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THEORETICAL DESCRIPTION OF THE REIATIVE DISTRIBUTION
OF ENERGY ON A SOLID SURFACE AND ITS APPLICATION TO TiOQ; PART II.

J+ M, Morabito, Jr.f
University of Pennsylvania, Philadelphia, Pae.,

and
' L Pc Fb Duby
Columbia University, New York City, Ne Yo

ABSTRACT

A method has been developed by which thé relative distribution of
energy on a solid surfaCe could be measured by a.te¢hnique fyee of coﬁ-
plicating models, experimental difficulties, and intraétable equatiohs. ‘
The necessary equatlons are derivéd, and.the assumptions upon which they
rest are carefully analyzed. They do not include arbitrary parameters,
and only one qonstant which depends on the gas adéorbedlmust be calculated.

When applied ﬁo data on Ti0, it ﬁas found that approximately 10%
of its surface had energies two times_gfeater than the average sﬁrface
energy‘(zé(O) ).' 50%'of'iﬁs Suiface Wasbhbmogeneous‘inzenergy, and equal

to approximately half of the average surface energy.

f Presént Affiliation: Inorganic-Matefials‘Research Division, Lawrence.

'~ Radiation ILaboratory, Berkeley, California:
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- I. _INTRODUCTION

A detailed adsorption study can give considerable insight into the

enefgy,vactivity and physiochemical structure of solid surfaces; and 1is of

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

défined thérmodynémic system.

leéai suffaces possess flaws which result in a surface heterogeneity
and the occurrence df various adsorption energies. The distribution of
these energieé aﬁd the underlying nature of this surfacevheterdgeneity

is a complex problem. Previous atfemptsl’gvto'theoretically calculate this -

distribution funetion have resulted in compléx equations, not oﬁly difficult

to solve;,5 but of little use in the treatment of thermodynamic data.

Therefore, the primary objective of this'papef is to develop a theoretical.
description of the relative distributidn of energy on g solid surface which
is étraight forward, eaSy to ﬁse, 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.

Gii‘ifalcolL felating the energy of-adhesioh‘and coheéion of two phases will
enable us to dérive thé necessary eqpations; These equations relaté fhe
Surfacé energy with respect ﬁQ the average surface energy of the>total
bare.soiid (ES(O)) to thrée parametérs (Q(Q), @, 2eL).- 2e;, the surface
enefgy of a'ﬁhin (monoatomic) fiim'is a consténf and'dépends only oﬁ the
gas-used in the adsorptidn measurements (nitrogen, oxygen, étc.). It can
be éalculated-(approximately) by the use of LenhardeonesTpotentialé. The
other two, the net heat of adsorption §(©) and the'fraction of the surface
covered (9) with a long chairn fatty acid, are easily mea.sured.5 All sim-

plifying assumptions are carefully explained with respect to their_?alidity
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éhd;its'efféct on fhe results{v

A" theory of surface enéréieé»has npt iesulted_frOm this study; but ,
'rather,ithrough a useful appliéation\pf well defined_therﬁodyhamic‘concepts,
.a Qélia.approach Was.suécessfully devéloped_(ﬁhich wili incréase 6qr |
undefstan&ing of the gffect of-Surfacé’hétérogeneifyvon_the relative dié-

' tfibﬂtiOniof énergy‘présent on the sﬁrfaCe;,



A

- UCRL-17834
-3-
I, FUNDAMENTALS OF ADHESION
“This development is based én eéflier work b;)r'Gir:‘LfalcoLL who attempted

to obtain energies of adhesion and cohesion from heat:of wetting and
adsorption data using an approximate theory based on Fowler and Guggenheim
integralé.6 Hisrtheory was derived for_bulk phases, but it is applicable
to the energy of adhesion between éolids and thin films also if the surféce
energy of the thin film ié known or can be calculated.

The following definitions of the thermodynamic functions of adhesion
are similar to those for bulk phasés.7

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

as follows:

e R — 'v:+-B

r |
where IT' is the interface between the solid and thin film which is

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

belowsy

€5 ‘= surface energy of A per cm?, (Bulk.Phase)
E, = "surface energy” of B per ent. (Thin Film)
€pB % interfacial energy of % interface per cm?.

The difference in enérgy'betweeh (eAv+ EB)'énd €,p 1s the energy of ad-

hesive failure'and.will be defined as AEZB._IThe'energy of adhesion is
. .

-AEAB.

a . ' : »
QEAB = et Ey - v o (1)
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Slmilar equations can be written for the free energy of adhesive
failure, AFAB’ and the entropy of adhesive failure, ASAB v If both phases
are the same, the process is that of cohesive fallure. The energy of '

'cohesive failure,for phase A is
' AEC = 2¢€ | _ . . ~(2)f
and for phase Bg.
. fAEC = D¢ é E o L v _.v' -h i(3)
The energy of cdhesion for a'monoatomic film is equal to its surface
_energy;i is used in analogy to Eq. (2) fbr phase A
( The energy of adhesion for the solid-thin fllm system can be obtained
fron the heat of adsorption‘up‘to a monolayer and 2¢ B Before-the calcula~-
tion for 2e is shown, the relation between the energy of adhe31on and
adsorption will be~givenf The ‘two~pha se adhesive syStem:iSfformed by
» adsorption from the vapor State3 and it can.be represented as follOws;
1« Condense the vapor to the adsorbed phsse. | |
i 2, Extend the adsorbed phase 1nto a film of the same
area as the substrate, ’
3. Adhere the film to the sub'strate.
The net energy change is the heat of adsorptlon A (1sosteric) - the
' isosterlc heat 1ntegrated to one monolayer. The reverse process is

schematically shown in Flg. 1. In terms of the,three steps of Fig. 1 s
- AHy = A - (2<—:B)Z A CO R Ny
for the actual process of adsorption

+ AHm,"'vAEABZ + (geB)Z T AH ST (5)
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" The PAV terms in steps 2 and 3 are negligible.

3

‘AHV "= heat of vaporization of the bulk liquid to the vapor

k | AH = heét of condensation of the vapor to the bulk liquid
drop v _
2ey = surface energy of phase B (thin film)
AE%B = energy of adhesion of phase B to the substrate A
2 = surface area of the substrate
‘ o . :
Solving for AEAB
(A - AR )
. m ! . _ (04
z . :
(0H - 2H) B _ o
define - : as - Q(6) - QO)+ 2ey = LB, (7)
, Z _ B B

The quantity'(AHm -'AHQ) is the ™et" heat of adsorption up to a monolayer
5 o

coverage,
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III THE ® CONSTANT

A surface ahom or molecule is in a different energy sﬁate than that
of'an;atom or molecnle'inéide the éolidf. This energy diffefencevis celled ;
the Suffaee total energy or surface energy. Not only is the energy of a
surface'atom.(or molecule)'greatei, but fhe free energy of the.atom is
:also greater, lhis excess free energy'isbthe reason for the "activity"

OT'ﬁhe surfece.v Theoretlcal calculations based on ideal. crystals8’9
T=0 K and for surfaces at T >0 K have given only order of magnitude '
aceuracys There-is_st;ll much to be done; and any advance in this area
ls highly deeirable, even if only approxinate answers result. One such
theory sultable for thls obJectlve is that of Girlfalco and Goed L 12
The part of their theory useful for our purposes will be restated here
for the convenience of the reader. _

The Berthelot 13 . relation gives the-relationship between'thevettractive
constants in the 1ntermolecular potential functions of llke molecules A

AA
“and ABB and unlike A

AB &
A . o
AB : =1, o : (8)
(AAA ABB)l/é '

By'analogy we can take a simllar ratio- involv1ng ‘the energles (or free

~ energies of adhesive failure (AE AEa ) and coheslve failure (AE

_AFX or AEB, AEE). The result for the energy 1is

@

AB

| e L . | ©
ey D) | "
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Girifalcoh was able to derive the following expression for ¢

Ay jtQOIAA' “orn
A d = (10)
TR %
AA TABY Oap :

" where o3 T, s and r, _are the'equilibrium distances of separation
" TAA BB ~AB '

between molecules and unlike respectively. In order to evaluate O, fhe
constants ( AA’ and A ) in thévpotenfial energy function and the
equilibrium distances must be known. These are known only for'the simplest
syStems,‘ If the tWo'phases have Similar_potential functions, then it is

a good assumptlon to say A,p ( BB)1/2' In addition, if the molgcnleé
have similar geometry, the ratio of equilibrium distances can be replaced

L 1y
[ %3 )
VA + VB ]

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

@ is, therefore, équal to 1 for similar phasesj and it deviates from

( 11')

1 (higher or lower) when the 1nteract10ns between the two phases (AE

. B)
2
are hlgher or lower than (AEA LB )l/ « The limitations of the approach

@ are discussed in considerable detail by Girifalco in reference L.

‘We will make use only of the basic definition of ® and Egs. (2,3,9)

Z\Ea

- o
"G -
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We will mu ke no autempt to calcaldte the absolute: vaTue of @, For a polar

so]:d and a non- Dolar llquld 1t has been shown that ®is Jless than 1.
The main purpose of the above prcscntaflon ig to carefully de ine_@.

. As statpa, it is merely the ratlo be tween Lhree viell deflned paiamereiu,

one of which (AJ ) can be measured experlmentally'by‘an adsorptlon Lbchnlqu

AB-

the other two are knoWn.fTOm other measuremelts or theoretical calculations. .

When phase A is é solid, DE o; Fq. (9) is not well known and doeg vary

'U\o

~over a wide range for the partibular_state of the solid (ponder,'s:nglc

crystzl) and history (thermsl treatment, ete.). If thé second phase is

TP ¢ o b - : . . 3 oy

liquid, A@L is well known for the btlk phase and. can be calculated for the
thin Yiquid film as shown in Lhe ne: t qeotJon. How we will use the definition
of & and heat of adsorption data as d function of some preadsorbed molecule

will be shown in Section V.

Y
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IV CALCULATION OF THE SURFACE ENERGY OF A THIN FIIM

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 will 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

constitution of the phase at the absolute éero of‘temperature. At T > 0°K

thermal energy will cause random vibrational, rotatiohal, and translational
ﬁot;on aﬁdbmust be c&rredted f5r when-using potential funetions which
describe thevvariatiqn in energy of an atom or molecule solely from changes
in its'distahcé from‘ahothef.partiélé;‘ The pétential used for nitrogen

is that reported'in reference 1h. :

We will use a,ﬁhérmodynamiC'cyﬁle tqﬁcalcula£e~the sﬁrface energy

as shown in Fig. 2. - - B

" In (a) we take the thin filmat'T = 77.5°K and 1 atm to the gas

phasé. The enthalpy heeded for this proéess is given byi

. TT.5°K T . | . .
OH = AH + o AC_ dT. ' (13)
o] (o] { P - R -
0°K ..

AHO~is the enthalpy or internal energy of the film at the absolute zero

£

of temperaturefﬂ ACp is the differéhée in the heat capacity of the film

and gas.

*x , o
‘Energy and enthalpy are equal at T = 0°K
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Calculation of oH 3

M, = g- NE s - - (14)

where n is the COordinafion.number for the array of atoms which make up
the fiim, N'is Avoggdrd’s‘nﬁmbér,.and E, 1s the minimum imternal enérg&
gt T = O and equal *tio 15».1 % lO’-l5 ergs for 'hi’crogén. ’ |
In:ﬁwb'dimensions a héxégonal close-packed afray is formed in which
éﬁefy molecule will be surfbﬁnded equidisthtly by six others separated
by 2r. '(‘r is half the distance between rholeéu?_!ar centers.) There are
also six‘next nearé§t ﬁ¢ighbors at a distance of é J%r; The second term
of Eqes (13) is ne.-éde'd »svince E is defined for the mbsolute zero of tem-
_ perature. | | |
As T goes to O°VK, the second term va.nisﬁes', ~For & normal l:i.quid15
B both the rotational and iw'ribzl-ationa'.‘l dé_grees of freedom are relatively
unchanged. Only thé trgns‘lational' degrees of f‘reedom'a:,z"'e altereda ACP
is theﬁ given by % RT if one éonsiders that one translafional degree of

freedom is lost. The result is as followss

- Type of interaction. AHO
Nearest ﬁéighbprs ' o 2h‘26.er§s
‘Next nearest neighbors o  Lb36 §rgs
Next'next neéreSt neighBOrsi ‘ ~ O-ergs

A . o 3 em
I A0 am S . ergs
. AC, aTs ‘ 3434 2

0K . . ’ cm

wl



. 'UCRL—178341
~11-

ergs

Therefore, M, = 28,96

o s approximately half the enthalpy of

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

‘In (b) we evaporate the bulk droplet into-thevgas phase which requires

energy equal to the heat of vaporization AHV, For liguid niltrogen this
value is 56.96 ergs‘

' em . ,
a drop of bulk liquid. The ehergy difference in the process is the surface

» In (c) we take the film from an infinite sheet to

energy of the film which is equal to the difference between AH_and AH .

The surface energy of a thin fllm of llquid nitrogen then is 28 ergs -

. em
This thln £ilm is one molecule deep; therefore, there is a definite and
representative area per mole of molecules which makes up the film, A

s1m11ar calculatlon for the bulk llquid is complicated by the fact that

the depth of‘the surface zone 1s unknown in many C&SESn It is not possible

then to speak of a définite ares per mole ofisurf&ce._ In addition, this

- area can be calculated exactly only'wheh the orientation, packing, and

molecular éeometry in this zone are known. -Jﬁral6vhas caleulated the
surfece energy of Liquid argon andvmercury and found that 78% of this
energy is accountéd for by the first layer and 9% in the first four
molecular diametefs. H%ennikerl7 has discussed the depfh ef the surface
ZOne ink:onsidereble details

A similar calculation for a thin film of 1iquid'oxygen;8 leads to-a

*
A, of k.62 £ . since oH_ for liquid oxygen is 80.61 ZES , the
en’ em
surface energy of & thin film of llquid oxygen is 38 —3— ergs -
en”

A'comparison between the surface energy of a thin film of liquid

nitrogen or oxygen with that of the bulk surface energy 1ls possible only

¥ : : - o :
Approximately half the enthalpy of vaporization for oxygen.
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v-whén the contribution from‘the first layer to this eﬁergy and the depth
of thé surface is knOwn;' Fof our purposesvthgre 1s little to be gained
by such a comparison. Our ealculation of ﬁhe'sufface energy of nitroggn
or oxygen is not, exact, but their magnitude is certainly reasonable, The
© error on the two values assuming that the,lower limit is 8 face-centeréd

cubic type of packing is +3 ergs + The efféct of the ecrystal structure

- of substrate on_theuarrangemegf of molecules in the thin film has been‘é

b‘vnéglécted. : | |

We can now caleulate AEP&)'the enefgyvof édhesion between a solid
and a thin fllm of llquld (Eqe %) ), and‘we are ready to develop the

equations whereby the relstive distribution of energy on the surface can

be evalusteds.

Y
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Ve THE DISTRIBUTION OF ENERGY OVER A SOLID SURFACE AT T > 0°K

A‘ Mathematical Description of Technique

The nature of interface between a solid and some other phase, commonly
referred 'to as the surface of the solid, presents a difficult problem. As
mentloned, surface 1mperfections of moleculsr dimensions (microscopic),

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

> O K an equilibrium number of them is demanded by the Third Iaw 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 mske up a8 major

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

the surface is ususlly made up of Various'crystal'plahes having a random

orientatiOn; Clearly there will be considerable varistion in the surface

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

average of’all'these energiesu” Therefore, the fact that the energy over

a surface varies from p01nt to p01nt on the surface is not surprising.
HOWever, no really satisfactory method has yet appeared in the literature‘
from which by QEEEEE experimental observatlon the relative distribution

of the surface_energyﬂover thisvavarage is givens A method based on the

development of SectionsiIII and. IV which will give this distribution in

terms of'the»fraction of the surface having energy greater than some

specified amount’ is now presented. The experimental basis will be the

net heat of adsorption IQ(G)J.as.a'function of some preadsorbed'material '

5

which has & negligible heat of adsorption‘ This differs from the work

- of Girifalco,h who mede use of the heat of wetting defined as
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“1ho
MH = g - g (o), (15)
where _ - _ ' ]
e, = gverage energy of golid-liguid interface per cm?.

SL
Eé(O) = total average energy of bare solid surface per cm?;

Thisvis an integral quantityj the interactions of the wetting liguid are
only very slightly involved in the wetting process. Following his approach,
let .

6 = the fraction of the surface having energy greater
than ES(e)o ‘

Eé(e)=' the average energy of that part of the surface having
energy equal to or less,than'es(e).

S(e) will decrease with 1ncrea31ng 6 as shown in Figs 3a. The average

surface erergy, e (9), ¢an be calculated by the following formula

- S 1
0 - mf R )
and 1s represented by the shaded portion of Fig; 38, We can now differ-

entlate under the 1ntegral sign and solve for € (9) in terms of € (9) and

6., The result is

‘e

d e (9)

(O = T - (1-0) . an

o ) | v
This equetion along With the definition ofcﬁ in Secfion ITT will enable
us to calculate the relative distribution of energy over the total average
 energy, Zé(o), as a function of 6, JEé(o) is the average energy of the

total sprface without any preadsorbate.
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We can now use the assumption that a known fraction of the surface 6
is covered with a material which is preferehtially adsorbed on the high

energy sites of the surface, The 0 of Eqs (17) and this 6 are then

- identical,

et Qé.A, = the heat of adsorption per en® of N, and 0, on the

preadsorbed material (pure stearic acid). This heat should be very small
and hds been reported to be negligible in a previous paper¢5

iﬁté) =  the net heat of adsorption per on® of:surface.' The measured
heat then is due to the surface masked by the preadsorbate‘which blocks
out the upper f;nge of energies attributed primarily to cracks, disioca—
tions, etcs, and to the remaining bare surface. If this filling up of
the cracks; poreé, efé,, lowers the surface area as measured by the B,E.T.
methbd, Q(6) will then be based on the new surface ares availabie to the
adsorbate. »In éddiﬁion, the actuél inferaction with the pure stearic
acid is nof critical since the measured heat, 5(6),vincludes both the

interaction with the preadsorbate and with the covered surface. Filgure

3a is now changed to Fig¢ 3b and Eq. (16) to
o L e :

where K is the avefage'sUrface energy of the,covefed surface (sample +

stearic»acid) which will be assumed consfanti Equation (17) will not
changé-since'the derivative of the first term in Eq. (18) is zeroa

“From Eqe (9) we have

. T (9)
N (aS AEc)l/2 ? v '
s “f, -
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and according to Eq. (7
‘ MBS = - §(8) + 2e - (7)
' SL. - r’ :
- and
- o : S v
AEg = ges(e), 0(0 to 1) () @
AR = 2, s ” - )
L —°L v
therefore,
o = =g 75 8(0 to 1) (19)
[ €, es( )1+ : v
Squaring both sides and solving for Eé(e) we have
- o,
_ o (a(8) +2¢) |
T (0) = - — . (20
8 he k®2
g ,
Différentiating'mq_ (20)_With respéct‘to‘9 and putting this back into
Eq. (17) results 'in - | | a
ran. . L, (L'-8) {3(8) aq(e
eg(®) = ) st e - ) e - (B
he & ® L ' ,
L
Equation (21) was derived to point out that if @ were known from
.some ihdépendent-sourée,véither by‘éome other'experimenf or théoreticalv
calculatioﬁ for any given system, it would be posSible to calculate the :
'actual‘diétribution over the surface. When the two phases are similar
(with respect to their poiarity,’molecular geometry, density, and type ; @fm

of intermolecular potential,functionS); it 'is reasonable to assumé that
® is equal to'.l.’LL This is certéinly not the general case. Therefore,

Eq. (21) cammot be used in this form.
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However, resubstituting and arranging terms, results in the following

equation:

SO L, _eaie a@w e
O RN E0) + 2 o | “ |

L)

§_Q§_g_2_ will be known from the slopes of the measured heats as a function

* -, 0 o L
of 6. es(e)/es(e) will be greater than 1 initially, and it will

' s'lowlyv decrease to 1 as the measured hea‘E ‘becomes constént. This will

occur at some 0, not né_cessvari‘ly at 6 = 1. This is shown in Fig. L,

Up to th’i‘s'poiht we have made dﬁeéssurhpt'ion; ise., ‘th'e'ave'ré.ge sur-

face energy of the covered surface is constant.

" Next, Eq. (19) enables us to calculate & ® for 6 = O if we knew the E
average surface energy .of our powder, ES(O). Since we do not know this
value accurately, wé_ would substitute in values which havelbeen obtained

either experimentally or the-oretically, startinvg with the lowest possible

value to the highé.st, and would then obtain a large number of &ts (depending,

of course, on our number of ES(O)'S).' Doing this 1t becomes obvious that

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

by 2%, ® will change by only Th. We can, therefore, safely say that @

~is relatively constant with 6, For ® (at 6 = 0) constant, we will be

able to calculate the change in eS(G) by the followir_lg equation:

o A ey _ (-3(0) + 2¢;)
- _;(hzé(e).éi)l/e = (o) EL)l/g

(23)

* . ’
Figure 8 of the previous paper.
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Rearranging and dividing by Eé(O)
R - o o)
eg(0)  (Q(8) + 2¢))”
o — 5
eg(0)  (-R(0) *+ 2¢p)”

Eé(@) will qecrease from Zé(o) to some value‘as measured by Q(8). [ﬁhen
0= 0, eG(0) = (0).] |

' The result will be a curve Whieh}Will start at 1 and decreases to
some value Belcw‘l as ehownlianig.PS and will be detérmihéd*ég}glz by
the experimental net ﬁeats, a(é),fe(o to 1). Now, by ﬁuitibiying the
ordinate of'Fig; 5 by'the ordiﬁate of Fig; L, we obtain VES(G)/ Eé(O),
“which is shown in Fig, 6. " o ' |
This is the distribution of energy over ﬁhe surface with respect fo
- some avefage'energylwhichﬁis not”kheWn fof'the‘pefticular»saﬁple, but
could be measured by some\indeﬁendent experi@ent.. Ffom'this enalysis we
'ean see what fraction of the surface has high surfaceeenefgy es(e)/ Eé(o) > 1
and what fraction'lcﬁ sﬁrface‘energy es(O)/'ES(O) <1,

If‘ZS(O) were known, we would be eble-to calculatevthe absolute dis-

tribution of energy over the surface. The integral of which would be
e (O) as measured, This can still be.dene by choosing the "best" pessible
experimental or theoretlcal value for e (O) and multiplylng this value by
the ratio € (9)/ € (O) as a functlon of 0. We feel that this is not v
necessary and should be done only when reliable_surfece energies can be

obtained experimentally and in agreement with theoretieal'calculations‘v
Bs  Summary -
This method is bothvuniqueland'simple; The two assﬁmptions‘made are

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

y
o
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and ® are constant., The latter will be shown to be true fioﬁ experimental
heat data,'a(ﬂ), as a'functioh of the fraction of the sﬁrface covered wifh
acid (0);* o | | |
The preadsorbate-doés not éoﬁpleﬁely 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
somevfraction of its original Qaluef' In addition; the.formlof the equa-
tion for ®,Eqg. (19), is such that the error on & will always be small
(approx1mately 10%).
‘ The experimental heat, Q(O) is & "net heat™ and is a measure of the
interaction between the gas and the solid ggggy The contribution from -
lateral'inﬁeractions ha.s begn subtractéd out by the third term (AHS) in
Eq.'(5) which is approximately the heat of‘éondensation at the monolayer

(56496 ergs/émz for bulk liquid nitrogen).

Thls was found to be true for work done on. BaSOh Which will be published
in a separate paper.

**By putting in different values for € (O) [Eq. (19)], @ dia not change
by more than 10% L ‘ L
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VI. RETATIVE DISTRTBUTION FCR Ti0, SAMPLE

The results for the Ti02 sample are shown in Table I and Figs, 7 and
8« Only dpproximétely 15% of its surface has energy greater than the
11 = ;50, the suif&ée is hbmogénéous«

average. After 0.
"Flgure 8 is in good agreémént with the theoretical work of Aston

19

‘who adopted a model of maﬁy-éided sites on ﬁheASUffacevcf TiO2 in order
to explain the nature 6f_ité hétefogeﬁéiﬁy.iiBy sfraightforwafd statistical
mechanical considerations he'defived exPieSsions for the adsorption l1so-
therm and'the‘differential ﬁéat of adsoiﬁtion;' Oﬁl& féur‘typés of sites
were'usedt fOur'sided, fhréé Sidéd; two sidéd; and dne_éideaVWith energles
'é#, 63,.é2; :and'el; and ¢ = 4@1; etca Iatéfailintéractions were téken
into acéoﬁﬁt on the two-vﬁndybne—sided siﬁeS’ohly¢‘ He obtainéd good
'qualitafiVevagreément with fhié thébry and the experimental date on the
TiOg—Ne systems Any discrepancy ﬁas attributed to the fact that the twoe
sided sites take part in lateral intéractions which afe more»complicated
than postulgted,‘and that sitéé gf intermediate enérgy ére present bn.the
surface, In Pig. 8 the distriﬁﬁtion starfsvat_approximétely k ag it
should according to the modei ovaston.l9 He:also found that the four-
sided sites make up a negligible f?action of the surfacé. If‘Zé(O) were
known, we could calculate the energy of these sites on the surface. The
':shape of.the disﬁribution obtainéd in this work is aiso very similar to -

that found by Honig and Reyérson.eo
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Table T.

' . ) o
The relative surface energy distribution of Tioe calculated from net
heat of adsorptior_l measurements as & function of preadsorbed stear'ic acid

at T = 83.9°K, sample T.

. _ [ ergs aq ergs €‘S(G). 'GS»(G)

911 : Q cme a en ZS(B) . -e-S(O)
0 53.80 119.5 3.92 3.92
.189 36455  107.60 - 1.8 | 1.170
513 26.91 0 1 ' 7

WT13 26,91 O : o WhT
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VII., CONCIUSIONS AND DISCUSSION OF ERRCR

The distribution presented for '.[_‘iO2 represents the general shape of
the enérgy distribution. This'distribution is relative to the average
surface energy of the powder and does not evaluate the absoiute energy
5pectrgm on the surface. If}ES(Q)'were.knowﬁ and a vaiue of K either
: assumédxor'calculated from an additional ekberiment (such as;vhéat'of_
Vsolutioﬁ),‘then the absoiute spoctrum of emergies oﬁ the surface could
té obtained; This distribution would be one based solely on Well-defined
thermodynamic data, and these basic results Would not be subject to &

large error. v |

The faot that ratios (Eqs; (22) and (24) ) were used will tend to
-reducé'error. The error on the élope dq/af was found to be approximetely

8%. The error on 2€ is 10%, The error on Q(G) is, of course, variable;
that is; at'e 0 it is approximately 2% and after 0 approximately = .60
is as high as 10%. Q(B) is then constant with 6, and dQ(0)/df is zeros

therefbre, the ‘error in &5(9)/d9 is only important in the heterogeneous

2 rtion of the surface. The error on e (9)/ (O) calculates to be about
14% initially (@ = O) and as s high as 20% in the homogeneous portion, It
is very difficult to oomparé these errors with the uncertainty of the dis-
tributions:présented in the pést since their resﬁlts are based on almodel
aﬁd a mathematical description in terms of arbitrary parameters of the

' 1,2 The newest approaCh used to obtain & site energy
distribution from the experimental isotherm is graphical,5 and successive
approx1mat10ns to the fraction of the surface whose s1te energy is equal

to or greater than somevspe01f1ed'value are madeo 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 ﬁncertainty on
the final'distributiOn is'éﬁbjecf ﬁo an error of the same maghitude as
the pfeséﬁf tééhnique. In addition, it arbitrarily assumes a local 1so-
therm Such.as fhe Iangmuir,gl and the resulting distribution is very

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

which lateral interactions are taken into acéount.22 The assumptions

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

One of these assumptions was actually verified experimentally; that 1s,

the assumption of a cbnstant:surface energy for the combination (sample” +

stearic acid). The second assumption (& constant) was shown to be rea-

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

iarge érror does nét result if @ is not cOnstént wifh:covérage. In
addition; Egs. (22) and (éh) can be easily used on any system where 2e;
is Knowﬁ or caiéﬁlable, and heats of adsofption as a function of some
preadsorbed substance (gas or solid) can be meASured. This is poséible
with a common adsorption apparﬁtuso

Thérefore, the results presenﬁed here are meaningful -and are the first
direct measurement on the relative distribution of surface énergy oh a

fine powder surface by means of physical adsorption studies without the

use of any model, arbitrarily assumed isotherm, etc. Iateral interactions

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

results obtained agree with what is presently known COncerning the nature

of the surface for Tiog’ o : . ' ‘ -

Paper to be published.
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