel-Halsey-Hill equation is used to relate the
adsorption isotherms to the potential energy of interaction
between the gold surface and the molecules. The interaction
energy is found to be inversly proportional to the square of
the molecule to metal distance and directly proportional to the
polarizability of the molecule.

The potential constants are calculated and compared with
those found by an earlier investigator who also studied long
range interactions with metals. The results are found to compare
favorably with those of the other investigator. The present
work is signiricant in that it extends the applicability of the
interaction equation to molecules with more complex shapes
than those previously studied. This study presents results
for molecules with tetrahedral, ring, and chain configurations.

The dirricultics involved in measuring very high coverage
isothorms are discussed, and the features of the apparatus
which minimize these problems wsre described. The problems

cmphasis

in characterising an adoorbent surface are discugsned with

= 3 y 4 " 5 e ALY " 1 I X - ¥ : v‘.‘a & - oy ’ " ! ] [ A “‘l 1) i “w e 5y ? 3 7N g
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..M i i — e

LL




and structure of the surface are not car efully controlled.




I INTRODUCTION

There has been considerable interest for many years in the

1-7

nature of gas-metal interactions”™ '. Experimental support for

the proposed theories, however, is;limite@'by th? difficulty of
obtaining reliable data. Recently, Landogél"and31Utsky9’lOA
ytilized new techniques to obtain highly reliable information

on the form of the gas-metal interaction eguation. They studied
the interaction between a gold surface and several differert
non—polar, organic moleéﬁles and found the potential energy of
interaction to be a function of the inverse square of the mole-
cule to metal distance. The purpose of this project was to

determine the analytical behavior of the interaction potential

of several non-polar molecules which were not studied by Lando

and Slutsky.

A classical method for determining interaction potentials

is through the measurement of the adsorption isotherm which

measures the amount of gas molecules sorbed on o surtuace at a

given vapor pressure. The following rolationsihlp which was
N 11 e i e
derived by Halsey has proven very successful in describing

the high coverage portions of such adsorption isotherms”™ .

3 C
1n P = an ° (1)
0 A

where P is the vapor pressure of the adsorbed film, P, iz the

Lhe adsorbate, nnd nonre constants,

gaturat jon Vapoln proedsure i3}
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%;éﬂd QriS'%he'ﬁumber ofmelecular'layers’adsorbeﬂv The relative

vapor pressure of an adsorbed film is related to the molecular

11 14-16

13 _ Halsey - Hill

interaction energy through the Frenkel

equations

:U(z)guf(Z) - In & (2)

L o

where U(Z) is the potential energy of interaction of an adsorbate

molecule at distance Z from the adsorbent surface, U'(Z) is the

interaction energy of an adsorbate molecule at distance Z from

its bulk liquid, k is Boltzmann's constant, and T is the absolute
temperature. At high coverages where the adsorbed film is
continuous, 8 is proportional to Z. A knowledge of the adsorp-

tion isotherm coupled with equations (1) and (2) can then be
used to find the interaction energy as a function of distance.
The measurement of adsorption isotherms at high coverages
is difficult using the conventional volumetric or gravimetric
techniques. The work of Landag_lo and Slutskyg’lo, however,
indicates that high coverage isotherms can be obtained gravi-
metrically on low surface area samples by taking advantage of

the high mass sensitivity of a resonasting gquartz crystal micro-

balance.




‘II THEORY

Lenﬁard—qonésl treated the irteraction of non-polar atoms
with metals by considering metals to be perfectly polarizable.
He then calculated the energy of interaction between the atom

and its electrical image in the metal to be

u(z) = - 3 7

where € is the charge on an electron, r is the mean square

position of the electrons'relative to the center of charge, and

7 is the distance from the atom td the metal surface.
'Bardeeng, by including the effects of the self interaction

of electrons in the metal, predicted a lower interaction

potential; .
er C e2/2rSA

1 + Ce2/2rSA

where C is a constant with a value of about 2.6, r_ is the radius
of a sphere whose volume is equal to the volume occupied by an
electron in the metal, and A 1is the average difference in energy
between the normal atom and the atom in 1ts excited states.
Margenau and Pollard3 pointed out that the atoms and molecules

which had been investigated had resonance frequencies in the

»

o . . v - P ) P PR | 7 . . : . ' ] . . & ] . s E ‘ o g
ultravioletl region and that ot Lhese frequencies mebnls could not

ergl perfectiy polarisable.  They conniydered the electrong
o

L

3
be cono

in the metal to have n Cinite relaxation time and found the inter-




action energy to be | | o J u s

u(z) = - L3 € mh p I ian
87> |

where A is the volume polarizability of the metal at the resonance
frequency -of the molecule v , f is the osciilator‘strengﬁh-of~£he
irGSOHanée‘transiticnﬁhaving.frequéncy'4/1,aﬁd;a:igjthe.static
polarizability of the molecule.

Prosen~andSachsh"emplqyedthe state functions of the metal
directly and applied second order perturbation theory to arrive
at a solution. When they included the effects of electron
degeneracy they found the interaction energy to be

2

2
ae” m k_ log (2 gmz)

)3 72

U(Z) - -

(2 n

1/3
where k = (3 ﬂ'2p ) , p being the electron density in the

m
metal. They pointed out that because they neglected electon-
electron interactions their equation was only applicable for
values of 72 of the order of magnitude of the Bohr radius.

Casimir and Polders, using quantum electrodynamics, consider-
ed the effect of retardation on the interaction between a molecule
and a perfectly conducting surface. They found that a correction
factor must Lo used in Lhe interaction relation Lo account fur

these offects 1 the molecule Lo metal distance is large compared

to the wavelengths corresponding to the atomic frequencies. The




corrected interaction energy is then proportional to 2~

2

the~m0iecu1eto-meta1 distanee‘is,small,.ﬁhe:effect.of retarda—

tion«dn’thé"inﬁéraéfiénfTEIaﬁidﬁ;ié‘ﬁegligibl€5
Dzyaloshinskii,Lifshitz; and Pitaevskiia considered van-der-

Waals forces to be due to & fluctuating electromagnetic field.

The intéraction energy they obtained is

87

u(z)

where ¢ is a complicated function of the dielectric constant of

the solid. For a perfectly conducting metal € = 1, and the

~,

interaction energy reduces to —

=3’1‘1ch
87erl

u(z)

This is the same as the Casimir and Polder relation.

Mavroyannis , using the techniques of Dzyaloshinskii, obtained

an interaction equation similar to Bardeen's equation for distances

at which retardation is not important;

e ﬁw/\[é_
E o+ w /N2 ’

where Ez“ is the jonization potential of the molecule, w is the
118,

- . - * 4 ’ e » s £ : ST ki L - LA ) ', Y
onance reguency ol f haoorption of electrons 1in

characteristic res

e

the metal, q = - ¢ :E:ri iy the electric dipole operator with ry
~




being the displacement of the i electron from the center of

charge.
:ﬁhé:abOVé'theories;pre@ictthat'the potential energy of inter-
action between a gas molecule and a metallic surface will vary

with the inverse cube of the molecule to metal distance in the

| | L L | 8-10
region where retardation effects are small. .Lapdgﬁ ~ and

'Slutskyg’lonémpiridally'determinedpthe:interaetionrto'be_@n
inverse square relation for a gold surface. The need for more

experimental information on the long range interactions between

molecules and metals was the impetus behind the present work.




TII THE QUARTZ CRYSTAL MICROBALANCE

. Tn the restricted ¢ircumstances which allow their use,
resonating quarﬂZferystals;grelQapable:@f:measuringTVéry small

changes in mass. Commercial units dre extensively used to

monitor the thickness of vapor deposited films. The use of the
quartz crystal microbalance for adsorption studies has, however,

been Iimited. Wade and Slutsky17 determined isotherms for

materials adsorbed directly on the resonating quartz surface ‘and

'L&hddBQlQ-and.SlutskyQ’lO

determined isotherms for materials
adsorbed on a thin film of gold which had been evaporated onto

the quartz surface.

18

Sauerbrey showed that for an AT-cut crystal resonating in
the thickness-shear mode the frequency change due to mass added

to the antinodal surfaces 1s given by

m

Af Am
: (3)

wvhere Af is the change in frequency, f is the initial frequency,
Am is the mass added to the surface of the crystal, and m is the
mass of the crystal. In order for this equation to be valid,
the added mass must be unitormly distributed on the crystal
surtace,

The mass sensitivity of the system used in this work can

be calculated from equation (3} by substituting in Lthe minimum

5 o T € ‘ . . o e . . 6 . ‘ PRIV ¥ %, . ‘
deblectable 1 ey Shnlye Lol cobid,l Bl Lhe resonnnt
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frequency f, and the-maéé m of the crystal. The sensitivity
calculated in this manner iS-approximatelya nanogram,per cm2g

In addition to mass, the resonant frequency of a quartz
crystal is sensitive to temperature changes, and when the crystal
is immersediin a fluid, the frequency is affected by hydrostatiec
pressure and aerodynamic loading. It is necessary to consider
these effects when attempting to measure mass with a quartz
crystal microbalance.

The temperature coefficients of frequency for the crystals
used in this work have been measured to be approximately 0.3 Hz/C.
Since the crystals are thermostated to within a few thousandths
of a degree Centigrade during the adsorption measurements,
frequency changes due to temperature changes are not considered
a problem.

The effects of hydrostatic pressure and aerodynamic loading
on the resonant frequencies of quartz crystals have been exten-
sively studied by Stockbridgelg. He-found that when quartz
crystals are immersed in gascs, the frequency increazses linearly
with the hydrostatic pressure due to the changes in elastic
moduli of the quartz and decreases linearly with the square root
of pressure due to serodynamic loading.

% 5 H T Y N - . -l i g - : { 1 § i
Lando meamired Lipe Lyldrostatic pressure and aerodynmic

* .- oL ! *
loading v on b

the propertics of the gas. When mensuring adsorption, he was
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then able to correct the frequency changes so thatftﬁey'WGuld .
only reflect the effects of added mass. Except at very low pres=

B | - sures, Lando's correction formula is of the form

Af_ =k P -k, \[WnqfP, ()

where ZSTC is the net frequency change due ‘to hydrostatic pressure
and aerodynamic loading, P is the gas pressure, W is the molecular
weight of the gas, 7 is'thé.viSCOSity’of~the-gas,:andfkl_and:kg
are constants.

An attempt was made to experimentally determine a correction
formula for pressure effects to be used in this work. Non-adsorb-
ing gases were admitted in small pressure increments to the cell
containing the crystal while the frequency changes were monitored.
The data were fitted to equation (4) but instead of being constant,
kl and k2 were found to be different for different gases. It
was, therefore, not possible to obtain a correction formula for
hydrostatic pressure and aerodynamic loading. The data collected
for non-adsorbing gases are tabulated in appendix I.

Lo corrcet for gas pressure restricts the use-

The inability Lo

ful portion ol the adsorption isotherms to the high coverage

regions. In this region the correction is nearly constant, and
%v. _, -
it is small compared to the frequency change due to adsorbed
mass,  oince Lhe very high coverage portions of the jsotherms
are Lhe regions ol intercest for this project, the lack of an
.
! »
j
!
‘\] )
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ambient gas correction formula does not directly cause a problem.

Unfortunately, the low coverage portions of the isotherms

are necessary in order to calculate a roughness factor for the

gold surfaee. The roughness factor is defined as: the ratic of

the actual surface area to the geometrical area. The BET

(Btunauer,']Mnett,Teller)go method of determining the actual

surface area requires adsorption data in the vicinity of & mono-
layer of coverage. At this low coverage the gas pressure correc-
tions are significant. As explained later, however, only a small

error in the interaction potential coristants results if the

roughness factor is assumed to be one.
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A. Apparatus

The experimental apparatus consists of ‘a mass measurement
systemg‘afpressurE'mEasurement:system; a temperature control
system, a vacuum pumping sys tem, and a sample gas supply system.
The apparatus which was speciallytdesignediand constructed for
this project is shown in Figure 1. In the foreground of the
photograph the upper temperature control bath containing the
valving system and the differential manometer can be seen. The
vacuum pumping system and the sample gas supply system is located
behind the upper temperature control bath. The reference cell
and the adsorption cell are suspended below the upper temperature
control bath. When the system is in operation, the cells are
immersed in the lower temperature control bath. Figure 2 is a
schematic representation of the system. V1, V2, V3, VL, and V5
are valves used during the necessary gas transfer procedures.

1. The Quartz Crystal Microbalance

The quart: crystal microbalance consists of a crystal mounted
in the adsorption cell, an oscillator to drive bthe crystal, a
frequency counter, a digital to analog converter, and a strip
chart recorder. A block diagram of these components is shown
in Figure 3,

The al=cut crystals used in this work are cut to resonate

at 5 MH: in the NMundamental thickness-shear mode, The precise

UU L oL ..
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)




L B

16

Schematic Representation of Adsorption Measurement System
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FIGURE 3

Block Diagram of Electronics
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:angle.of'éﬁt within‘the7ATécutﬁréﬁgé‘ischOsento,giveAazéfQ
temperature.COfoicientfbf‘frequency‘atQSQC@ The crystals are
in the form,of circular plates 1.498 cm in diameter and 0.033L
cm thick. The major surfaces of thé~crystals have been polished
to within & half wavelength of sodium light. The cutting,
polishing, and plating of the e¢rystals was done by Bliley Electric
Company .

The gold electrodes on the crystal, which serve as the
adsorbent surface, were vacuum deposited to a thickness of about

3000 A gnd cover an area of about 1 Cmea
The oscillator circuit is a solid state modified Pierce

circuit which has been used successfully for mass measurement by

LandoB. A feedback loop in this circuit maintains a constant

crystal current despite the changes in crystal resistance which
result from loading. Land08 found the frequency of this oscil-
lator circuit to be insensitive to temperature changes provided
that the remote crystal was maintained at a constant temperature.
The frequency of the oscillator output signal is measured
to eight significant digits (0.1 Hz) by a General Radio 1191B
counter. The two least significant digits measured by the
counter are converted Lo an analog signnl by & General Radio

1136A digital to analog converter and recorded on a Varian strip

chart recorder.

LY
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2. The;A&sorptionzaﬁdﬁReferengeiéell§

Ihe;adsorptiqngand.réfereneé cells are shown in Figure k.
Fach cell was formed by cannecting‘aVariAn viewing port with a
glass window to an Ultek Yépinﬁelectrical,feedthrough. The feed-
throughs were modified by Ultek for this system by replacing the
center conductors with a length of stainless steel vacuum tubing.
A quartz crystal is mounted in each of the cells on a pair of the
feedthrough,cqndﬁctors, Since the cells are identical, the
reference cell and the adsorption cell are interchangeable.

When in operation, the copper block seen below the cells in
the photograph is mounted on the four supporting rods so that it
covers both cells. The purpose of the block is to minimize
thermal gradients between the cells.

3. Pressure Measurement

A Datametrics 101b4A differential capacitance manometer is
used to measure the adsorbate pressure in the adsorption cell
relative to its saturation vapor pressure in the reference cell.
Pressure differences can be measured from 0.0001 to 100 mmHg.
For all but the lowest pressure measurements, three significant
figurcs can be read,

h, Vacuuwnm Pumping System

In adsorption studics it is important to prevent contamina-

tion from the pumping system; therefore mechanical pumps and

diffusion pumps must be thoroughly trapped i they are used.,
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Adsorption and Reference Cells
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In oxder-to-ayoid~these~pr0blems‘inﬁthis“system,_two*varian
usorption/pumPStareusedffdr~fouéh'PumPi¥85and an Ultek 20 1/s
;icn_pump.is'usedgfor'high vacuum pumping. .

5. }Temperature.Control

The ‘upper temperatire control bath is designed to contain
the valving system and the differential pressure transducer.

A compartment within the bath protects the transducer from the
baihimedium, The temperature of the upper bath is controlled by
a commercial Lauda constant temperature circulator.

The lower temperature control bath contains the adsorption
and reference cells and the copper block in which they are
mounted. A Hewlett Packard quartz crystal thermometer is mounted
alongside the copper block. The Hallikainen Model 1392 bath when
operated with a water medium is able to maintain a constant
temperature at the quartz thermometer within a few thousandths
of a degree centigrade for at least several days.

6. Sample Gas Supply

The system is designed so that a sample can be introduced

without atmospheric contamination. A cylinder designed to

accomodate a sample mmpoule contains a steel sphere which can

TS ~ I " ht + . N " . 3 i 3 b 4 % : P : ,; . = - ¥ L - o . _' T
break the ampouble upon impaot. A hand held magnet outside the

-

system can be used to drive the sphere into the ampoule and

break it. .
7. Hardware

The tubing and fittings used in the gystem are standard

E
J




stainless steel vacuum components. A1l of the flanges and valves

used in the high vacuum Portion_of*the system are sealed by copper

gaskets. The valves used in the upper bath and the adsorbate

supply system are Nupro bellows-type valves which are bakeable
to 450°C, AIl permanent joints are-either helisrc welded or
brazed with low vapor pressure fillers. ‘
B. Procedure

1. Cleaning the System

Since the objective of this work is to determine the inter-
action potential between certain molecules and a gold surface,
it is important not only that the material being adsorbed is
very pure but that the gold surface be pure and clean. The

gold surface is cleaned by heating the crystal in a high vacuum

8

for an extended period of time. Typically, a vacuum of 10
mmHg 1s maintained while the crystal i1s heated in excess of

200°C for at least 48 hrs. Since the crystal returns to approx-
imately the same frequency after each vacuum bake cycle, it is
felt that this procedure effectively removes most of the physi-
cally adsorbed species from the surface.

The remainder of the system is also cleaned by vacuum

baking to remove any wvolatile contaminates. The system is

=9
T 2T s i e £ “ B S N LR T} &
ooV HRoUywm oy Lo Mty Ccun

YN
Wil ll

'»"4“,,' A r: l"?t‘#‘;'ﬂ"“‘. “¥ » 1 LE 4 ‘w“ ty ¥
consi et Sulb Ll tenh Ly o Lenn

be maintained wilh Lhe lon pump operating. Whenever the system

is opened to the atmosphere, it is followed by a thorough baking




P ——

to eliminate water vapor which will strongly adsarb=oﬁ=the
internal surfacéS.} | ’ |

2. 'Loading:the-Adscrbate

The materials for which éxperimental data are obtained are
purchased in the highest purity grade available. The materials
are received in sealed glaSS-ampéules under an argon atmosphere.
The ampoule is placed, intact, into & cylinder which is designed
to accomodate it. The cylinder is then connected to the system
and evacuated. When the pressure is down to approximately 10-8
mmHg, the ampoule is broken with a magnetically controlled steel
sphere. The adsorbate is then distilled into another cylinder
for the degassing procedure. The distillation is accomplished
by cooling the receiving vessel with ice water while maintaining
the source vessel at room temperature.

Several freeze-pump-thaw cycles are used to remove the
argon gas under which the sample material is packaged. The
repetition of this cycle also allows the removal of dissolved
argon. The sample material is then distilled into the reference
cell.

3. Measurements

The lower temperature control bath is stabilized at the

U S SR T ‘ ey T A A T PO
desiroed sicor plhion Lemperniyyre, Povee L elperatuyre Liuctunliong

. [ ' ¥ ) + " * . » *
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0.003 €. The upper temperature control bath iz stabilized at
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& temperature a few degrees above the lower t emperature control
Bath-td pr€V€nt Condensétionof"théadsofbatezin thefvalvevsystem
and the pressure t;ansducer,

After thermal equilibrium is reached, theé initial measurements
are made. The frequency of the crystal is monitored for a short
period of time to check its stability and this value is recorded
as f . With valves V1, V2, and V3 closed and V5 open the satura-
tion vapor pressure of the adsorbate is measured. This value
is recordédaé'PO.

Valve V3 is used to admit the adsorbate to the adsorption
cell in small pressure increments. After each such introduction
of gas the system is allowed to come to equilibrium, and the
frequency of the crystal and the pressure difference between
the adsorption and reference cells are recorded. Desorption
measurements are made in a similar manner by drawing the
adsorbate out through valve V1 in small pressure increments.

After completion of the desorption measurements, the satura-

tion vapor pressure of the sample maiori:

ral amd the freguency of

the crystal are measured for comparison with the initial values.




V RESULTS AND DISCUSSION

At high coverages where the thickness of the adsorbed film is
proportional to the number of molecular layers, the Halsey isotherm

(equation (1)) may be written as

mE =L ()

Py g2

The molecule to metal distarice Z can then be related to the meas—

ured frequency changes through equation (3).

Ar _ Aam _ PRt = Py ”
F m > &t >t
qqg qq

is the density of the adsorbate, A, is the area avail-

where A

P

able for adsorption on one of the gold electrodes, Pq = 2,65

3 is the density of quartz, Aq is the area of the quartz

crystal, tq = 0.0334 cm is the thickness of the quartz, and

gm/cm

k = AA/AQ is the roughness factor of the gold film. Substitution
of equation (6) into equation (5) gives

In £ === (7)

$
]

2 p ki \ N
where C' = A ) = constant. Taking the logarithm of both
¥ i ’ ¢ I

sides of equation (7) gives
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P | , - o
Inln }59' = In(-C'C) - n 1In(-AT). (8)

~ When ~1nln(P O/P') is plotted versus 1n(-Af), the constant n is |

equal to the slope of the resulting straight line. The data are
plotted in this manner in Figure 5. Straightvlines-arezfi%ted‘té
the data points by the method of least squares, and ‘the slopes of
these lines are listed in Table I. The data plotted are selected
from the tables in Appendix II. Some Of the data at the highest
relative pressures are not plotted because the pressure readings
are in error by an amount equal to the partial pressure of argon

which was not completely removed by the degassing procedure. The

amount of argon present is small, but at very high relative pres-

sures it becomes a significant part of the measured pressure dif-

ference. ! T

If the values of n in Table I are compared with their cor-

responding ranges of coverage, it 1s apparent that the two mate-

rials for which the widest ranges of coverage are given yield

values of n closest to two. It is also seen that the data obtain-

ed for these two materials are at higher coverages than tLhe obher

: B L T+ 5 ad 2 | s h‘"» N ~ ‘\‘_" - o = g W ' n— S e W o Yo v . 4 - ¥ ;v-’ 3 + o -~ . B ; e S
data. It is el thercltore, that n = 2 acocurab.el yodesSoriben .LQNE",-

range interactions with metals,
The deviations from n = 2 can be explained by the degree of
of the gold surface. Some measurements were made in

clennliness
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~LNLN(P 5 /P) versus IN(- Af) for Benzene, Carbon Tetrachloride,
Cyclohexane, and Octane
V Benzene

O Carbon Tetrachloride

X  Cyclohexane

A Octane .<.
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TABLE I

' !
Values of n in the Equation ln%- = = N
0O (-Af)

Substance Temperature (OC) Coverage (E) # of Points n_ | | .
Benzone 25.0 35.3-55.8 5 2,26 ) - - |
Cart .. Tetrachloride 21.8 71.6-133.0 ‘
Cyclonexane 25.0 51.5-176.2
Octane - 25.0 31.0-86.2

2.12
2.22.
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‘range between 1.36 and 2.86., The ranges of n shown in Table I

are obtained with the more thorough baking described in the experi-

mental section. The deviations from n = 2 are therefore attributed

to interactions with at least a partial layer of foreign material
adsorbed. on the gold surface.

*With~nﬁ=i2,:equation.(7) becomes

The value of C'C can bé calculated from the slope of a plot of
l/(Af)2 versus 1n P/PO. In figures 6-9 these plots are presented
for the substances studied. Straight lines are fitted to the data
by the least squares method.

The constant C' can be calculated if the roughness factor k
is known. As explained earlier, no measured value of the roughness
factor is available for the adsorbent surfaces used. Lando and
Slutskyg, however, were able to measure k for the evaporated
electrodes on their quartz crystals, and they found k to be equal
to one within the experimental error. The value of k for these
calculations io acsumed Lo be one. An error in k does not affect
the value obtained rfor n, but it does affect the value calculated
for the potential constant C.

The values of ¢ are calculated by dividing C'C by C'. These

v 4 & - % 4 o 4 . . . . P
s f .“’ S ANE 2. LR T 47 g 1 Ey *y o (R S g em [ 3 Tf'. o ,‘ P R 5 t 3 LAY - g
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difference between an adiorbed molecule and o molecule in Lhe
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FIGURE. T

versus =LN(P/P_ ) for Carbon Tetrachloride
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1/( Af)° versus -LN(P/P) for Cyclohexane
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1/(Af£)" versus -IN(P/P,) for Octane
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bulk liquid;

7 _

wadg=and151utsgyl7 used a similar approach to determine the inter-

action energy between heptane and guartz.

cube relationship Wwith distance; this is expected for a nommetallic

adsorbent. Comparing the results for metallic and nonmetallic
adsorbents leads to the conclusion that the interaction with the
bulk liquid U' is an inverse cube function and that at high cover-
ages it is small compared with the inverse square interaction

with the metal. Therefore, at high coverages equation (9). becomes

Ulz) = — . (10)

The values of kTC for the substances studied are listed in Table
II. In order to obtain a general interaction equation, the polar-
izabilities of the molecules are considered. Since the inter-
action energy is expected to vary directly with the molecular

polarizability, equation (10) may be written as

where B = kTC and « is the molccular polarizability of the gas

molecule. The values obbtained or B are listed in Table I1.

The physical properties of the materials studied are listed

in Table III.

They obtained an inverse




TABLE IT

Values of the Constants in the Interaction Equation

KTC _ Ba

A

u(z) =

SUBSTANCE kKTC x 1028

(ergcmz) Bx;loh(erg/cm)

Benzene 0.695 0.0673
Certcr. Tetrachloride 1.11 0.106

Cvclchexane 1.25 0.112

Octene 1.93 0.123




TABLE III - -k

Physical Properties of the Adsorbates f 4 o !

SUBSTANCE FORNMULA MOL. WT. STRUCTURE DENSITY a X 1025(cm3)

Benoore C6H6 78 ring 0.879 103.2
Carcon

F ol
ThL = w
|

|

Tetrochloride  CCLb 15L tetrahedron  1.59 105 | | l
Cyclcrnexane C6H12 84 ring 0.779 109 5 | '.ﬁ
1 o |

Octane CgHyg 11k chain 0.703 15k.L - i




Using the average values of B from Table II the general inter-
action equation is

)
oy 102 10 « er
u(z) = X2 05'
Z

This compares favorably with the results of Lando and SlutﬁkYQ'WhO

obtained a constant of .1TL4 x 107 & erg/cm. The difference between

this value and the one:ébtained in the present work can be explain=
ed by the roughness factor k of the gold surface. Lando and
Slutsky determined a roughness factor of k = 1.1 z .2 but it was
not possible to obtain a roughness factor for the present work.
Since C' is a function of the square of the roughness factor, the

error in the determination of the roughness factor is sufficient

to explain the moderate lack of agreement of the present results

with those of Lando and Slutsky.
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VI CONCLUSIONS AND SUGGESTIONS
'FOR FURTHER EXPERIMENTS

The long-range potential energy of interaction between non-
polar molecules and a metal surface is a function of the inverse

square of the molecule to metal distance. This relationship which

}

was first observed by Lando ~  and Slutsky” has now been in-

dependently confirmed. These results do not agree with the various
theories which have been proposed to describe molecule-metal
interactions. The proposed theories predict an inverse cube
relationship. The assumptions which have been made by the theo-
reticians in order to make the problem more managable apparently
lead to an incorrect form for the interaction equation.

An interesting experiment which naturally follows the work
presented here is the measurement of the energy of interaction
with a nonmmetallic surface using the same techniques. The more
managsable theory of interactions with nonmetals predicts an inverse
cube relationship with distancegl. If this can be shown experi-
mentally using apparatus of the type employed in this work, it
will serve two purposes. First, potential constants will be ob-

& ot S A 2 . S S 3 R - I S 1 e e - RN LI L .
tained ror the interactions, and sccond, the basic d1iferences

betwoeen interactions with metals and interactions with nonmetals

will be demonstrated.

|
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Freguency Change as a Function of Préssure

for Non-Adsorbing Gases
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Frequency Change as a Finction of Pressure for Helium | “
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Frequency Change as a Function of Pressure for Nitrogen
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Frequency Change &s a Function of Pressure f@raKrypton.
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Adsorption Isotherm Data
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;ﬁrequency'cﬁange~as,a Function of Relative Pressure
for the Adsorption of Berizene |
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Frequercy Change as a Function of Relative Pressure
for the Adsorption of Carbon Tetrachloride
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~ Frequency Change as a Function of Relative Pressure
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for the Adsorption of Cyclohexane
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Frequency Change as a - Functlon of Relative Pressure
for the Adsorption of- Octane
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