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THEORETICAL DESCRIPTION OF THE RELATIVE DISTRIBUTION 
OF ENERGY ON A SOLID SURFACE AND ITS APPLICATION TO Ti0

2
l PART II • 

J. M_ Morabito, Jr.
t 

University of Pennsylvania, Philadelphia, Pa .. , 

and 

P. FlO Duby 
Columbia University, New York City, N. Y. 

ABSTRACT 

A method has been developed by which the relative distribution of 

energy on a solid surface could be measured by a te4hnique free of com-

plicating models, experimental difTiculties, and intractable equations. 

The necessary equations are derived, and the assumptions upon which they 

rest are carefully analyzed. They do not include arbitrary parameters, 

and only one constant which depends on the gas adsorbed must be calculated. 

When ,applied to data on Ti02 it was found that approximately ICJl/o 

of its surface had energies two times greater than the average surface 

energy (~S(O»). 5CY/oof its surface was homogeneous in energy, and equal 

to approximately half of the average surface energy • 

t Present Affiliation: Inorganic Materials Research Division, Lawrence 
Radiation Laboratory, Berkeley,California 
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I. INTRODUCTION 

A detailed adsorption study can give considerable insight into the 

energy, activity and physiochemical structure of solid surfaces; and is of 

interest since it combines many aspects of surface phenomena into a well 

defined thermodynamic syste~ 

Real surfaces possess flaws which result in a sur:face heterogeneity 

and the occurrence of various adsorption energies. The distribution of 

these energies and the underlying nature of this surface heterogeneity 

1 2 
is a complex problem. Previous attempts' to theoretically calculate this 

distributi~n function have resulted in complex equations, not only difficult 

to sOlve,3 but of little use in the treatment of thermodynamic data. 

Therefore, the primary objective of this paper is to develop a theoretical 

description of the relative distribution of energy on a solid surface which 

is straight forward, easy to use, and unique in its approach. The thermo-

dynamic description of adsorption phenomena together with fundamental 

equations from the theory of adhesion, and of a method developed by L. A. 

Girifalco
4 

relating the energy of adhesion and cohesion of two phases will 

enable us to derive the necessary equations. These equations relate the 

surface energy with respect to the average surface energy of the total 

bare solid (ES(O)) to three parameters (Q(e), e, 2E
L

). 2EL' the surface 

energy of a thin (monoatomic) film is a constant and depends only on the 

gas used in the adsorption measurements (nitrogen, oxygen, etc.). It can 

be calculated (approximately) by the use of Lennard~Jonespotentials. The 

:)ther two, the· net heat of adsorption Q(e) and the fraction of the surface 

covered (0) with a long chain fatty acid, are easily measured. 5 All sim-

plifying assumptions are carefully explained with respect to their validity 
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and. its effect on the results. 
• 

A theory of surface energies has not resulted from this study; but 

rather, through a useful application of w·ell defined thermodynamic concepts, 'ti 

a valid approach was successfully developed (which will increase our 

understanding of the effect of surface heterogeneity on the relative dis­

tribution of energy present on the surface. 

y 
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II.. FUNIlAMENTALS OF ADHESION 

This development is based on earlier work by Girifalco 4- who attempted 

to obtain energie,s of adhesion and cohesion from heat of wetting and 

adsorption data using an approximate theory based on Fowler and Guggenheim 

integrals.
6 

His theory was derived for bulk phases, but it is applicable 

to the energy of adhesion between solids and thin films also if the surface 

energy of the thin film is known or can be calculated. 

The following definitions of the thermodynamic functions of adhesion 

are similar to those for bulk phases. 7 

Adhesive failure between a solid and a thin film can be represented 

as follows! 

I 

A la A ] + 
{ 

where II' is the interface between the solid and thin film which is 

destroyed as shown. The two separated phases have a surface energy defined 

below: 

surface energy of A per 
2 

(Bulk Phase) €A = cm ., 

EB "surface energy" of Bper 
2 

(Thin Film) ;:: cm • 

interfacial energy of A 2 
€AB = interface per cm • 

B 

J\ ",a -_' + 'E L-=AB € - € A B AB 
(1) 
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Similar equations can be written for the free energy of adhesive 

a a 
failure, M'AB' and the entropy of adhesive failure, .6S.AB- If both phases 

are the same, the process is that of cohesive failure. The energy of 

cohesive failure for phase A is 

al1d for phase B I 

!SEC = 2€A a . (2) 

The energy of cohesion for a nlDnoatomic film is equal to its surface 

energy. 2€Bis used in analogy to· Eq. (2) for phase A. 

The energy of adhesion for the solid-thin film system can be obtained 

from the heat of adsorption up to a monolayer and 2€Be Before the calcula­

tion for 2€B is shown, therel.ation betwee~ the energy of adhesion and 

adsorption willbe·given. The two-phase adhesive system is formed by 

adsorption from the vapor state, and .it can be represented as follows 1 

1. Condense the vapor to the adsorbed phase. 

2. Extend the adsorbed phase into a film of the same 

area as the sub stra te. 

3. Adhere the film to the substrate. 

The net energy change is the heat of adsorption.6H (isosteric) - the 
. m 

isosteric heat integrated to one monolayer. The reverse process is 

schematically shown in Fige 1. In terms of the three steps of Fig. 1 

-.6H =!SEa.~, - (2€ ):6 + .6H . m AIr" . B v (4) 

for the actual process of adsorption 

• 
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The P6V terms in steps 2 and 3 are negligible. 

6H 
v 

6H 
s 

= heat o~ vaporization of the bulk liquid to the vapor 

= heat of condensation o~ the vapor to the bulk liquid 
drop 

2EB = surface energy of phase B (thin film) 

6E~ = energy of adhesion of phase B to the substrate A 

2: = surface area of the substrate 

0: Solving for 6E
AB 

(Lili - 6H) m s 
(6) 

2: 

define 
(6H - 6H ) m s 

as - Q(e) 

The quantity (6Hm - 6Hs ) is the TTnet" heat of adsorption up to a monolayer 

coverage. 5 
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III THE ¢ CONSTANT 

A surface atom or molecule is in a different energy state than that 

of' an atom or molecule inside the solid. This energy difference is called 

the surface totai energy or surface energy_ Not only is the energy of a 

surface "atom (or molecule) greater, but the free energy of the atom is 

also greater. This excess free energy is the reason for the "activity" 

of' the surface. Theoretical calculatio~ based on ideal crystals8,9 at 

T = OaK and for surfaces at T > OOKlO have given only order of magnitude 

accuracy. There is still much to be done; and any advance in this area 

is highly desirable, even if only approximate answers result. One such 

theory sui tahie for this objective is that of Girifalcb and GOOd. ll,12 

The part of their theory useOO'for our purposes will be restated here 

for the convenience of the reader .. 

The Berthelot13 relation gives the relationship between the attractive 

constants in the intermolecular potential flmctions of like molecules AM 

and ~B and unlike AAB as 

= 1. (8) 

By analogyw"e can take a similar ratio involving the energies (or free 

energies of adhesive failure(.6.E~, ~) and cohesive failure (6E~, 
'C C" C 
6FA or 6E

B
, 6FB). The result for the energy is 

C ' C 1/2 
(.6.E .6E) A, B 
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Girifalco 
4 

was able to derive the following expression for <P 

2 2 r r 
oM °BB (10) 

where r ,r , and r are the equilibrium distances of separation 
oM °BB °AB 

between molecules and unlike respectively. In order to evaluate <P, the 

constants (~, AAA.' and ABB ) in the potential energy function and the 

equilibrium distances must be known. These are known only for the simplest 

systems. If the two 

a good assumption to 

phases have similar potential functions, then it is 

. 1/2 say AAB ~ (AM ABB ) • In addition, if the molecules 

have similar geometry; the ratio of equilibrium distances can be replaced 

by 12 

, (11) 

* * where VA and VB are the molar volumes of the two phases. 

<P is, therefore, equal to 1 for similar phases; and it deviates from 

1 (higher or lower ) when the interactions between the two phases (6E~B) 

are higher or lower than (.6E~ .6E~)1/2. The limitations of the approach 

are discussed in considerable detail by Girifalco in reference 4. 

We will make use only of the basic definition of <P and Eqs. (2,3,9) 

(12 ) 
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He will make no attempt to calculate the absolute value of <P. }'or a polar 

, 12 t ffi solid and a non-polar liquid it has beensh;::n'il1 tha - '01-' is less than 1. 

'Ihe main purpose of the abClve presentation is to carefully define <4). 

As sta,ted, it is merely the ratio betvieen three ,\;:e11 defined pR:camet.el's" 

one of vibich (!\E~) can be TI,easured experimentally by an adsorption teclmique; 

the' other h!o axe YJ10vln fro;:rl other measurements or theoretical calculations. 

I'D1en phase A is a s:.:>lid, 6E~ of 'Eq. (9) is not well known and does va1'Y 

over a .. :ide range for the particular state of the solid (po,vde:c,' single 

cryst21) and histol'Y (therrficll treatlilent, etc. y. If the second phase :i.s 

lIquid, ;\....E~ is 'well knmmfo:c the bulk phase and can be ccllculated for the 

thin liquid film as shmm in the next section. Ho"i': "ie -will use the definition 

of c[) and heat of adsorption data as a-function of some preaclsorbed molecule 

will be shown in SectionV. 

• 
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TV CALCULATION OF THE SURFACE ENERGY OF A THIN FILM 

Aggregations of atoms or molecules in a liquid or solid are due to 

attractive interactions. Since the attractive force-distance relationships 

are well known for the relatively simple molecules, we w'ill make use of them 

to calculate the surface energy of a thin film of liquid nitrogen and : 

oxygen. Together with this attraction is a repulsive term, and the balance 

of interparticle attractions and repulsions 'will govern the structure and 
I 

constitution of the phase at the absolute zero of temperature. At T > OaK 

thermal energy will cause random vibr'7tional, rotationai, and translational 

motion and must be corrected for when. using potential functions which 

describe the variation in energy of: an-atom or molecule SOlely from changes 

in its distance froma.nother particle. The potential used for nitrogen 

is that reported in reference 14. 

We will use a thermodynamic' cycle to.' calculate . the surface energy 

as shown in Fig. 2. 

In (a) we, take the thin film at" T := 77.5°K and 1 atm to the gas. 

phase. The enthalpy needed for this process is given by 

6H c =6H a dT. 

. * 6Ho is the enthalpy or internal energy of,the film at the absolute zero 
l 
"/' I 

of temperature. 6C is the difference in the heat capacity of the film p 

and gas. 

* Energy and enthalpy are equal at 1:' = OaK 
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n = - NE, 2 0 
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(14) 

where n is the coordination number for the array of atoms which make up 

the film, N is Avogadro's numberf and Eo is the minimum internal energy 

at T = 0 and equal to 131[1>1 x 10-15 ergs for nitrogen. 

In two dimensions a hexagona1 close-packed array is formed in which 

every molecule will be surrounded equidistantly by six others separated 

by 2r. (r is half the distance betWeen molecular centel's.) There are 

also six next nearest neighbors at a distance of2 J3r. The second term 

of Eq. (13) is needed since E is defined for the absolute zero of tem­
o 

perature .. 

As T goes to OOK, the second term vanishes. For a normal liquid15 

both the rotational and vibrational degrees of freedom are relatively 

unchanged. Only the translational degrees of freedom are altered.. tcp 

is then given by ~ RT if one considers that one translational degree of 

freedom is lost.. The result is as fol.lows: 

Type of interaction 

Nearest neighbors 

Next nearest neighbors 

Next next nearest neighbors 

~ o 

~ 0 ergs 
~ 
em 

• 
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Th .p AU - 28.96 e.r
2
gs , ereJ.ore, UUc - approximate~ half' the enthalpy of 

am 
vaporization for the bulk liquid which is expected from bond considerations. 

In (b) we evaporate the bulk droplet into the gas phase which requires 

energy equal to the heat of vaporization ~. For liquid nitrogen this 

1 .. 56 96 ergs va ue ~s • ~. In (c) we take the film fronian infinite sheet to 
cm 

a drop of' bulk liquid~ The energy difference in the process is the surface 

energy of' the film which is equal to the difference between .6HaIld 6H. v c 

The surface energy of a thin film of liquid nitrogen then is 28 ergs .. 
cm 

This thin film is one molecule deep; therefore, there is a def'inite and 

representative area per mole of molecules which makes up the film. A 

similar· calculation for the bulk liquid is complicated by the f'act that 

the depth of the surface zone is unknown in many cases. It is not possible 

then to speak of' a definite area per mole of surface. In addition, this 

area can be calculated exactly only when the orientation, paCking, and 

16 m~lecular geometry in this zone are known. Jura has calculated the 

surface energy of liquid argon and mercury and found that 7&/0 of this 

energy is accounted for by the f'irst layer and 99% in the first four 

molecular diameters.. Henniker17 has discussed the depth of the surface 

zone in considerable detail. 

A similar calculation for a thin fi.lm of liquid oxygen
l8 

leads to a 

* . 6Hc of 41.62 er~s " 
cm 

surface energy of' a 

Since 6H
v 

for liquid oxygen is 80.6i er~s , the 
cm 

thin film of liquid. oxygen is 38 er~s .. 
cm 

A comparison between the surf'ace energy of a thin film of liquid 

nitrogen or oxygen with that of' the bulk surface energy is possible only 

* Approximately half the enthalpy of vaporization for oxygen. 



-12-
UCRL-17834 

when the contribution from the f'irst layer to this energy and the depth 

of the surface is known.. For our purposes there is little to be gained. 

by such a comparison. 
.. i 

Our calculation of the surface energy of nitrog~n 

or oxygen is not exact, but their magnitud.e is certainly reasonable. The 

error on the two values assuming that the lower limit is a. face-centered 

cubic type of packing is :1:3 er~s.The effect of' the crystal structure 
. cm . 

of' substrate on the arrangement of molecules in the thin film has been: 

neglected. 

We can now calculate ~LI the energy of' adhesion betWeen a solid. 

and a thin film of' liquid (Eq .. (6) ),and we are ready to develop the 

equations whereby the relative distribution of energy on the surf'ace can 

be evaluated •. · 

• 

~i 
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V. THE DISTRIBUTION OF ENERGY OVER A SOLID SUR:FACE AT T > 0° K 

A. Mathematical Description of TechD.igue 

The nature of irrterface between a solid and some other phase, commonl¥ 

referred'to as the surface of the solid, presents a difficult problem. As 

mentioned, surface imperfections of molecular dimensions (microscopic), 

such as kinks and surface vacancies, are well established; in fact, at 

'T > OOK an eqUilibrium nUmber of them is demanded by the Third Law of 

Thermodynamics. 'Furthermore, atoms in irregular positions give rise to 

microscopic flaws, such as edge and corner atoms. Impurities which are 

negligible in terms of the overall composition can still make up a major 

portion of the surface and contribute to this heterogeneity. In addition, 

the surface is usually made up of' Various crystal planes having a random 

orientation. Clearly there will be considerable variation in the surface 

energy of these planes, and the actual surface energy of the' solid is an 

average of all these energies... Therefore, the fact that the energy over 

a surface varies from point to point on the surface is net surprising. 

However, no really satisfactory method has yet appeared in the literature 

from which by direct experimental observation the relative distribution 

of the surface energy over this avera~e is giveh. A method based on the 

development of Sections III and, IV which will give this distribution in 

terms of thef"raction of the surface having energy greater than some 

specified amourrt is now presented. The experimental basis will be the 

net heat of adsorption [Q(e)'] asa function of some preadsorbed material 

which has a negligible heat of adsorption.5 ~is differs from the work 

',of Girifalco,
4 

who made use of the heat of wetting defined as 
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(15) 

2 
ESL c average energy of solid-liquid interface per cm • 

';s(O) = total average energy of bare solid surface per cm
2 

.. 

This is an integral quantity; the interactions of the wetting liquid are 

only very slightly involved in the wett ing process. Following his approach, 

let 

e = the fraction of the surface having energy greater 

than ES(e). 

'ES(e)= the average energy of t1:lat part of the surface having 

energy equal to or less than Es(e). 

ES(e) will decrease with increasing e as shown in Fig .. 3a. The average 

surfaceeriergy, E
s

(8), can be calculated by the following formula: 

and is represented by the shaded portion of Fig. 3a. Wec:!an now differ­

entiate under the integral sign and solve for ES(e) in terms of 'Es(8) and 

8. The result 1s 

• 

This equation along with the definition of <Ii in Section III will enable 

us to calculate the relative distribution of energy over the total average 

energy, ES(O), as a fUnction of 8.,'E
s

(0) is the average energy of the 

total surface without any preadsorbate ... 

• 
.., . 
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We can now use the assumption that a known fraction of the surface e 
is covered with a material which is preferentially adsorbed on the high 

energy sites of the surface. The e of Eq. (17) and this o are then 

identical. 

2 
= the heat of adsorption per cm of N2 and 02 on the 

preadsorbed material (pure stearic acid) • This heat should be very small 

and has been reported to be negligible in a previous paper.5 

Q(8) 
2 . = the net heat of adsorption per em of surface. The measured 

heat then is due to the surface masked by the preadsorbate which blocks 

out the upper range of energies attributed primarily to cracks, disloca-

tions, etc., and to the remaining bare surface •. If this filling up of 

the cracks, pores, etc., lowers the surface area .as measured. by the B.E.T. 

method, Q'( 0) will then be based on the new surface area available to the 

adsorbate. In addition, the actual interaction with the pure stearic 

acid is not critical since the measured heat, Q(e), includes both the 

interaction with the preadsorbate and with the covered surface. Figure 

3a is now changed to Fig.3b and Eq. (16) to 

, e 
kdO + .1 / 1- e (18) 

° 
where K is the average surface energy of the covered surface (sample + 

stearic acid) which will be aS81.lln.ed constant.. Equation (17) will not 

change since the derivative of the first term in Eq. (18) is ~ero. 

From Eqo (9) we have 

1':> = , 



and according to Eq. (7) 

and 

ex 
.6E

SL 
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.6E~ :: 2ES(8), 8(0 to 1) (2 ) 

therefore, 

'(fl, = 

Squari:pg both sides.and solving for ES(8) we have 

• (20) 

Differentiating Eq .• (20) with r.espectto8 and putting this back into 

Eqo (17) results'in' 

(1- 8)(Q(8) _ 1) dQ~8) • (21) 
(fl2 2EL d 

Equation (21) was derived to point out that if (fl were known from 

some independent source, either by some other experiment or theoretical 

calculation for any given system, it would be possible to calculate the 

actual distribution over the surface. When the two phases are similar 

(with respect to their polarity, molecular geometry, density, and type 

of intermolecular potential functions), it is reasonable to assume that 

4 
(fl is equal to 1. This is certainly not the general case. Therefore, 

Eqo (21) cannot be used in this form. 

• 
., 
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However, resubstituting and arranging terms, results in the following 

equation: 

1 + 2(1 - 6) 
• (22) 

dSi~) will be known from the slopes of the measured heats as a function 

* of O. ES(O)jES(O) will be greater than 1 initially, and it will 

slowly decrease to 1 as the measured heat becomes constant. This will 

occur at some 0, not necessarily at 0 = 1. This is shown in Fig. 4. 

Up to this point we have made ~ assumption; i .. e., the average sur-

face energy of the covered surface is constant. 

Next; Eq. (19) 'enables us to calculate' a <p for 0= 0 if we knew the 

average surface energy.of our powder, ES(O). Since we do not know this 

, '" 

value accurately, we would substitute in values which have been obtained 

either experimentally or theoretically, starting with the lowest possible 

value to the highest, and would th~n obtain a large number of <pts (depending, 

of course, on our number of ES(O)f S ). Doing this it becomes obvious that 

<p is rather insensitive to changes in ES(O). In fact, by changing ES(O) 

by 2'J!o, <p will change by only 7fo." We can, therefore, safely say that <p 

is relatively constant with O. For <p (at 8 = 0) constant, We will be 

able to calculate the change in ES(8) by the following equation: 

* 

(-S(O) +2EL) 

"(4Es(8)E
L

)1/2 -

Figure 8 of the previous papero 

(4(0) + 2EL) 

(4E
S

(0) E
L

)1/2 
.. 
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Rearranging and dividing by ~sCO) 

-;S(8) (-QC8) 
2 + 2 EL

) 
= 2 • 

~CO) (-Q;(O) + 2 EL
) 

(24 ) 

ES(8) will decrease from ~S(o) to some value as meas'ured by Q(8) ... [When 

8::; 0, Es(8) == ~S(o).] 

The result will be a curve which will start at 1 and decreases to 

some value below 1 as shown in Fig. 5 and will. be determined solely by 

the experimental net heats, Q;(8), 8(0 tb 1). Now, by multiplying the 

ordinate of Fig. 5 by the ordinate of :Fig .. 4, we obtain ES(8)/ -;S(o), 

which is shown in :Fig~ 6. 

This is the distribution of ener-gy over the surface with respect to 

some average energy which is not known for the particular sample, but 

could be measured by some independent experiment... From this analysis we 

can see what fractibn of the surface has high surface· energy ES(8)/ -;S(o) > 1 

and what fraction low surface energy ES(8)/ -;s(o) < 1. 

If € s CO) were knpw:n, we would be able to calculate the absolut e dis­

tribution of energy over the surface. The integral of which would be 

ESCO) as measured... This can still be done by choosing the "best" possible 

experimental or theoretical value for -;s(O) and multiplying this value by 

the ratio ES«())/ ES(O) as a function of 8. We feel that this is not 

necessary a.nd should be done only when reliable surface energies can be 

obtained experimentally and in agreement with theoretical calculations. 

B. Summary 

This method is both Unique and simple. The two assumptions made are 

reasonable; namely, the surface energy of the sample + stearic acid, K, 

• 
\r:"'j 

• 
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and ¢ are constant. The latter will be shown to be true from experimental 

heat data, Q(O), as a function of the fraction of the surface covered with 

* acid (6) • 

The preadsorbate does not completely destroy the effect of the under-

lying surface; that is, there is still a force of attraction between the 

covered surface and the gas.. The initial force (0 = 0) is reduced to 

some fraction of its original value. In addition, the form of the equa-

tion for ¢,Eq. (19), is such that the error on ¢ will always be small 

** (approximately 10%). 

The experimental heat, Q(O) is a "net heatff and is a measure of the 

interaction between the gas and .the solid only. The contribution from 

lateral interactions has been subtracted out by the third term (M ) in " s 

Eq. (5) which is approximately the heat of condensation at the monolayer 

(56.96 ergs/cm2 for bulk liquid nitrogen). 

* This was found to be true for work done on BaS04 which will be published 
in a separate paper. " 

**By putting in different values for ES(O) [Eq. (19)), ¢ did not change 
by more than lCf{o. "", " 
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VI. RELATIVE DISTRIBUTION FOR Ti02 SAMPLE 

The results for the Ti02 sample are shown in Table I and Figs. 7 and 

$.' Only approximately 1'Y/o of its surface has energy greater than the 

average. After 811 = .50, the surface is homogeneous. 

. 19 
Figure 8is in good agreeniEmt with the theoretical work of Aston 

who adopted a model of many-sided sites on the surface of Ti02 in order 

to explain the nature of its heterogeneity; By straightforwa.rd statistical 

mecha.nical considerations he derived expressions for the adso':r'ption iso-

therm and the differential heat of adsorption. only four types of sites 

were used: four sided, three sided, two sided, and one sided with energies 
. . 

Lateral interact ions were taken 

into account on the two- and orie-sided sitesonl.y* He obtained good 

qualitative agreement with this theory and the experimental data on the 

Ti02 -Ne system. Any discrepancy was attributed to the fact that the two­

sided sites take part in lateral interactions which are more complicated 

than postulated, and that sites of intermediate energy are present on the 

surface. In Fig. 8 the distribution starts at approximately 4 as it 

should according to the model of Aston.19 He also found that the four­

sided sites make up a negligible fraction of the surface. If ';8(0) were 

known,we could calCUlate the energy of these sites on the· surface. The 

shape of the distribution obtained in this work is also very similar to 

. 20 
that found by Honig and Reyerson. 
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Table I • 
C> 

The relative surface energy distribution of Ti02 calculated from net 

heat of adsorption measurements as a function of preadsorbed stearic acid 

at fJ.f :: 83.9°K, sample T. 

_ (er~s) d't~) 
ESCO) Es(8) 

8
11 

d]J. 2 Q cm cm ES(8) ESCO) 

0 53.80 119.5 3.92 3.92 

.189 36.53 107.60 1.83 1.170 

.513 26.91 0 1 .47 

.713 26.91 0 1 .47 
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VIIo CONCLUSIONS AND DISCUSSION OF ERROR 

The distribution presented for Ti02 represents the general shape of 

the energy distribution. This distribution is relative to the average 

surface energy of the powder and does not evaluate the absolute energy 

spectrum on the surface. If ES(O) were known and a valUe of K either 

assumed or calculated from an additional exPeriment (such as, heat of 

solution), then the absolute spectrum of energies on the surface could 
, ' 

be obtained. This d:!.stribut ion would be one based solely on well-defined 

thermodynamic data, and these basic results would not be subject to a 

large error. 

,The fact that ratios (Eqs. (22) and (24) ) were used will tend to 

reduce error. The error on the slope dQ/d8 was found to be approximately 

8/fo.The error on 2EL is iafo. The error on Q(8) is, of course, variable; 

that is, at 8 = 0 it is approximately 2!'/0 and after 8 approximately = .60 

is as high as lCl/o. Q"(8) is then constant with 8, and dQ(8)/d8 is zero; 

therefore, the error in d~(8)/d8 is only important in the heterogeneous 

;portion of the surface. The error on Es(8)/ ES(O) calculates to be about 

14% initially (8 = 0) and as high as 2C1/o in the homogeneous portion. It 

is very difficult to compare these errors with the uncertainty of the dis-

tributions pre~ented in the past since their results are based on a model 

and a mathematical description in terms of arbitrary parameters of the 

adsorption isotherm.l ,2 The newest approach used to obtain a site energy 

distribution from the e:x:pe:rimental isotherm is graphical,3 and successive 

approximations to the fraction of the surface whose site energy is equal 

to or greater than some specified value are made~ This method is very 

tedious and should be programmed for practical use. Since a graphical 

.. 

• 
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derivative is one of the operations of the method, the uncertainty on 
-

the final distribution is subject to an error of the same magnitude as 

the present technique. In addition, it arbitrarily assumes a local iso-

21 therm such as the Langmuir, and the resulting distribution is very 

insensitive to a change in the original assumed isotherm such as one in 

which later~l interactions are taken into account.22 The assumptions 

used in order to derive Eqs. (22) and (24) have been carefully explained. 

. * One of these assumptions was actually verified experimentally; that is, 

the assumption of a constant surface energy for the combinat ion (sample' + 

stearic acid). The second assumption (<I> constant) was shown to be rea-

sonable because of the form of the equation for ~ and the fact that a 

large error does not result if ~ is not constant with coverage. In 

addition, Eqs. (22) and (24) can be easily used on any system where 2EL 

is known or calculable, and heats of adsorption as a fUnction of some 

preadsorbed sUbstance (gas or solid) can be measured. This is possible 

with a common adsorption apparatus. 

Therefore, the results presented here are meaningful· and are the first 

direct measurement on the relative distribution of surface energy on a 

fine powder surface by means of physical adsorption stUdies without the 

use of any model, arbitrarily assumed isotherm, etc:!. Lateral interactions 

were also taken into account by the present method. In addition, the 

results obtained agree with what is presently known concerning the nature 

of the surface for Ti02+ 

* Paper to be published. 
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Thin film 

SOLID' A 

. ~.,;" .. ". .. , 

.' ' 

a 
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STEP 2: 2 E B L: 
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2€ 28~ 
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for liquid nitrogen. film. 

FIG. , 1 The thermodynamic cycle of equation 4. 4. 
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T = 77.5 K 
o ' p= 1 Atm 

T:r 77.5 K' u.---........ -------....;.~.:~.~.: Gas 
( ) . . .... : 

p. 1 Atm ,0 ,. , •.• 

-..0 -
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FIG. ' , l The thermodynamic cycle used to calculate 
the surfa,ce eneJ;gy of a thin film • 
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