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Surface phenomena are so complex that it is almost imperative
to group them for discussion into sections. It has been found
convenient to deal first with the kinetics of adsorption, then with
the equation of state of a film, and finally with electrical properties
of the adsorbed phase. The discussion will mainly be limited to
the:adsorption of a gas on a solid.

I. KINETICS
The condensation of molecular streams

The conditions controlling the condensations of molecular
streams were first studied by Wood and Knudsen (1). They
found that there was a critical surface temperature above which
an atomic beam (composed for example of cadmium atoms) would
not condense on glass, but would be reflected in a diffuse manner.
Langmuir (2) pointed out that another interpretation could be
given to these results by supposing that condensation occurred
at all temperatures, followed by evaporation after a mean time
which was a function of the temperature. This would account
for the diffuse reflection at the higher temperatures. But later
work has shown that the interaction between atomic beams and
the surface is more subtle than was suspected. In some cases
the beam acts as would a train of de Broglie waves of wave length
7—’% (h is Planck’s constant, m the mass of the atom, v its velocity).
Thus, Ellett, Olson and Zahl (3) showed that cadmium is reflected
specularly from a sodium chloride crystal, with a velocity selec-
tion in the reflected beam. Here the reflection was that for a
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space grating. Knauer and Stern (4) found that helium and
hydrogen beams are diffracted by sodium chloride and potassium
chloride as by a surface grating; Esterman and Stern (5) found
a similar result for the reflection of the same gases from lithium
fluoride; and Johnson (6) found that atomic hydrogen produces
a reflection pattern from lithium fluoride satisfying cross-grating
formulas. On the other hand, no specular reflection was found
for sodium impinging on sodium chloride (7), or for lithium, po-
tassium, and cesium on sodium chloride (8) and lithium fluoride.
Similarly cadmium and arsenic are not reflected specularly from
orthoclase or fluorite. It seems strange also that heavy atoms
such as cadmium should penetrate through several layers, while
lighter atoms are reflected by a surface grating. There is thus
no general rule at present governing the reflection of atoms.

However, Langmuir’s contention, requiring as it does the
dependence of critical temperature on stream density, has been
supported by the experiments of Chariton and Semenow (9),
Esterman (10), and Cockroft (11), and forms the basis for the
more elaborate analysis of Frenkel (12). Before passing on to
the latter it will be well to discuss the adsorption time or mean
life of a molecule on a surface.

The mean life of an adsorbed molecule

Suppose that »dt molecules fall on a surface S in time d¢ and
that a fraction p is reflected. Then (1 — p)vrdt molecules are
adsorbed in time d¢: call this number b,. We wish to know the
number b of these b, molecules which are left on the surface after
time ¢

If w dt is the probability that a molecule leaves the wall in
time dt, then

—db=bw-dt and b = by e~

The mean life r of the molecules which are adsorbed is therefore
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The mean adsorption time of the molecules falling on the sur-
face is

n= (1401

On this basis, Clausing (13) derives Langmuir’s familiar ad-
sorption isotherm. Let us suppose that in the stationary state
there are n molecules per area S: then n = v7r;. Let there be N’
adsorption points on the surface, and let us suppose that a mole-
cule hitting an adsorbed molecule is reflected, whereas one hitting
a free spot is adsorbed with probability 8. Then in the stationary
state

n n
p=N—,+(1—B)<1—ﬁ,>

and hence,

Since n = » 71, this gives

n vBr N’
n=V(1"N;>BT; n=m
which is Langmuir’s isotherm. Here g7 is the mean life of a
molecule falling on the free surface. Langmuir took g to be
unity.

Clausing calculates from Langmuir’s data for the adsorption
of gases on glass the following values for gr at 90°K.: argon,
1.9 X 10-%; nitrogen, 2.27 X 10-%and 5 X 10-%; oxygen, 1.4 X
10-3%; carbon monoxide, 30.8 X 10-5. Wertensein (14) found for
mercury on glass at 21°C. that -, = 1.08 X 10-5,

Clausing has also measured the mean life of an adsorbed mole-
cule directly. A vertical molecular stream was directed against
a rotating horizontal plate. The molecules adsorbed on the plate
were carried along by it, given off, and condensed on a cooled
surface. The distance of the latter deposit from the point of
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impact allowed the adsorption time to be measured. At 200°K.
an upper limit of 10—¢ was obtained for cadmium on various
surfaces. Later, Clausing made more precise measurements by
allowing a molecular stream at low pressure to pass through a
glass capillary into an evacuated space. He thus found the
time for a molecule to pass through the capillary. For argon
on glass between 78° and 90°K. he found that r, was given by

3800
1.7 X 10~%¢ET (at 78°K., =, = 75 X 10-%; at 90°K., r, =
3.1 X 10-%). These figures are sufficiently close to Langmuir’s.
Neon gave between 78° and 90°K. a value smaller than 2 X 10-7.

The analysts of Frenkel

A variation with temperature of the adsorption time such as
was found by Clausing is readily intelligible in terms of Fren-
kel’s theory (12). As before, let us suppose that we have n
atoms on an area S and that n = vr. If an adsorbed molecule
executes an S.H.M. of period r, perpendicular to the surface,
the potential energy at a displacement ¢ is given by

2 x?
AUu=— . mz
‘l’o2

where m is the mass of the molecule, giving the total energy of a
displaced molecule the value ~ u, + A u, where u, is the energy
in the equilibrium position. The thickness of the adsorption
region, §, may thus be defined by

. — Au __kT
6=5 e ¥ dz=ro/‘/
- 27 m
kT
v =Se /‘/27rm

where ¢ is the bulk concentration, and

Since

n Lo
—=c.5.eFT

8
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for small surface concentrations, i.e., neglecting the area occupied
by the electron atmospheres of the molecules, we obtain

%0
kT

I =Ty €

Frenkel then proceeds to consider the formation of agglomer-
ates. Langmuir (15) demonstrated the presence of these by
allowing a stream of cadmium atoms to impinge on a cooled glass
surface for so short a time that no visible deposit was formed. On
warming to room temperatures the agglomerates had not evapo-
rated, as single atoms would have done, for they could act as
condensation nuclei for cadmium vapor.,

Only paired atoms are considered. Let there be =, atoms
singly, and 7, atoms doubly linked on a surface S. Frenkel
writes the probability that the distance of one molecule from
another should not be greater than

™ do2 = 0Og

where d, is the molecular diameter, as

(=17
Hence
n1=n|:1— (n-—-l)%j'
and
oo n? gy
nz-—n(n—l)g— S

Owing to the attractive forces between atoms this number n,
Au

must be multiplied by ¢*”, where A w is the dissociation energy of
a doublet: we may write

B
3

|
|

g = 6p €
and

U= us + Au
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We may note that the law of mass action applied to the surface

. o . . . n
gives a similar expression. The surface concentrations are —

S
and %2 Hence

Au . Au

n T
S 5" =ghc
for small n. A more accurate statistical mechanical treatment
may also be applied. The free energy f: of a two-dimensional
gas may be written

-5
=N %T

kT 4
= 1—1,1_h 2xmkT-8
where m is the mass of a molecule. Allowing for rotation and
interatomic vibration of the double molecule we can calculate the
equilibrium constant as for a three-dimensional dissociation
(16). This gives

Au
m? v kT 3 dy T
nz: —_— i—le
S m ¥

where v, is the interatomic vibration frequency. In practice the
inclusion of the power T# would have practlcally no effect.
Hence the equilibrium equation becomes

dn 0
Frinid win — W =

where the w’s are as above, giving

_ (w2 — 48" ) + w
= Y

where

B = (w — wy) —
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Since the discriminant must be positive

The critical stream density is therefore

w,? S

y=4(w1-—wg).;

Hence

2 —-Au
ﬁ‘( 7o kT) S
e 1 —-——e =

73 4,07

where 7, is the period of the oscillation perpendicular to the sur-
face of an atom bound in a pair. Hence (approximately)

Y
|

T4 gy 1o ¥

It is convenient to regard the agglomerate as a pair. This is
in accordance with the low values found for «; as compared with
the latent heat of evaporation of a cadmium crystal.

Frenkel’s relation for the critical stream density was experi-
mentally verified by Cockroft, for the condensation of cadmium
on copper. Over the range —150°C. to —90°C., the ecritical
density varied with temperature according to

— 2840
T

v =47 X 102 ¢
Hence u; = 5680 calories per mole, whereas the latent heat of
evaporation of cadmium crystal is 32,000 calories permole. Cock-
roft found that the value of » was the same for surfaces of copper,
silver and glass, but that if a fresh silver surface were deposited
immediately before condensation of the cadmium stream the
density required to form a deposit decreased by a factor of ten.
This shows that the specific surface forces do not normally come
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into play, as the surface, without special precaution, is coated with
a layer of adsorbed gas. In the same way the thermal accommo-

. . T, — .
dation coefficients (1—712,, where T'; is the temperature corre-

1 2
sponding to the energy of a gas molecule approaching the surface,
T, the temperature of one leaving the surface, and T, the surface

temperature) are roughly independent of the nature of the surface.

The mobility of atoms in the surface phase

There is a good deal of experimental evidence to support the
implication of Frenkel’s theory that molecules can move about
on the surface. Such a motion doubtless occurs in many cases on
a cushion of adsorbed gas molecules.

Esterman (10) found that when V-shaped diaphragms were
inserted in the path of the molecular stream no deposit occurred
at the narrow part of the trace, when the surface temperature was
just below the critical value for the stream density used. The
critical density is therefore greater at the edge of a deposit than
at a point inside, pointing to a lateral creep away from the edge.

Volmer and Adhirkari (17) were able to detect the motion of
benzophenone over a glass surface. The benzophenone passed
from a solid erystal over a strip of glass .01 ¢m. wide and was
drawn off by mercury. The value 1.5 X 10 dynes was calcu-
lated for the surface viscosity constant. Similarly, Volmer and
Esterman, from the growth of mercury crystals in vapor at low
pressure, came to the conclusion that free motion of adsorbed
mercury molecules could occur over the surface.

Cockroft (11) placed a wire across his copper condensation sur-
face at a very short distance from the surface, and allowed the
beam from his oven to form the usual circular deposit. When
the circle had reached a certain size the wire was moved to another
position by an electromagnet. In this second position the region
shadowed by the wire had been sensitized outside the circular
deposit, and any molecules creeping in would be caught and held.
It was found that when deposition was continued the shadow
region outside the first circular deposit showed crystals of cad-
mium when examined under the microscope. These crystals
had crept in from the sides.
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The effect of a surface film of gas atoms on the reflection of
electrons from a nickel surface was investigated by Germer (18).
At room temperatures the results could be interpreted in terms of
a regular two-dimensional lattice of gas atoms. On heating to
150°C. this lattice had melted to give an irregular arrangement.

There is no doubt that in such reactions as the reduction of
cupric oxide by hydrogen (19), where the reaction region is the
boundary between copper and cupric oxide, the rapidity of the
reaction is due to the motion of adsorbed hydrogen over the sur-
face to the reaction zone.

II. THE EQUATION OF STATE OF THE ADSORBED PHASE
The equation of state

Various lines of evidence justify the treatment of a surface film
as a separate phase, with properties analogous to those of the
bulk material. In particular, the lateral mobility of adsorbed
molecules, the ease with which such a concept allows the rela-
tions with the bulk gas to be derived, and the direct observation
of films on liquids, support the view that a surface film exerts a
surface pressure which is related to the area of the film and the
temperature by an equation of state.

The equation of state of a dilute gaseous film may readily be
derived in an approximate form. Consider a molecule of mass m
and surface coérdinates z, y, acted on by forces whose components
are X, ¥ and by frictional resistances of the form — Z; (z ¢).
Then

mi =X — kl :z:
Multiplying this by 3« this equation is the same as

l..d_z_(mxz) -+ l-—(-i—(klxz) L %Xm

toap ot :

On adding this to the similar equation in ¥, and putting
22 4yt =2

we obtain

@ d
e (mr?) + e (ke?) = 4 m* + } (Xz + Yy)



56 R. S. BRADLEY
This is now summed over all the molecules on the surface S and
integrated over a long time ¢ giving

t
l-l:i-i'z (mr?) + 2 2 (kw’)] =34 Sm? + 4 Xz + Yy

t dt 0

where Tm1? and Xz + Yy are the average values over the time ¢.
In the steady state the values of the expression in brackets
are the same at times ) and {. Hence we have the virial equation
of Clausius

tZm? = — Xz 4+ Yy

where —12Xz <+ Yy is the virial,

Suppose that n molecules are enclosed in a surface S and exert
a surface pressure /. The virial is made up of the intermolecular
forces and the stresses across the boundary. If dsis an element
of the latter, and 7 and m are the direction cosines of the outward
normal to the boundary, the stress components are —I. F. ds,
—m F- ds, contributing to the virial

- -1 F. %z . oy,
‘}Fy(lx+my)ds—%F jf<bz+by> das
= F8

In order to obtain the contribution of the intermolecular forces
to the virial, take two molecules whose centers are at z, ¥ and
z', y'. Let the force components be X, ¥ and X’, Y/, and the

intermolecular force —@. Then

QE (z ~ ')
X=- o r
QE (2 — z)
' _——
X = or r
and hence
X + 2'X = ~ E (z— o)
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The contribution of the intermolecular force to the virial is there-

OE
fore 3 r- ) and hence

— OF

2 = oS —_—

3 =mv F.8-+3%zr >

The average number of pairs of two molecules whose centers are
at a distance between r and 7 + dr of one another is

%nﬂe‘E/’“T-zg-’r-r-dr

k&

for the number of pairs is 2 n(n — 1) and the factor e~ BT allows

for the intermolecular force. Hence, putting

¥ Im? = nkt
nr ® OE —EnmT
FS = nkT — — . 2\ —— . d
n ZS J:’ r o> [ r

On integrating this by parts we obtain the alternative form

2 T ® -
FS=nkT-—nTsk j r (e E/kT—l)-dr
0

provided that
Lt _, 2 (emE4T ~ 1) =0

,
or,

FS = nkT — nkTB

where B is the second virial coefficient. When S is replaced by
nkT

its approximate equivalent 7 in the right hand side of this
equation, we get the inverted form
FS = nkT — BF

or
F(S — B) = nkT.
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When E is known as a function of r, B may be formulated more
explicitly. Putting

we can find B as Lennard-Jones (20) does for a three-dimensional
gas. This gives

2
B = n=x (ﬁ,”f’_’:_l>q—m_p(y)

2T \Mn ¢—1
where
m—1
¢g=1 . \No=i.,_ M
y=( M kT>q kT (m — 1)
_2 ®
Fly) = 4*~ ¢ =3\ _
[r(q_l Ef(t)y‘
and

_ 2 ) t(m—1) —2

Unfortunately the temperature variation of the second virial
coefficient is not sufficiently well known even for thin films on
liquids to enable the force constants of molecules to be calcu-
lated on this basis.

A gas equation of the form deduced above, i.e.,

F(8 — B) = nkT,

was postulated by Volmer (21). It has the merit of giving a
simple derivation of Langmuir’s isotherm. Adopting the treat-
ment of the author (22), the free energy, f, per molecule is

S nkT BET
y;-di‘ = leogS — B+m+ constant
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Since the corresponding value for the bulk gas is £7 log p -+ con-
stant, at equilibrium

nkT + B kT
8S—B S-—-B

kT log = kT log p + K:

where K, is a constant, approximately independent of tempera-~
ture. Hence

S - B B
ogp( ) LK

! n ]

. B . .
and if S_p= small compared with K,,

g = p (Ks + B p/n)

which is Langmuir’s isotherm (B is proportional to n). We note

1
and that

that at saturation B

5=
K. = kT &7

where ¢ is a constant. From this point of view the isotherm is an
expression of the distribution law, if the effective concentration

is taken to be

3 ﬁ B for the surface phase.

The gas equation of surface films on liquids may be directly
studied in certain cases, and it is interesting to compare the results
with theory. The surface concentration of a capillary active
solute may be deduced by Gibb’s equation, and a relation found
between this and the surface pressure

F=Uo’—0"

where o, and ¢’ are the surface tensions of the pure solvent and
the solution. Traube (23), for example, found that for small
values of F,

FS = nkT
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and the analogy between this and the equation of a perfect gas
led him to regard the lowering of the surface tension of the sol-
vent as the effect of the two-dimensional pressure. However,
for larger F’s this approximation no longer holds. Clearly

FS F df, d(loga)

where f is the partial molar free energy, and a the activity, of the
solute. Assuming that activity and concentration were equal

Rideal and Schofield (24) calculated FTST for water solutions of
n

the lower fatty acids from Szyszkowski’s data, and found that
F(S — B) = z'nkT

which is similar to the equation of simple theory, except for the
factorz’. Thisequation is in fact the analogue of Amagat’s equa-
tion for a gas at high pressure. Jones and Bury (25) have pointed
out that in these solutions concentration and activity diverge
widely, and find that for high concentrations of solute the Gibb’s
surface excess remains a constant with increasing concentration,
instead of decreasing, the result obtained when activity is re-
placed by concentration. This, however, scarcely affects the
form of the gas equation deduced from measurements at low
concentrations,

Similar results are obtained with insoluble films on water: Adam
and Jessop (26) found that the equation of state of gaseous films
was the analogue of Amagat’s equation. It would be interesting
in this connection to examine binary mixtures for departures from
additivity. We have

F m -+ m 1

e s 3 pu n? + p12 Tuny + § p2 12t

where

Pog = 2 WJ(: (e~ Bt _ 1) . ar
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Putting m = x n,and n, = (1 — z)n, we get

2
- %?—2[,011 22+ 2 pn 2zl — 2) + pn (1 — )7

I
0N

so that a linear dependence on z, the mole fraction, would be
exceptional (27).

The adsorption tsotherm

We should expect that the actual equation of state of a sur-
face layer would be the analogue of Onnes’ equation for a bulk
gas

B (o4 D
pV_A+f7-+V2+T/'—4

where the coeflicients A, B, ete. vary with temperature. The
equation of Beattie and Bridgman (28) has the merit of giving
a virial development in terms of only five constants. The equa-
tion runs

_RT _RT C 4\ , RT (¢ B a As cb RT
P‘V+V2(B° T RT>+V3<T3_bB°+RT>—B°V4T3

RT _RT RT RT
——V'+7;ﬁ V37+F6

where A, B, a, b, ¢ are constants, V the gram-molecular volume,
and B, v, and § vary with temperature as shown. The free
energy takes the form

28 3~ 45
Vdp = | - Vv = - i \
j’ P RT log V + Vv + PRz -+ 3y -+ constant,

and, analogously, for a surface phase

28 3y 45
AdF = RT | ~ A = 2L =29
j [ log +A+2A2+3A8:I+F°

where A is the area per gram-molecule.
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Bradley (29) has used this equation to study Langmuir’s iso-
therm. If z is the number of gram-molecules adsorbed per unit

area, 2 = —
i 4’
’

FO . 3 2 3 FO
103P+RT—IOEZ+253+§VZ + 462 +RT

This is the adsorption isotherm, and it remains to link it with
Langmuir’s. The latter may be written

CiCy P 2
= — or = ——
l14+cp ? CiCy — C2 2

Hence

log p = log ¢ — log (cic2 — ¢ 2)

z
Iogz—logclcg+c—+-—+ ........
1

since z is always less than ¢;.  This is indeed the theoretical form,
provided

1 C Ao AF,
6_1-=2B=2<Bo_§’-3—R_—T>’and——— = -—logcm

These two equations are in fact approximately obeyed. The
work of Zeise (30) has shown that the adsorption of gases on
charcoal can be represented better in terms of Langmuir’s theory
than by means of Polanyi’s adsorption potential. He finds that
the parameters ¢, and ¢, vary with temperature according to

a=m—-uT Cs=lTO%:
The results deduced above are equivalent to these two equations,
for, taking the case of carbon dioxide, for which there are most
points, ¢, can be expressed by

159 3 X 108

1
Pl R
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while the plot of log ¢; — ¢. against —;— is a straight line except at

low temperatures: AF, is regarded as approximately invariant
with temperature. We may note that Zeise’s equation for ¢
is theoretically inadequate in that it predicts a negative adsorp-
tion at high temperatures.

The scope of Langmuir’s isotherm thus appears to be consider-
ably wider than was supposed, and the temperature variation of
the coefficients can be accounted for in general terms. More
recently Langmuir’s simple kinetic treatment has been replaced
by statistical derivations. Frenkel introduced his result

U

kT
T = T9 €

into the isotherm in the form given in Section I, viz.,

_ vBr+ N’
—vﬁ'r-{-N’
when 8 = 1. Writing
Sp
V=
\V 2 = mkT
we get
N’ N'\/21rka wo/kT
=14 X2,
n 8 DT

S
which is Frenkel’s isotherm if V is replaced by ¢,. We note

that c;c, is proportional to

To  — w/kT
Th ¢

The same result may be derived by writing the distribution
law between the phases of three and two dimensions in the form

n D T . euo/kT
T

S—no A2z mkT
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Kar (31) has deduced the equation
F(S — B) = nkT

statistically. He finds that Langmuir’s equation holds with

—1—= @-'\/27rka-e_m/kT

C1Ce P
where p is a multiple of Planck’s constant A. This result is
equivalent to Frenkel’s if the oscillation of the adsorbed mole-
cule is quantized, for then (32)

_l_mh
o= v kT

Hiickel (33) writes
¢ = v euo/kT

where u, is the adsorption potential, and » the active volume of
an adsorbed molecule. Since », according to Herzfeld (34), is

equal to
1 kT\?
@2 xmkT)E\ »

we obtain the result

2. euo/lcT
T

if the oscillation is quantized.

Analogies between phases of two and three dimensions

Reference has frequently been made in this article to the strik-
ing analogy between a surface phase and a bulk material. Rideal
and Lyons (35) have pointed out that for films on liquids the
various types of film—solid condensed, liquid condensed, liquid
expanded, and vaporous—are analogous to the bulk phases—
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solid, liquid ecrystal, liquid, and vapor. The pressure-tempera-
ture curves delimit phase regions for films exactly as for the bulk
phases, so that the films show a triple point. Various thermal
constants may be calculated, such as the two-dimensional latent
heat of evaporation. There is thus the possibility of the coexist-
ence of two or more surface phases, separated by the boundary
regions, in this case lines. There will be adsorption at these
lines according to an equation analogous to that of Gibbs, and
these lines may themselves be treated as separate regions, with
an equation of state (Schwab and Pietsch (36) ). We may refer
to linear just as to surface energy, and indeed the former has been
calculated for the edges of certain salts. These lines, which are
regions of greater activity than the rest of the surface, are clearly
of importance to heterogeneous catalysis, especially when it is
remembered that actual crystals are composed of small units
separated by cracks.

Many of these analogies have not been exploited. It would be
interesting, for example, to study the homogenous reaction be-
tween two components of a surface phase.

III. ELECTRICAL PROPERTIES OF THE ADSORBED LAYER
General remarks on polarization

From the viewpoint of dielectric theory (37) molecules fall into
two types. In the one the molecular polarization is a constant;
in the other it splits up into two parts, one of which is a constant,
while the other varies inversely as the absolute temperature. The
second type is explained by assigning to the molecule a perma-
nent electric doublet, x. This is found by classical statistics to
4xNu?

contribute to the molecular polarization, which is there-

fore given by

™

-1 M
+ d

n

L.y

N u
$-r <a+3—k—T>

Here ¢ is the dielectric constant, M the molecular weight, d the
density, N Avogadro’s number, ¥ Boltzmann’s constant, 7' the
absolute temperature, « the polarizability. This result was dis-

CHEMICAL REVIEWS, VOL, IX, NO. 1
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puted by the old quantum theory, but has been confirmed by the
new wave mechanics.

A molecule is dipolar if the moments of its charges about the
codrdinate axes, Zex;, Zegn, Zez; do not all vanish. If the
moments vanish, but what might be called the inertial moments,
Tex,? ete. do not, the molecule has a quadrupole: the effect of
this may, however, be neglected when there is an appreciable
dipole.

The potential of a dipole whose center is at O is, at a point P,

6 .
/u___cc:s , where r = OP, and 6 is the angle between OP and the

r
dipole axis. The mutual potential energy of two dipoles, g,
p' is
’
ETT# (sin 0 - sin 6’ — 2 cos 6 cos §')

where the line joining their centers O, O’ makes angles ¢ and ¢’
with the axes of the dipoles, and r = 0O0’.

The dipole theory of adsorption

There have been various attempts to interpret adsorption in
terms of polarization. In general, the conditions are so complex
that only a partial treatment has been adopted, applicable to
special cases.

At first sight the adsorption of a polar molecule such as water
seems readily explained by the presence in the water of an electric
doublet. The molecules would stick to the surface just as would
small magnetic doublets to the surface of cast iron. The attrac-
tion is caused by the charges induced on the surface, and these
can be replaced, as Kelvin showed, by the mirror image of the
inducing charges. While all metals would exert the same attrac-
tion, dielectrics would differ, as in this case the induced dipole

—1\1
s u (%)2’ where € is the dielectric constant of the adsorbent.
€

However, this treatment uses the theory of images in the atomic
realm without justification, and it leaves out of account altogether
the effect of the surface field of the adsorbent. Thus mirror image
forces play only a partial rdle in adsorption.
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Landé and Lorenz (38) write the energy of a permanent dipole
p in the field of its mirror image in the form

(1 + cost )
853' + cos? g8

where the dipole is distant § from the surface, and makes an angle
B8 with the surface normal. The number of molecules whose
angles with the surface normal are between g and g + dg is
therefore

#2 (1 + cos? )

3 .
T, € §okT -2 sin g dB

Averaging over all angles, the number of molecules adsorbed per
sq. em. is found to be

where 2 is the concentration of the bulk gas, &, is the radius of
a molecule, and

u?
¥ = o0 kT

However, when z. corresponds to an atmospheric pressure at
0°C. and x = 10-18, only a small fraction of the surface can be

covered on this basis.

When the effect of a surface field £ on the permanent dipoles
(without electron polarization) is included, so that the energy of
a dipole is

;i:(l + cos? 8) + ¢ E cos B
Blith and Stark (39) find that the adsorption without E must be
uE

multiplied by a factor ¢, When u is 108 this factor is given
for various values of £ (E.S.U.)

E...... 10¢ 10° 2 X 10° 2.5 X 10° 3 X 10° & X 10° 8 x 105 3 X 10¢

e ....01 31 2 3 9 23 525
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They find that for an ionic lattice with a lattice constant 2
A, U. the field at a distance 1 A. U. from the surface is 4.3 X 10¢
E.S.U., sufficient to account for adsorption. A similar calcula-
tion has been made by Lennard-Jones (40) for the 100 plane of
NaCl: the van der Waals, as well as the ionic, field was studied.

Zahn (41) measured the dielectric constant e of water at various
temperatures and pressures. He found that ¢ — 1 plotted
against the pressure gave two intersecting straight lines. This is
inconsistent with Jona’s (42) interpretation of the anomalous
behavior of water vapor as due to association. Zahn assumes
that the dipoles condense on the electrodes, and finds that on the
basis of mirror image forces

Yo %ol Yo Yot
°=%(1+§+5+5+zzz>
where ¢ is the concentration at a distance & from the electrode

surface, and y, is as above. At the pressure at which deviations
from normality first occur

¢ _ saturated pressure
¢, equilibrium pressure of film

% [
= 6_2 at 23.3°C.

This gives y, the value 2.5 and thence &, is found to be 2.2 A. U,,
which agrees well with the radius of a water molecule.

The above theory of the action of mirrow image forces is
inadequate in two respects. The electron polarization of the
adsorbed molecules is neglected, as is the interaction between the
various adsorbed molecules and their mirror images. Bradley
(43) assumes the first dipole, the one next to the surface, to be
strongly held and completely oriented by the surface forces, and
studies the effect of building up successive layers. The surface
forces are supposed not to extend beyond the first dipole, whose
energy is not considered. For simplicity this three-dimensional
problem is replaced by one-dimensional study of an adsorption
chain perpendicular to the surface, which is strictly the case
already considered. Consider n dipoles of diameter a to form
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the chain; let the force on the p* dipole be F,; let u, be the
moment, perpendicular to the surface, of the st» dipole. Then

-1

8=7p
2#! 2.“-5
Fy = 21 [(p—s)3a3+(p+s—1)“a3]+

s§=n

2 pe 2 us 2 up
8=p+1[(s—-p)3a3+(p+.o—-1)3a3:|+(2p— 1)3 a3

This equation merely gives the force on the p* dipole due to
dipoles on either side, and due to the mirror images of the sequence
of dipoles. Also

F,
.Us=#L<MkT>+aFa

where

L($)=cothx-—1=1—1f0r:c>l
z z

Since }I::_?,’ > 1 for a molecule such as water at room temperature,

all the u’s in the equation for F, can be replaced by F’s. To a
first approximation these n equations are linear in F,fwriting

kT
1~ ﬁ =1
and the various #’s can be found in the form of determinants.

The second approximation is then obtained by inserting the

values of F so found in the terms 1 — kT and resolving for F.
M
In this way F is calculated, and the energy of the p* dipole is

uF, 22
~ uF, L —}aFp+ —22 —
M Lp <kT> o P +(n—1)a"‘1

the last term representing the repulsive energy. The evaluation
of the latter is uncertain. It may be computed on the assump-
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tion of a neon-like sheath for the pseudo-atom water, and is
relatively small. The calculation is laborious, and was performed
only for layers of two and three molecules. The difference
between the total energies of chains of three and two molecules
gives the energy required to remove a molecule from a chain of
three molecules, and this is the latent heat of evaporation, per
molecule, of the film. In the case of water at 25°C. we find for a
layer of three molecules F; = 1.61 X 105 F, = 2.85 X 105
F; =3.13 X 105. And for alayer of two molecules F, = 1.62 X
105, F, = 2.69 X 10% This gives 8600 calories for the latent
heat of evaporation per gram-molecule of a film of three mole-
cules, agreeing well with Lehner’s (44) figures for

(log pn) _ L.
49
T
n as above, viz., at 25°C.n = 5, L = 9100;» = 10, L = 10530.

By a calculation in some respects similar to the above, in
that adsorption is viewed as the building up of successive layers,
rather than the establishment of a concentration gradient up to
the surface, Boer and Zwikker (45) have explained the peculiar
adsorption isotherm of a polarizable molecule (without permanent
dipole) on an ionic lattice. The amount adsorbed at first in-
creases quickly with p, the pressure, then more slowly, and finally
near saturation, there is again a rapid rise; in no case does n
remain constant as p increases.

Let » be the moment induced in a molecule in the nth layer
from the surface, b the distance between adjacent molecules in a
layer, ¢ the distance between adjacent layers. The energy ¢; of
the first layer is

~Rd,

—Ap+ Bbflz g 2

where 4, B, C ete. are summation constants for the action of the
ionic lattice, the neighboring dipoles in the first layer, those in
the second layer, and so on. Similarly

o = 21)_’7:_*_3 Pk C[p"" P P pk+1:| _D[m-: P p:-m+a]+

p? 3 c3 c8 ¢t
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Here no account is taken of mirror images. The total energy per
8q. em. is

2 — A E ._1_ > 2 g b} —_ 2 >
¥y i+ b3+2a - Dk Dk+1 o Dk Ph+2 «o-»
. . R d¢
Since the variables are p: . . . . p, for equilibrium 7 = (0. These
k
differentiations give the series of equations
Bp1+7p2+6ps+ ............ = A
vy +Bptyp+int ....=0
Y Pn—2 F B Preiiiiriiier i =0

where 8, v, 6, are constants. Solution of these gives ¢, in the

approximate form
— A2 K 2n—2
28 <1 - K“>

where K is a constant. Knowing ¢,, =, the pressure of gas in
equilibrium with the adsorbed film, can be found in terms of un-
known constants (as an approximation) giving the isotherm

T

Ky m

lOg = Kz K»

where 7, is the vapor pressure of the liquid, and K,, K,, K,, are
constants. This gives a curve exactly of the form found experi-
mentally by Boer (46) for the adsorption of iodine on calcium
fluoride.

A similar calculation has been made by Herzfeld (47), who
considers the interaction between pairs of adjacent molecules in
the layer next to the surface, with a view to explaining the change
in the heat of adsorption with the amount adsorbed. According
as the two adjacent polarizable molecules are adsorbed on ions
of the same, or of opposite sign, the heat of adsorption is lowered
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or raised as the number of pairs increases. Calculation shows
that repulsion between adjacent molecules of an agglomerate
could not change the heat of adsorption for a salt, and might
lower it by about 10 per cent for a metal: attraction could in-
crease the heat by about 10 per cent for salts, and by about 40
per cent for metals.

In view of the complexity of the polarization phenomena of
adsorbed films one would not expect the simple relation between
dielectric constant and amount adsorbed found by Illin (48).
His work has been criticized by Hiickel (49), and by Cassel (50).

The effect of adsorption on electric surface properties

No extensive study has been made of the effect on adsorption
of varying the surface field, as high enough fields are not under
our control. Loeb (51) found that water would condense first
on a negative electrode, in a vessel containing both electrodes,
which is in line with the condensation of water vapor on the nega-
tive ions first in the Wilson expansion chamber. Evidently water
has an asymmetric dipole. However, the effect of the surface
film on various electric properties has been studied, notably the
effect on the polarization of reflected light, photo-electric and
thermionic emission, and the diffraction of electrons.

When light incident at the polarizing angle is reflected from a
plane surface, the reflected beam is not plane, but elliptically,
polarized. Drude explained this by assuming a gradually chang-
ing transition region between the two media. If p is the elliptic-
ity, e, €, € the dielectric constants of the first, the second and the
transition media, then

Ez’ € — €] € — €
+)5’( )( ) . e

ﬂ'
}\ €L = €

where z is the position in the transition region. This sets a lower
limit to the thickness of the adsorbed layer, not very different
from the actual value, equal to

Ap nm+1
1r(1+m’)i n -1
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where n, is the refractive index of medium 2 with respect to
medium 1. Frazer (52) and Silverman (53) have used this
method to study the formation of films, Frazer using water and
methyl aleohol on glass, Silverman methyl alcohol on rock salt.
The thickness of the layer could be determined to .5 A. U, Silver-
man found that between 1 X 10~ and 1 X 10~ ¢m. the first layer
was built up and that there was no further adsorption until the
pressure reached 2 to 3 em. From this pressure until about 10
cm. the second layer was attached. The first layer was about
4.9 A. U. thick, the second 4.3 A. U. These pressures are what
we should expect if the first molecule is held by the surface force
of the rock salt, and the second by cohesive forces between
methyl aleohol molecules.

Surface films affect thermionic and photo-electric emission by
providing at the surface an additional potential step, which may
be positive or negative. If z is the number of atoms per sq. cm.,
AV, the potential increment, is equal to 4 = X u. If the frac-
tion covered is  the thermionic current is therefore of the form

¢+ a8
kT

i,=iATe
where q, is positive or negative. Thus the effect of the surface
film is very great, a monatomic layer of thorium or tungsten at
1500°C. increasing the emission by a factor of 105, A wave me-
chanics study of the effect of the modification of the surface
potential hump has been made by Georgeson (54), following
Nordheim (55). He finds that the A of Richardson’s formula is
of the form

B l§ (ﬁx)é e Jlex)E

where B is a constant, [ is the thickness of the layer, 6x is the
potential drop in the layer. In this way he deduces a value 5.3
A. U. for the thickness of a layer of thorium on tungsten, a
reasonable result.

The study of the interference beams formed by reflection of
electrons offers an interesting method of investigating surfaces.
This method is especially useful if slow electrons are employed,
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for these penetrate only a short distance into the interior. As
an example, Rupp (56) found that with hydrogen on a nickel
surface new interference maxima appear, in addition to those for
clean nickel. On standing for two days only the latter change,
becoming smaller. This is ascribed to the penetration of the
gas into the nickel lattice, where it is irregularly arranged, in
contrast to the gas on the surface. On heating, the new hydro-
gen maxima disappear, leaving those for nickel lower than for the
clean surface. ‘
Germer’s work (18) has already been referred to (Section I).
G. P. Thompson has used fast electrons to investigate surfaces.
Gas films do not influence the diffraction. Reflection meas-
urements may be made photographically, and there is in general
a diffuse diffraction, on which may be superimposed a system of
spots, due to a single surface crystal, or concentric rings, due to a
polycrystalline surface.. Polished copper gives the diffuse back-
ground, but on standing in air faint rings appear, whose intensity
and clearness are greatly increased by heating the copper. The
rings correspond to a cuprous oxide lattice. Similarly, passive
iron, whose original polish had been only slightly dimmed, gave
good rings corresponding to ferric oxide. The passivity had,
however, probably been lost during the test, and when special
care was taken no change could be observed from polished iron.
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