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SUKMMARY

In this work an effort has been made to develop
. @ theory capable of explaining some of the stability
relations of charged colloidal macromolecules and lzmellar
crystals quantitative manner, using potential energy
curves. Emphasis is on regions of close approach between
particles where there is no Boltzmamndistribution of ions
and where the systems are essentially heterogenous crystals

- behave essentdally like solids. We can safely treat
the .problem as one of solid state physics. In this
region, that is at particle-particle separations
2D<30L, all the known theories based on fluids have
Tailed. It also happens that phenomena such as
coagulation occur in this region since this is where
the main energy barriers occur.

While the entire theory is based on electro-

statics, as is double~layer theory for example, it
differs radically in approach from all the other
works to date except in some respects for Langmuir's (22),

Some of



thase diffsrences z2re: the van der Vesls~london foreos
which ave redlly wesk electricel fovess are oopletsly
ignored; Bolizmenn'e theoren is not sswuned; nor iz a
"wolume density of churge necessarily presoribed., oOn the

the 'portsnoe of repuleive lmmpe Poroes, colvwmt fon

sre presented. Chapter II outlines the philosophy hehind
the thecry, suggesting the cppreech be bissed by the
phyaicel situation pather than by methemmtical cxpedients.

Chspter II1 stutes the prollen for piuto-shaped
particles (spectal voference to montmorillonite) wnd
sugpests & aclid stste to 20lid~ligid wpypwouch, rathey
follownd by the derdvetion of sultuble potenticl functione
using the image and Pourder methade in Chepter IV, and
the final ewvuluction of the cleotrostetic encrgy of
intersotion in Chepter V. In Chaspter IV some conseouences
of the image muthod ape shown to ipvolve concepts of the
methods 1s shown anl extensions mede to consider membranes
snd monolayers end two dimensional fenilc eryetsl lattices,
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solvent, plate~ehaped particle interuction ifo given and sm
sapirical relation for the specific ion—sclvent cnergy of
intepection is obtained. The (mestion of dielectric

In Chapter VII we returm to the energy scuctions
of Chapter V end corgute the polenticl energy ourvel.
then devele) ¢ specisl bhomnded nemlinsar surdace chorge
potential funetion snd time improve the linssr ones of
with experiment, found adequete, snd therefore offered as
& eontribution to elassicul physice,

e

A so-called J-fuctor is introduced which serves
the purpose of e denping feoter for the amlinecr
potentiel fumction., It is showm %o be roluted

sugh 88 electyolyte concentrstion ard the wren and Charge
sn ewpirical poveieter 1t hae yet to be Justified
theoretioally,

1% omst be stressed that the monlinsar potentinl
fanstions intyeduoed in mmm sre only epiriesl
et the moment sad hence womld not sutisly W linecoy
Aifferential eguutions of Chapter V. It s up to the
theoreticnl physiciste to reconcile this situaltione
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¥or the benelfit of the rescder the iruge
Fourier developrents ure nelf gsontalnad hencs olthor mwthod
in Chapters IV and V¥V moy he follownd throuph sopuraielye

In Chupter VIII the gemerel dlscussion snd
stcted e Lollows: the role of the hytretion eNergy oF
solvent~ion iatersction on ihe stabdbllity relutions betwoon
two plate~shuped purticles {momtmorillonits, versiculite)
is thet of & trigger mochanics for whet sects to be basieally
an electyostatic provsss. The genersl behovicur of Uw
potential emergy is shoun to be sush ¢ funotion
distence as to demonstraote & repulaive force for smll
intermediaote soparstiong. This is followsd by moioers
and thersefter e path of decrensing onergy, Wileh gredually
wase, due to odge effects becoming importunt st lurge
soperetionn. The foregeing is shown to be in corplete
ssoox with sceumlated experimental fiadings owar the
yeurs, Fhysicclly, the besis of the shepe of the energy
curve is that at soeldl gopoaratione e rPepiisive fofe
soivent and Som-imege Torces prevall wheyecs at intemmdiste
distanoes the etirsetive surfece~lon terme booore Lmportants
finally the surfsce-surfsce and icn~lmuce terms dominste ot
lcrgey distsnces.
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This type of bghaviour is shown in chapter VIII
to explain many surface phenomena, such as stability
of living tissues, perkaps nerve impulses, consolidation
behaviour of clay soils and certain features of thixotropy.

It is concluded without reservations that for

particle-particle separations of large plate-shaped
particles which‘lie.belowg3oﬂ the theory is adequate
if not excellent. This is precisely the region where
previous theories have failed. Moreover it is a most
important region for coagulation phenomena.

In the final section of chapter VIII an outline
is given on the treatment of the interaction between
spherical particles in a bipolar coacervate.

Though this work is not concerned with double-
layer theory, we cannot ignore it since it is so well
known. In chapte; Ilwe'outlined its many pitfalls
and errors in Zelecting bovndsry conditicns. At this
point the author must stress that double-layer theory
is based complstely on electrostatics with a volume
density of charge defined by Boltzmann's theorem.

In as much as the Boltzmann's distribution function

i ;
is of the form er/krit is clear that if the reaction occurs



1aothermully, ez in moat oolloid aystesekT iz Junt &
gonstant. In cther wonds X7 doos nol depend an | W/
(forr @ gren moded,
goordinntes and hepge the fogwm of the totential cme:rm;\ia
quite independent of k¥. Ivan in the energy equtions

obtsined in {33}, X¥ is cnly & svele fuotors

e doreover, Af B, the bmdingﬂ energy, is much grestey
than T, then wo see at taee thal e m-vwro.

$inos however the so=called doublo-liyer theory
hae been used for so meny yeers s the ntandord treatoent
for collofd eystews over ull porticle~puvdicle seporations,
sn endeavour ig =zade in the sppendix to put it in propey
perspective. It is siovm thet the iruge forcas waich
heve been ignored ia {33} esm be incorporuicd. Purther
the free surfege churpe on the mmercrplecule should
not be ignored conpletely. e ountline a sclution s
1a{ 33) soeuming Boltsmmn®s theorem for the voluwms density
of charge 8o sslected se to satinfy ¢ll the bomndsyy
conditions of Cheptey IVe Finslly we show that this
epprosch snd that of preseribet
not mtuslly exelusive but sye conglenantary just & the
equilibrium and orddt therades of plusne phyeioe uae
complenentary.

m‘ a8 8 m Eﬁe& lat W m Sorhier
lsyoer theory to sepuratlions, m,%‘




$rpaot on the verious dloeiplises OF even on everyéuy
existence; from the petat muker's pot fo the housewife's
podding, It is not the yurpose of shis work to display
eoncern with the asrentics wiich gonld be penercted LWy
formelly oonsidering the limite end definition of a
oolloidal system. GSuch toples are praporly the province
elucidotion jJust mhut ie the fresme of rofersnos For the

The ares of colloid ecisnce, porhaps oocupies en
intermudicte pogition both with respect to stale of aattiew
in & formal sense to ooewny & borderline stute in the
regions of solid-gis, liguid-1iquid . Jiquidegis, limide
with liquid-sclid to eolid syzterm. From e point of
view of dimemsione of systems of interest, it is intomwsitete
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%o the clsseical interests of plysicisis tnd chesiets oo
enginesrs on the sther. It spens the fasnirmte to the
1tving, snd is intimtoly bound wp with plent wnd snime
tisoue By virtue of 1tz melistion to surfeoe Dhonomenns
mesbrenes ond gel straotule.

Tyae it claime the sttention of the dDlolegiet,
physicista

hat ere soms of theee phencusns wideh mre
releted to verious mecruscopic behovicurs of SFaters? ...
stability of suspensions, gelotiom of cyetons, WhiRotroly,
proosasse s e sbillty of plent roots to penctmite the
creek, malding of cerunic structures oF oven ihe iYLy
of the hwmm body %o sabsist end funetien.

There 12 1ittie Jdoubt thet fozr a ayuten
progress from s disporsed stete to o coagulated stale,
or from o 4ry posder to a thixotropic gol, there omet be
of mll or equilibpiun.




It $¢ the physicel principles unierlying scew
of these phencmena, thet it is propowed to Investiguie.
Clesrly this e s formddsble tusk within the Jimites of
evailsbls time ond of fort, nonetheless & nseful Lf not

It is fair to Guy, that this aren of ondecvour,
has subsisted over the yours ee escentlally an srt. BY
and large, the complexity snd multiplielty of Intevscting
oonstituents heve defied substaontial snslysis. /8 in
a1l fislde however where timw und sbundanoe allowe, 1%
is umelly possille by lohorvieus trisl i epror to mild
up a body of empiriesl if not pregmutic knowledge,
sufficient for day to day exietence. Thus every aay
are mot provented by suah leck of emslysis.

gecaetrics of ponderuble constituents. 4n essentiel
way to at least Indtizl pevurese in any flsld, ie the
associnted eaimple gyotems. Since there is ihe




possibility of appreximeting systems $o o rEnogesble renge
suraounted. The poesidility exists for exugle of
arlinders oy evon sphercae |

Other problems such &6 distribution Dunctions
for conetituents of &tome dimensions, slso have
bearing on geomeiry. To sslsot & distribution Punetion,
substential experimental svidenoe on & mioro=level o 8
eorvoet guilding hypothosis is wequired., Fovr exwwle
couater ione in the intervening sslvent medius betwean
two charged plate-ghepet micromolecules sepurated by &

Perhare the moet current is thet expounded in
Verwzey end Owerbeck's book "Theowy of Stebility of
lLyophobic Collcids” {33). This hook has been the
stsadard work fop meny yeors end es & reeult it hes been
works on this double~layer eoncept aye due to Gouy {1k,
18} snd Chepasn {8) with conteibutiens frnm Debye and




Huekel (9) snd modificutione by Stemm (31). In pwmerel,
rether than eoliodd stadilitys In the sppondix of

(33) e eriticsl survey of the work on colloid wlobility
sinee 1925 to the dnte of writing {(1948) te given. Thde
1s woll wortk recding sines Lengmir's work (22) which
will be Qiseueced in segtion 5 of this chepler is singled
oot an being iconoclastic sné most soverely criticiged.

Zseentiolly the theory® In (33} ie bused on
electrostatios, and relice exclusiwely on the equilibrium
sssumption in Gefining the wolume density of chvege in
Poioson's equstion. In other werds the disteibuition of
counter ions and exeess slectyolyte le uspumed to b
defined by Boltsmenn's thoorem. This iz cssentlslly
the eame genersl apprcoch s Dedye ond Buchel (9) used in
considering electrnlyton.

The trectment in {33) shows that & solutiom to
Polsson's eguation lesds slwsys o & yemilsive foroe
betysan twn mmﬂm éoudle layers. It bLocomes
necescary therefore in (33) %o huve yecwurse to the so-celled

¢ stem (31), {33) howover modifies this by escuming &
econdenger type distridution of countsr ioms in the
Mﬂ“ Ml&'hhma Gf m mleﬁlle 2 mure =




attyactive ven dor Vasclee~london foroes, in crdsr 0
counter-balance the repuleicn snd foeilitote congulation
sod stebility. Thees phrocmens epe relsted to peinte of
or nall pointe of forct.

Bearly all the week in (33) relutos to W onoe
ef two infinite planes, with only & limited trectoent
for spheriesl particlies. Hot that in this work, 1t wiil
poed to other gecuetriess

These may bo regurded 3o be of twe types, the
first bused on physicel considerctions snd the weeand
bused en mstheostiesl conniderutions. The ultimate test
is necessarily the first, since vhils elognt Wt beety
mmw generslisations might elicit sikilfud
mutdemeticsl snulysis, it will mever wpoally furth

In all these theories conceming plate~ahuped
particles, the sseuzption ia msuslly sade thet Ww
perticles ape ianfinitely thick conduntors. HNHe efifort
ia mede to oonslder the dislectrie properties of the
mascromolecules or the infimence of its Cindte tidckness.
The free surfuce charpge on ihe pardioles is not explielitly




besrs some free charge. - Cther importent

89 the dlalectric ssturation of the solwvsnt medium and
important specific eountar ion effeets, su:ch ae
soomiination of seclvmi molecules, & nt consldered

to thoes theorion. Lam a mmﬁsmmmwma/ o
’ condens
defined ovsr sny extensive »regien of apace for o stadle

systen? ... rather thun & hydvo-kinetic efledt.

This lest point leads into ome of the maim
mothemtical umestione. The foet that the distribution
fasotion for the density fa eush & fumeticn of the
eloctrostetic potentisl, s to leed to n non~ilincur
differentisl squstion, conflicte with the Linecy supey-
position theorem of clessies]l electrostztics. lonethelesa
this point is minor in couperiscon with smel. physienl
atwoeitios a8 regurding ihe macromvlocule re wn
fafinitely thick conductor. This lost aamuplion is
egnivalent t0 assigning e value of iInfinity to Gw
dislieotric constunt of the macremoiecule.

In view of &1 this 1t i ispresced wpeon the

mey
suthor thet physics hawbeen secPificed at the expenes
* ﬁ‘(&d-mqf aij;igv-iunp Jﬁ(.wu;ﬂauf a condensed s y,g]‘ém

s -é/ﬁ‘d;/’ 0o w—énf/ywm Jers ?




of sbttsining an syproximete scluticon in slosed fore, %o e

of the van 4oy ‘sala-iLondcn forees, whioh sye In »eadity
& msnifestotion of wesk electyricsl forees. [uriher
dlesuseion on this will be pureved in ssction 5 wileh
deals with Lepgmiv’e work (22). 3¢ ssy be ressyhed
however, that the wvin der "scle-~London ensrgy Tor plute=
shsped particles, produces biading energlse wiich are not
perticles (27).

Suffietont hus Bemn suld to Indicute that
sre very oerious wad disturding festures shout the
eurreat theoriet.

eoulond forees. He urged mite strongly, thet the sxpet
role of the ven deop crla-london foress which e migpossd
to act st & dletance indspendent of the Intervening
solvent medium in the ccllnidsd oretem, wos gumpoet

not spurious.




tengmir (22) considered the eclloié systen
£s Deing similsr toc & sctursited scliution of an ifonic
orystelline selt. Thus the process of unipcloy
coscervation for exenple, is rogapded as bedng anclogoue
to the formstiem of = eryetel from e saturated solt
soluticn. The counter icns of the mecronplocules mst
thovefore huve ressonzdle apeeific energies of intersction,
sitasiica if there werw a prescribed volume dsnaity of
oharge. Pespite 21l this his treataent is skotoly in
parts and is also based on & definsble v:lume denmity of
chsrge. In sddition he considered the colloddel mystem
as & whole, in keeping with the anulogy to the suturcted
2elt scintica consisting of egual wounts of poritive
und negstive charges on the lons. ir {22} pointe
out thst in & simtlszr way to the forention of the Iunie
a whole, t& contraect uniey
He further points ont that in opder to countor bDolsnoe
this tendency to contract, some repulaive force, possibly
mnttmﬁ%tm, mut be found. Msmwm
eontribute to the forvmtion of mall or equilibedbum of
forces betveer tiw porticlos and ensurye unipolay
gongervetion. A forther evidencs he cites the ooty
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shat not only in ualpclur goscervetes (cclloddel purticles
tn the systen having cherge of o single sign + or =), but
slsc in bipolar ooscervites {perticles with charges of
oprositec sign) the colludfal partieles »eowmin sepurcted by
sonsiderzble distsncsa and do not come intc oontugle

after duly eomsidering Tengmir's prorositions
the suthor is of the opinfon thet Langmir hes beem singled
out for sewvere sad unressoncble eptticism in (35)e Pertheps
in the following prges we muy show thet Langmiy (22) me
in faect correet.

the problsm to be resclved end clapified both physienlly
snd methemcticully. Poremost ameng these wro the
conatderetions of the dieleetrie pripertics of the
respective media, thely finite width end extent. The
ususl models of two plane unohsrged conducting zn%m.
is & mt artificial end incoplete model,

played by the eguivslient coonter fome neutrallsing e
free cherge on the meeromnieouls, &8 oppomed to e
exeess electrolyie which muy be present in the cyobes
This is intimutely rel:ited to peplipation thenorena ond
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the inflvence of the woount of cherge on the counter lon,
jons) on eolloid stability. For instence neerly all
iene remsin undispersed when plseed in e pure 2iquid
solvent, irrvespective of the solvent.

of the use of Loltzmenn's theorem to define @ wolume
density of charge in s condensed eysien, or own the
sxistence of & mucroscopic wolums deneity wmder &
eondéitions of stutie squilibriwa.

T« Seope of this ‘oxk

 The mein purpcse is to avolve move reslistie
models of kunown systens and to cdbtelin relestions conneoting
same of the eleactrostatie phenceosns invelved. & the
title of this work implies, the oguilibyium ageumption will
not be made, and considsraiion will be given to the
points mentloned in the previous sections.

Ag will be eeen, sn attegmpt will be unide %o
epprocelh the problem in u menner sstislectory o physlioie
Fivetly, knowing a8 much «a possibile swbout the physiesl
nature of ths syaten, we select Dowtions of such «
genersl form, et they sutomticully satiafy the move rigld
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mthomnticel enslysis. Later, these functiome must alsd
svolve inte manipulchle functions, which sutiefy the
boundary conditions ot evmry interfeoce of Cinite regions
and reglions sxtending v infinity. Finlly thay oust
have the proper order st Infinity.

llost workers over the years have eonfined
attention to plate~shsped particles. .side frow beldng
sepresentative of eompeyeinlly i-porant syotew cuch a8
the Baons® gollents, 1t 3z the most munupouble gecmatIve
In eddition theve cxists sn exesilent body of cxperimental
information {2,3,4.5426,27) with whieh to tent & YheosPe
Honetheless spheres will bhe conaidered briefly.

dimensione, overy figue emn b approximuted €0 & plswe,
snd since s pl:me necde no gensrator, it is basie %o all
other geomstricon., Fe therefore shnll recnrd 4t oo the
stmm peint Tor iy theory to de dewloped. Thus dne
to 1tmits of swvnlleble time and effort we sgree to
restrict the development to plene geometrien simost
exclnaively.

Geveral aspects of the development will bs soen
to e direetly syplicelle %o lamellar oryotals with

-—— i - e —t

@ Potent, National Lead Coe, Uslisise
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imperfections, and as sach represent contrihutions to solid
stete physics. On the other hand geveral guestions will
ari se which demonstrate the incompleteness of classtical
physiss snd ot the seme tiwme fornish interesting physioeal
analogies to aspects of eet thenry’_

As a matter of fact the general problam 4 svelcped
in this vork has slreedy $n part been conciscly set ount on
two recent communicetions to the Journsl of Chemical
Physties and the Bulletin of the Chsmiesl Society, Japen.



the

48 pointed cut in Chapter I the thooretical
approseh to most ¢olloidul problems, has wwally been
based on the egnillibpiws scsumption, thet is, o Bolteman
distridution of iomd ip sesumed to oxist in the
neighdvourhood ef the mecramlecular surfuee in yuestion.
It would sppeer however, thet for systesm widch poscens
considerable symrotyy, the dlstyidution of countey ions
in the imrediste neighbourhood of the suwrives muy de
preseribed by symmetry eonsidersbions. Thic lesds %o
the constyuction of =un-gesble electrostutie sodslsm, which
ape cepsble of deseribing the speeific inteructions of
the icns with the suwrfece. The two sethode describved
ghove, #re In & woy ensemtislly wnelagove to the
euilibrium end ordit theories of plesma ;iysics ond sre
not neceesarlly mutnelly oxclusive.

Yhile for ordinary® gollolidel wyoiens
of slectrostetic models rmey not be velld mch heyond

* PFor lurge swelling lumeller orystels ench tsy
| . s vermiculite, the sodel swy be used Top
greater sepovetions oo will be expluoined laters
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particle-purticle sepervtions, 0< 2hg 3&?(, 1t is pracicely
in this region th:t the eguilibrium approuch fuils
evtustrophicelly, Moreover it is Just in this region
that sems of the most liportant colloldal phencoens

rogarded a8 being inhevent in the proposzis of Gtewm (M)
and Langmir {(22), eepecisily Stewm (31). - It wue
however preposed by the suther fu (20,2¢) mite
indspondent of Stern®s or Lengmir's work.

of the theory froz the phyeicel point of wiew luragely.
In Chapter III Justificution »1l) be given for twoe
sesunptions in regad to plate-cheped muc:omcleculese

the moie of stiagk nnm ba considered, Huthemmticelly,
the spproech is the diseet method for bheanduayy value
problems. To bDegin with, overy mathamctielen 1w sware
that it L2 very yorely over poazible to Tind & complote
sclution to u Gifferential nmﬂm #nd thet it ia

always oany to differentinte & funmetion but integretion

is another problem. 'With this in mind ¥hwe ain le

alwoys to assume solutions, which without pretonoe
mfomtically sstiafy the differenticl esgmotions in
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guestions How since e ressoncble knouledge of the
physical situation is ueuslly svsilsble, the mein cetteris
theresfter, is to demmd that the boumilsry conditione be
satisfied, sud that the funetion has the correct bebnwiowe
at infinity.

For elsctrostatic problems connisting essentislly
of iafinite plane interfaces, the techniuuas which
netarally prepent thomselves, are the i=uige end Fouriey
tronsfora methods. Ultimately it will be seen that there
is no difference botween the resultes of the two rethois.
hey ere just differcnt pemerstor mechenisas whiled
is of gourse more genersl, since the potenticl funetions
may ecy that the mothod of oloetrostutie impes is 4
geosmirical genevator, shilce the Fourier traneforn metheld
iz snalytic. It will Be soon that both metholis genorate

29

The artifics of clectrostatic imsges is well
mown end owes iis origin to Lord Eelvin. According to
Mexwell (24) Xelvin's firet contribntions wpeered in
Cambridge and Dublin Mathemcticnl Journal (1245) ent
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 Cambridge Mathematical Journal (1853). A fairly complete
coverage is to be found in Kelvin‘s Collectéd Papers on
Electrdstatics and Magnetism (32), p. 60-85, p. 86=-97 and
P. 144-1T77. Of particular interest are p. 86-97 reprinted
from Philosophical Magaziﬁé April and August (1853) where
he treats the infinite sets of electrostatic images due to
two mutually influencing spheres,

We are made to understand in (24, p.281) that
this said problem has attracted the attention of many
.mathematicians, among whom apg:Poisson, Plana, Cayley,
Kirchoff and Mascart. More recently we have Barnes (1)

__and Russel (28). The last worker (28) has put it to

practical use, in the computations of the capacity of
spherical electrodes. There is no record of a solution

to the corresponding energy problem for the case of .
infinite sets of images in two or more slabs of dielectric. .

——___Although the image method is ideally suited for plane

interfaces, it has serious limitations if the regions

—

under study are multiply disconnected. Comsider the special
case/gf_ﬁwoxélabs of dielectric, located on either side of
—__a-point charge. Unless both slabs are infinitely thick, the
method of images leads to an everywhere dense point set of
images in the regions of interest. As a consequence the
functions for the potential will not be analytic. The method

seems limited {to regions having no more than two plane interfaces.
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. .

In cther words the regions can be connected by a single
slit. There does seem to be some interesting topoldgical

questions involved. Affuller discussion will Be given later

:in the development.

. 3s Fourier Traﬁsform Methods

This method is a well known operational technique
and is ideally suited to potentlal porblems of regions
having plane interfaces extendlng to infinity. Since the
the functions must form a complete orthonormal system, the
useful applications of “this method are limited to problems
in two dimensions. Such features as mltiply disconnected regions
and a finite number of discontinuities, do not 1imit,the
representation of a function by . Fourier transforms.,

Hénce, for electrostatic models where the image method is

_unmamageable, this method will be used. Thete equivalence.

for other models will be demonstrated,
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( DITSRACTION BUTE FLaATR-SHAPED P ATIGES
OR FLANE SURFACES AND COUNTR JONS -
HACROMCL RCULES, MOROLAYERS, M=MBRANES)

The first probles to be considered, is thut of
plate~-gheped mecromcleenles. By this it is roant, the
egquilibeium positions »ith respect to vach: other in &
golleid systed. The pecond problem Lis smeh af-plew,
It relutes %o the binding of fons snd perhspe 3o the
surfuce pressures on meubrones snd monoloyerse It
perhcps mey tlee ayply, in & limited wiy, %o the ccas of
fonised momclayorse It vill be sesn that this ia ouly
» lisdting cese of the flimt prodlem. 4 solution to the
first proble= will therufors be scught in the fired
instance, following which, the sscond problom cin




Pephapa the beot Imown plate~shaped
mecromelecules® sve those whick derive from the olay
these, is the tendency of some forma to seell in polar
solvents, eapecially water, to sevaral times thelr
initisl volumes, giving thizxotropic gele. Such
propertice aye of luportence in eeversl bronches of

The swelling sod other eolleifia]l propertice of
montmorillonite, bave boen the sudject of comaidersbhie
experimentel stady over the pest thirty years. Typieal
ceatributions which sy be ¢lted in this rvegard are
Barshed {3), Jordan {4%) md Herrish (6.

Perheps the first syeterniic thoowetical
epprouch, to satiefy the exverimental Lindinge with
respect to electrostutie psremtere, hss beon dus
Jardine, Bodmsn and Gold (20) wnd Jordime {21), who
treatment wes & ¢vude bogiming of the more comprehensive
theory to Do developed in ihis work.

Other plate-shaped maeromolecules are ¢olloidid olea,
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The stoltes of sonbaosilionite with the =14
of the eleatron rdoroscype {20), hve shoun Ywmt B
epyatsle of sonteorilloni te heve leteaws) cimumalons of
s order of thoumende of sagetrons. Seswon {25
snd ¥orrish (2€) conaider thet ot Qose & woioh of Yen
of the plstelets constituiing the uogelal, e coumter
ione begoss ordered Dotensn thedy Cvo Lawnns PRGBS
mtﬁm strvong apeeific Intormoliong. & airdls

etion in ewes move genevel levem wue 'mde hy
e (22}, snd bae cirecdy bean dliscusned in
Chapter I.

e countar lons mey therefore be considered
to & Tiret sporoxiomtiion, =8 having specific crenst of
intorsetion with sdditive ofTocts; guite v lugous o the
spevific sadite desc ibing the interotios in plasss

adn (12), sukee ¢ stmflor camspition

Justifies for omall perticlesperticle sapmiticns. Yhe
medn recuirerant for this molal o hold, is €ut Um
meeromolroules shomld Dove lurge surfice wGus Per comter
fon and sleo sbe lutely. Hhile sdige affeocis ove
important, montoerillenitn o verdeniite Dl tolots wWth
soch tmomnse surfuee wreus {m}. (2%, (27) sonildl Be

B el i I SR Bl T e

* This potot mz e o0 * m mee Getsil of% w
ioter stege 1o the dove ?wmmt of the Creory,
Chapters 1V end Y.




vory seitible eystema for trectownt In the coystalline
words it will not be wenued
earrent theories to dete huve done, that a Holtmenn
diatridbution of ions is muimtained in the neidbouriood
of the surfece. It is well known that cwen for fairly
1deal systess in the s phuse, the equilibrliss

a8 Host wthnre of the

approxinetion therefove, the
intersetion of the counter lone will de conci evred o8
of dielectric. 42 stuted eurliier the plutalets of
montooriilonite are usually organived in groupe of
perhops five, ten or aure yislding oryotels. How, 1t
is not o simple metiey to trect ten nlatelets &% once,
but 1t 1s poseidble %o trect two, Ly modele which sbmdate
the sotuanl situstion. The wodels which will e
selected sholl Do as gererel 8 posaible, @l are nod
necessurily restrieted to memtworillenite o
bentonite (montmorillenite is the masn constituent of
bentonite) .

ng on the obove essurmpiinns, hree
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Fig. 1(b) Diagram for Model II
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2ifferent slectmstotic modale deplicted below a8 figires
4e) and 4{b) will be considersd. In all the =
the plane faces or lotersl dimenglons of the slubs, 7
eoincident with the plures %= constant. The models

are not 1) distinet and henoe reguire oniy two {ignms.
The firet model, designated modsl I, consists of two
tnfinite alsbs of dielectrie, eneh of dlelectrie eonstont
Kn, seeupying regions £< O and Z< 2D vespeotively, with the
spsce O< Z< 2D filled with & different materisl (ususlly
water) of dislectric constant K.. A point charge®

e 1s situsted st the poind with soordinctes {0,0,d)

(0c4< 2D}, and the surfuces =0 snd I=2D esch hive e
uniform surfece ehergev per unit aress

The second model, mode)l XI, has two 6lubs of
dtelectric mtertsl of dielestrie constent Ky, oecurying
the regions -b< £< 0 and 2D< E< @+ b respectively, and
the re=mmining regions zpre all filled with mutorisl of
dielectric constamt X.. Onee ogain G roint chorge is
lecsted at (0,0,4), (0« d< 2} end the mufaces 0 ond
22D are covered with cherge & per wilt arec. For thwe

In fact there sre ususlly severs) such long evenly

in the plane i=id, Hut sinoce ws hxwe ugresd
that their effecte are additiwe w6 !my consider o
ton ot & time. This motier will bYe Siscussed
further in Cheplers I¥ and V.

»




eerfaoes I=«d» end 2D+ b two poscidle cholces ean e
meds. One ts thet they are slao coversd with chorpe ¢
por unit aven, whilst the other i tiut they spe uncinrged,.
To distinguish these two cnses, denots them by model IX{s)
and medel II(L) respectively. Hodel IT{:) %wms
doncyibves on tdsclilesd version (since 1t viclstes the
prineiple of electricel nputrallity) of two rontoorillonite
Petelets, with the obswrved surfooe chergs on oll foacese
¥odel IX(b) &8 denigned to sooomnt in ¢ sirple wey, fop
the effective neutrelization of the outer churges by the
Fresence of other ions, shieh ame not expliicitly tulen
into sceount. otually the differenocss botwesn the two
models in the detailaed coloulations is anly rinor.

inelude the case where X, in regicns Wy ang &%3 ki Pre;

from 7,. rmmmzsmmmmmmm@m@q
and ¥, have a"volume density of charge.

extensions will be discuscssd in Chepter V when concldering
the energy. ‘

The esesignment of a unifors surfses choves
per urlt ares, to the surfsces of the alsbs in %w cape
of msoromolocules darived from the olsy minersis
farther comuent. The negutive cherge on the murfece of
the platslete of montucrillonite, srisee fron
icomorphous subetitution within the crystsd lattice.




Frequently this involves the replacement of A1*** by ug**
in the octahedral layer. It follows therefore from the
erystal atructuro’, that the oxygens in the crystsl will
have uneatiafied negative charges, which the positive
counter ions must satiefy. ¥Now the boundary or
tmmediate periphery of the platelets are composed of
oxygen stoms. These are highly electronegative stoms,
which w11l most likely he so polsriped, as to sccept

any excess of nepative charge in the interior of the
lattice. There are seversl such oxyrens per exoess
electronic eharge, and since there is no physical resson
to prefer one atoin to the other, the time sverage at the
surface will be representative of the surface charge.
Actunrlly the cnncent of a8 purface charge or charge cloud
as oppoged £o0 a pin point cherge, ies more in harmony with
modern physies.

¥hatever the actusl situstion may be, we sghall
epply this model, with 2 willingnesge, tno let experiment
be the sole arbhiter,

25,

% gee figures 13 and 14 in Appendix 2 for elucidation.
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CELETER I¥

e

ials In Qe
Mmmn&ﬁ,.ﬂzmwmﬂmms and
Vige V'gea, Virge Vigyo 'é’ma, the potentiais in the covresponding
regions shown in figure 1{b}, the preblem in the csee
of models I, IX{s} and 1X(b), &8 to find = solution of
ths suations

Y « 0 IV - (4]

mmthmtma,,%.%mwrm

vy o WS gx)e(r)ea) ™ - (2)

in the vegione ¥ end ¥,. The aysbel §(x) denoctes the
Diree §-funetion, and yepresents physically a point
source et x> 0. In sddition to sutiafyling the eguations
IV={1) and ~{(2] the potentisl V, mst estisfy boundiuey
ecnditions at the interfoces between regions of diffevent
dlelectric oonstants, :nd also ¢t infinity. @

recquire thet the potential V sust de contimuous ot ell
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intorfaces, sud that the nowmsl component of tha alecirio

. ™
xg L%-L = xg[g%é‘ - 'ﬁﬂv"" v - {3}

where & is the churge density on the surfuce sepnrating
regions 1 end 2 with £ 1n region ¢ grester then in peglon 2.
The condition at infinity w111 be discuaced luateds

of model II shere K, in reglons ¥y snd ?ﬁfs difoes Teom

thet in W, axespt for the sppropriste chongee in Kee

e chenges requived when thepe is u volume Jensity of
eharge in regicas ¥, und Uy sye almly that euution w-{4)
mist hold in B, end 4, and squatien IV-(2) in v ¥, und

Wze Por completanses squstion IV={2) my be repisoed by

vEV - %Z" oy Sz loly-vy)dlaad
- (i)
The diseontirnity in IVe{3) can be remowed MWy
saperaiing V inte two pertst

VeV eV | v~ (8)

mach that Vl 1e the potential due to the ion and ite



images amd V_ thut dns to the surfuce chwrges only.
Becsuse of the Iineapity of ecuutions IV-{1) and ~{2) ¥
oen be tsken $0 sstiafy equatien IV={{) overyvhere mnd
the boundery comditicn IVe(3), whilst V¥, suticfies
squation I¥={2) in ¥ or ¥, {snd equation IV~{1) clsovhere)
sud sotiafice the bounduwry ecndition IV~(3) with o  mat
egusl to zero. Fith these cholves ¥ dufined by

squation IV~{5) satisfien a1l reculrements.

A8 & starting point for the model, coneider
an intense point source of 1ight between two Nirrors.
infinite in extent, an infinite mumber of images
source st (0,0,8), end letting 4he mirvors be coincident
with the surfoeee I=0 snd =20, 1t 12 essy to show that
the I coordinates of the imeges will be isdi{net JDed,
w{4aDed jend ~{4{ne1)D-d] Pospoctively Loy Be0,1 42 ees
thent the souree is symustrically loestad, ¥u:t is

8 «&/opel these coomiinates retuce to in{2n )b wnl
~{2n=1)D for Be1,2,3 ses With this optical insight, it
is now poseible to uild up a ayeten of electrostatic

imeges to yield s potential mumzmvz, which will




29.

eetisty the aquations of the previous section term Ly term.

In Chaptor VII 1% will be shown theoretically
that the synmetric csoe is fovoured energetically {oee
figuve 3) thus sgreeing with cxpertment (7).  Since the
slgobra is sisplep for the symsotrie case, thet 18 f= i,
the potentisl will be evaluated tn the first instance essusing
eontrel locution of the charge (dd) end loter gencr:liiesd ss
If in figure 4{) 6* be loosted vt {Q,0,B),
ite contritution $o the potentisl in veglon ¥ will be

v, = org! ({5024 247 -+ TV={6)

Successive imeges will Be locsted st O,0,{2n=1}D md
0,0,(2ne1)D for Be1y2 ove  Om denoting (K- ) (K a8 )™
¥ g, Jesns® (18) scustionn 429 end 13 for the melation
WWawwa&Ma%mmmwm

(o + ™ et = 2Axor) ey for A7)

Por e, 32 ese




There is correspondence bedmesn n fn the cxponent of &,
and in the coomlinates of the imuges comtriiuting to the
field in regien ¥, Thet L8, fOr sny 21,8 eve, LMg00
of chorge ce* ave loceted at [0,0,~(2n=1)b] and
[0,0,{2041)D] vespectively. S5imoe & is wlwiye less than
wnity, the potenticl due to esch set of imiges forms &
convergent series and hence is Finite. Ue moy suy the
sets ere amumerabls.

It i3 nov yosmible to make e inforved guess at

the potentisl in regioms ¥, n, ant Kg, end then P1%t the

seuption the emimimtion of Vt to the potentisl in
%, M, end ¥, ¥1il Do havwonie functions, satiafying the
Leplace equation everywiere except at (0,0,0) {rermerbepy
®s huve agresd for the moment thut D) the looution
| of tho chargs or sourcs, shere 1t astiefies equation
Iv={2). If the boumdary conditions given in seotion 4
tre sleo satiafied, then euch & potential Tuetlon
repressnts s sclution to the protlanm at for o comstunt.

Procesding in thia mannter, the contribution
of the imsges to the potentisl in yeglon W may be wpitten us

| .| al N e
A TP Ty p— ”%:{HW?'BMM

Ive=(8)



e

On taking surfeces fnte account, it shonld be
aotod that the elsdb cccupying the region Z <D, 2ess the
imeges loceted st [0,0,{2ne1)D], whore xi 2 «oe &8
virtusl churges. The reverse is true for tie slsb a%

Z »3D. Thas for the contritution of ¥, to e potential
in l‘ we have from equation We{7)

V- ¥, = aorlngeng™ Loy (ORI T

W=(9)
el for Mg
v J—.
Vi, - Yo 200K, 0) ™! g (BB PRE o]
Iv={10)
It can be o=sily shown that if we write
Vo=V =V, ¢V, sV, We{11)

then eguations IV={9), =(10), ={11) whieh represent ¥, in
nﬂmﬂ,,ﬁzmwmﬁw. satiely sil the
reguivenents denendsd in section 4«



In order to get a complete solution, the following

relations mupt Hold:

L oA IR
- =Kyp me- + Ky 2V = —4ITG— i o o
"5z = | IV=(12)
at z=2D and -
Vi = V4 |
Ky 3V = Ky JVy = =479
3z }ZM#A“ ot B . . IV=(13)
at z=0 i

These conditions can be satisfied by choosing

G- according to the following scheme

V% = 4iicz -ebcz <« O
KM = \
= 0 0 < z £ 2D IV-(14)
= 41’.0_(5”2])-2 2 2D L 2z 4 >
KM o ‘&\



Strictly speaking since the glabs are only
effectively infinite « should he replsced by a cut-off
plenes z=-L and z«2D4L, ssch thet V_ vanishes for g <-L,

g >2D+L and also IxL. The z coordinste I, therefore
represents an unknown singular point, where the slebs in
regioneg Hf and 52 cease to be effectively infinite in the
place s=constesnt. This matter 1s &1igcussed more fully

in the next section end s possible snlution explored in
Chapter VII. It should be streassed hovever, that what is
really meant by the scheme for Vv' is that in the
neighbourhood of the surfaces z=0 and z=2D, the contribution
of the surface charge to the potential in the regions

u,, ﬁ2 and ¥ can be described by the expressions riven

for V_1in IV=(1l1).

It is well %o note, t hst uvnlike 3 condenser,
the field due to the murface charge, at 2=0 gnd 2=2D is
aeigﬁ%génrm-over the seperation 2D, A little reflection
will show, that 1f the resl cherges were absent, the free
surface charge on the glszbsg would be ginks for sources
at infinity. The cholice of V- is such that the force
on a test charge located at 2=D, due to V. vanishes, as
would bhe expected from aymmetry consgiderations. This is

8lso support for selecting the central position.

The changea required to peneralise vw—gr s for



8 v}, sre quits simple yielding

2net
Yo = ﬁ @(M‘T}wuﬂg * ;9 [(ﬁ:}uyuwfz?

ey
= Z—:‘o |m)m)aqlw]ﬂﬁ +

* Z § ( seli{net JDe0a) ey e}

o}
T 2092 -
* 6 !(ﬁ;ﬁ;ﬂ)—d}’*"ﬁz‘ﬁ]
& V=(+5)
\)

Vi~ Vo 8 Yy, = V, ean be derived fyom equction IV-(15)
without difficuity.

The recta®r asy st this stege, prove for himegelfl,
that ths wethod of m%hmxtmmmrm i, sinoe
the regione are multiplycommected.

3.

In this develcpment the discontinulty in the
normal oomponent of the electwic diepluoouwunt, will be
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Pemoved onee send for &1)1 by seleoting Voo in sueh o wey
that only V, ressins to be determined. Thres eholces
will therefore bo mde for § in the respective (ndGels
1I{n} end II{b).

Xy

It can e roudily werified thnt o sultulide cholce
of ¥ is given by the following expressions:

‘. o wﬂ“ "”{ 3‘ 0.
=« O 0« g*< 2y
= v (an=g)/E, o g€ = IV 16

‘_a%ﬁ)_%& -zl e,
n? ~h¢ 5<% 0,

= O € < g< 2,

- Elaen) < s< 2eb,

= W-@ ZoebS g <@ IVe{178)
e T

- %ﬁ b < g< O
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_#@ ¢ <5 <2,

.%ﬂﬁl B < % < 2D4b,
'LW‘ g? Db <3 <= T¥e{i7H)

In the determinstion of V. given here 1% hos bewn
agsumed that the plstelets are iafinite in ectent, = that
the potontial due to the surfece olurgse tonds to tndinidy
58 2= 3% e Fhysicaliy thds is of course not pernaissible,
agepunt the potential will %and Lo mePo us 2= & o e
The exaet determination af i potmntial due %o plotelels
of finite aves 1s & mueh more couplicuted eulculation, asnd
so inetead the following wrroximetion ie medee A the
axpressions given in euustions IV~{16) und IV{47) ave 28111
if we add to the vight hund side of IV={16) o temm
bari/K,, and choose ¥, to s ssro from g <=i, % >El, we
have a poltemtinl which wuries linverly neor the plstslets,
and 18 eut off from ¢ muficlently large pogitive o
nogstives. The chunges roguired in mum Vel {78} ond
Wa{{70) are tho addition of




s alt
e g

vath?s,nonra<-!z 7ad 8 >2Dwl.,

In order to Getoraine ¥y the motiod of Fouries
trensforms 15 used, This method fe well adgapted to
Protlems Witk plene bowrizries extending to infinity,
end gives sutometically the sgulivalent @simbution of
tmeges, The follewing etumed fomws fbr tho Dotenticle
in 203618 I and II sre made (thore 18 me @ifforence
between II{c) end IZ{b) now thut the disgontinud ties have
demn incorjorated in V,.):

vow - il a _/:%[,_ o w £°°,

o o) wf e[ a, g

= 1= r e o TpgiEeE ]
sl ] w [ e e gh
- - +



"I""!e“ﬁ &‘!j &2[ &5?2“;)
iv=(13}

for medel I, xad

1% 3
wpeve - nlw e &; "

- f&*’w.(s)i‘z"

9 W '4 ik, %
WAL CIE S



‘r K » B
Vo Vg n ﬁ ' &;L iy f%*fws(ﬁ)ﬁb;
1v-{19)

for model II. The sybols ¢, and ¢ dencte msll sirculaw
oontours in the WWK3M teken in the onticlockwise
sense ond enclouiny the rolea of the inteyrnd of Bhe
potate ky = 2 1 (%« 2} pespeotively. The cholce
Mmmmkmm* the potonticln have the
S0rTect DehuTiour af o~ >4 w, ‘!'immtarxakm components
(0,0,8)e The oen funetions P{E) are deternined By
substituting the expresgions IV—(13) and m-{-*»gi in ithe
boundayy eonditions I%-(s) 2nd By Peuiring ¥, to be

’i‘ﬁ) - ﬁ' ['(Krg" E%}n‘?“ - (% " ;gg)a& % )
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e Tv-(21)

for model I1, The following abiweviantions huve boa used
in squations IV-{20) «nd XIV(2¢):

a = (k)2 - (R x)? 5
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8= (Kgom)? o - (xrxp%,
2 = (K2 B2 ™)

ﬁw 3% - O g2 Ive{ 27}

Yurious checks on the results of thoe previous
ssetions, osn be mads Wy considering ceriain well knomm
limising ewses. If for excople s=2l. In the spations
Just devived for the potentiel for moiel I, we obtain
she well knomn solution for o single point dhurge, In a
modivm with 8 single plene interfece, numiy:

R R o ey e
%t Bl AR o

020 - |
When Ky <o dn thess same egations, we huve ihe scliution
for a point charge between two plane parcllsl conductonst

vﬂ'l = vﬂﬁ » £ = a constant I¥-{25)
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Tv={26)

povers of o 90 end Intograted term by term, the rosultent
series corrseponds to sete of Lmeges in which G«= =t Ik
with § ccordimstes the sumo cs those in emation I¥=(15)e
If the firet torm, thot is the chuvge, ie inciunded under
the integrel eign, the sxpression in eurly breckets benomes

{ha-tw_ o, - ew-a}

i=-e

and =4 & (Lot )Dy D041 42 eee  Bgmantion IV-{26) eun be
condueting spherse in contaet, shilet 1f &l it gives
sutomaticuslly the conditicnally oonvergant poatontisl for a
symmetiric one dimenciomsl tonie erysted luttices.

mxgw finite for sny A = &/2D we hove
for model X



- a=iD_ = (a%s m&;}
V-Vo= ﬁ [‘& 3, (xp)e™¥8 { (‘—&)—1_ e Y et R

Tve(27)

with similar expressions for Vi~V ond ¥, o~V o
E@ation IV={27) is of course eguivelent to Iv=(5).
Boputions IV=(15) snd IV=(27) for the cuse d:D podie
cnos to

] o s [t + —3m]
vw"r'ﬁ , & dolkrie 1~ o8 1 = ge”

IVe{28)

which 18 Just IV={11}s Thore is no resson in prineiple
why model I cemnot be penerclised for sever:l pources in
reglon ¥ satlefying equation IVe(4). This 15 the sctaw)
situstion in prsctice. Such s model wonld gonercte
potenticl funetices for . two dimensional luttios, taring
into aecount eny erces intercotions which model I se it
stonds ignores. lHethods' for

Chapiepy ¥,

The limit of equation IV=(21) as b-><, reduces to
equation IV-(20) for model I as it should. Equation IV-(21)
éannot,be reduced completely to sets of images generated by

repeated reflections, for if D/b were irrational such a set

*This matter has been explored for the case of two conducting
interfaces by C.A. Barlow & J.R. MacDonald , J.Chem. Phys.
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~would be everywhere demse. The potential derived from such a

set of images would not be an analytic function in view of —

the everywhere dense set of singularities. A_naivévapplication

Eylu¥ion

s£_the metHod of images will not -therefore give a satisfactory
“solution as discussed in IT-2a* |

S5« Extension to Momoloyers end Hegbranes
If in figupre 1{b) we let @D - © tius elizdnating

regions i, and Wj. we have the dealred mexiel. The

potential 4% yegion ﬁ2_ﬂna tc the lon and ite imvges is

sisplyt . .

Vo, = Y% = ﬁyrz(mw%? ¥ * flaea)Parey © |

: 3 il 243400
- m.&iﬁ)f " a3 len) o)
T ‘o 2hk

1+ ale

1¥={29)

*Thatmethod of Fourier transforms obviates this difficulty by
selecting only the subset of images necessary to satisfy the
boundary conditions and the differential equations. What seems s
to happen is that thks method truncates the sets of images

so as to isolate the singularities. For two interfaces the ..
potential function due to the ion and its images has only one
limit point, namely at infinity. The potential due to the images
is ‘analytic throughout the entire region and is zero at infinitye.
With the addition of more interfaces the image method multiplies
the singularities and has no built in selection mechanism,
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+ 2e%a (Kply) " | f(aea)2ey®en® |7
Tv=( 30)

" # (1-«!)[: (ieate?®) TV 34)

It iz well %o nots, that if ve ropard regions
wﬂ, !1 v %y 8B Pegions V37,3 having dielsctric conat:nts
Kyo Kpo Ky and Gufine &4 = (KgeE ) (RaK)™; wo got the
useful genersl ccoe for a single uncharged rmonclayer, with

pheps 8 1iguid an the wnderside snd zir on the oulter
Por sush & situstion we huve for the potentisl in veg
152, end 3 the followlags

(A A== R =

+ 0% {1*&’) ;‘n &gﬂg—k,)‘-k(mﬂg‘b)

23 ) é 1=a ae
° 2 23

Xv={ 32}
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v; f(ﬂu ){1*& 3,{ W

Equations IVe{32), -{(33), ~{3i), ure culfficient
to discnss the bshavionr of a single unch:rged moncloyer
or membreng. If & knoviedge of V. is oveilable, u soheme
esn be developed us in the previous geotion.

If theve 15 o COMpOUnNd MORdEend OF 1 orPAy of
slsbs, the proble: beeomes smeh more oommllestad. OF
eourse this is veuslly the setnel aitaation iIn Liclogieuld
tisgue Or evoR yeturning to the ceme ef the platelets of
montmorillonite arrvanged to fors s ewratal. (ne woy oul,
is to use equation IVe{32), noting tut the first two
torms will slwsys Peducs to case of a single plone Interfaos




Iv={23) and I¥={3hj. Nuwely woul€ Lw aitu ticn Gemend
skich a mope omplilisated wodel wondd enlafl. Tomuns e

Although the covelopmenta reprecsatad My S
poitentisl femetione sontain sll the inforrw dlon DeCeSSaXD
hmmwwnnmamwmmmr
a0t very occavenlients hat is sauired iz the votential
smorgy oy samrgy of intersction.




By the oid of Groan'e theores, the onergy of the
slsctrie fisid, i‘;ﬂ in sny region of three dimensional
2Peee, Cun be oxprossed as & surface intagel, s followas

oo/l v aren e - g ([0 E
' Velt}

where s, 1o the 1™ surfice of dtelestrie or condnetor in
mmmmﬁ‘mma-nwawmasemmrm
fato the reglon. Xtmlmmmmt-ué; s is
Just @ ;, the sarfuee density of charge (bound or free)
over the 1'® gurfsce. To evelucte the wnergy for regions
Wy i, end lz, all that is necessary in principle is to
subatitite Vo Vs t‘gmmmﬂmﬁﬂmmm
we shell obtauin

“a - Eﬁ' > !‘J_s ve=(2)

mﬂunﬂu' 4.-8%@
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Before writing out qW and UM in full, simplifications may be

R
mad;\iqjeﬁmputingEihe interaction energy. It is possible\to

R, 0

— eriminate self ;£§§é§h¥éfﬂ§;éﬂ6'térms involving the,§ﬁ? é&%ﬁ-

of images. The latter being fictitious are indeed ZEeTro.

The self energy terms are independent of the
location of the interfaces and since we are interested in

the potential energy it does not interest us except to set
the zero of energy. After doing this, the sigﬁificant
interaction energy terms will be those arising from the
following cross terms.
(a) The real charge withnéii-;he images contributing to
the pofential in region W.
(b) The images with> the free charge on the surfaces
z=0 and z=2D. | |
(¢) The real charge with the tree charge on the surfaces
r z=01and z=2D. - .
(d) Interaction between the free charge on the surfaces
 z=0 and z=2D.
The terms (c¢) and (d) represent the purely
Coulombic terms as opposed to the polarization terms (a)
and (b). In computing (c) and (d) it should be observed
from equations IV-(25) and IV-(26) that the expressions

for Vs, do not carry over in the case of a conductor. It
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possible by these methods. -The best approximatian seems to

be to change the zero of the potential due to V, by adding
4MD/KW to IV=(14) and Iv-(17b) and 81 D/Ky, to IV-(17a).

These constants have been obtalned by the superposition of

the potentlal due to effectively infinite sheets of charge.

/ Flnally we may note that (b) may be separated
\iI_lto/cox_l_trlbut_ions from sets image charges describing the
potential in the different regions. This is ‘iuseful since-
free energy change of both substances.

On carrying out the appropriate integrations and

putting e = ze, We obtain

Uy = ze* In( 1= )
: 2DKW- SR
+ 2icze Z E(Znﬂ)]) + ze/’zud} - (2n+1)]ﬂ
+ 2iczeD R ,
KW ; ergs/ion V-(17) -

and e -
Uy = 2T ze 20{ {(2n+1)zD + ze/ZTFgL- (2n+1)]J

Kw_th'ﬂ:D

ergs/ion v-(14)

In view of the discussion following equation IV=(14) we must

have for large values of 2D.

U= =26 In(1-) -

ZDK%%:J%Z}?M%O T‘E( 2n-h1 ID + ze/z}ﬁ - (2n+1 )D_,_ 185

-t — X %

50,
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sisdlar tut more ledorious corputuiions cen be
csrried out vheng F ¥ using scustion IVe(15) in plcoe of
IVe{t1 ),
viclogiat or engineer all he requires ore ecowtlomm vef{ty}, ={1
snd =(18) to Gisenes the gunersl 8tebility behovieur of
condensed £ynteme compieting of piste-shoped yuirtivles.

field ia given by

R H[ 5 %)% axapas vl 13)

where the integrstion 18 carried out over the whals thewe
dimensionnl =psee, In this preblem the dleclscirie ecumstont
is s function of ¢oordinstes in o mmner tv be decoribed

fn Chapter VI, sotuslly it 1s plecowiee coustunts. By

the use of Gveon's thecwwm, equation ¥=(15) my syzin be

sxpressed ap a surfuee lotegral

L R CY AT

. ﬁ-.[ XV % as vl 20)



4t must be borne in mind that the persseter D iz 1o wIy,
gnd hence the fictitious sarfeces s 2, Ghould be
veplaced by surfuces whose eoordinutes sye independent of
P. BSuiteble ohoioss sre o= ¥ L' where 1* 25 ut & fixed
atstence Trom the origine.

The surfsces g~ & L' ure chosen such that they
ars nesr to B «% mnd Sdbel withent eoineviding with them.
The proper iﬁnorpomtioa ef thies very iLrportunt coniribution
sssociuted with finite platelets to be attenpied In
Chapter VIl. %e huve slso fgncred the self enorgy of the
tom, whieh ie independent of its lecstion, thut is
IVe{16) to =(22) we Tind U, Tor the wuricue uodials ohniens

we- 4E- F

.

= a2 R

- W[: & 5, x) .E‘:,é?::‘_"i‘f

s &ug;i_ﬁ R mﬁﬁmb_ﬂ:&l,%ﬂg ve(24)
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for model I. The terms which depend on L and L' have no
physical significance and only smerve to pet the zero oi; U,
In computations only the D dependent part of the surface-

suriace intersction energy is conaldered.

Yor model I} we have

op - G2 [ 4 L=l s 2ml1a) |, g

; £ (1ec2x¥)? = o2x{4=x")?2
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uhers

| v (s 1 @) { K ol 2P=)]
o« e wontigy [T sy0m LSS

hews beoan droyppod. The motution nced in these exuctions in

ﬁt%%,ﬁs%. T»ﬁ

snd x iz & dumyy vurlchle, |

In the cslewlstion of equations ¥={21) wng V={22)
. farther ayproximations hive becn made, 48 mentioned befode
the totsl Piald, and hence the totsl energy, of an Infinite
Plene interfece with a wniform churges donaity e infinite,
80 we have introduced o cut off yedins B, end the totsl aves
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of intersction per ion of & pletelet 18 A = ¥R % = o0/27 ,
Physically this means thut wo ure calculating the energy
per ion, and we suypose thnt sech lon in the vegion betwoes
two pletelets interucts with such un smownt of surfuce
charge = A on euch pletelat that e=2u, In other wonrds
each jon chzrge ig just mentreliszed dy the surfice churgd.
There mey be severcl ftons per platelet puir, and &n this
ezbe we sarposo that euch ion hee ite own sapurate reglon of
inflvence, ané we pegleet interactions betwoon nelhbouring
jons, Thizs trestrent should give o beot results for ions
of highest charge becsuse the oondition it ench ion commends
& rogion whose totel eharge just neutmlizes tat of the jom
moans tust the higler charged long are soPre sportely
distributed,

Inspoction of the energy expressions ¥-{21) end
v~{22) revesls thst they all possess both a mintwum s0d &
seximum, For as Ded0, the first tern, describing the fun~
imege energy, diverges ltke D' mmd ie pobitive, whilet the
second term, in vaoh czee, tends to & Tinite viiwe. The .
surface-surfece tomm 18 provertionsl to D snd 8o tonds o0
zerc. lHence for small D, ¥ 15 lurpe POBLtiVD ... Hhove is
s repulaion st short 410tonceS. AS Dwiwe, the first two
terms, representing the contyribution to the energy due to
the presence of the ion, %end to zero. This is ntural for




- ———

) Fig, 2 General Behavioﬁr 6f-Electrostatic Energy as a
' - Function of Platelet Spacing 2D . .



62.

1f the plutelets arc for aport they wonld huve little
offoet on the fon, The surfuce~surface tem: becomes larpe
negstive, sod deersusing, rupresenting o replsive foree
but 18 finally eut off on D-ol. Hence there iz the
poesibility of two mintma, (See Chapter VIIj).

GColenlntions to be desepibed in detuil 1@@;
show that in the intersediate range the fon-suriucs chalge
anorgy which is ettyuctive dominates snd gives an aiteactive
force, Yhe generel behuviour of the eneryy 15 wwsn
sghemsticslly in figure 2. From experimints ower the
yeurs such & curve is the ome expeoted, for cxwmile (26,
figure ).

3. General Extensions and Influence of Excess Electrolyte

.1t may be noted that if “the first terms only in

the 'image series are taken equation V=17 reduces to

ze ¢ 2ze)ia {D"+ ze/2f’0} -~ D + 2zeiED V-(23)
- -%DK Kty K :
_ This is the first order approximation and is 'l:hle.,.@__me_;_c_;b__:__ﬁ__h -
., .j \‘_:
of (20, equation 8) given in an earlier work (20)). i i
If now in figure 1(a) we replace regions M1’
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'2 By teo unedarged coniuoting plates, the motantixd in
¥ is given by semalion IV«(26). The emergy of interuction
iz st once

Up= = -%; is 2 o ve={2h)

wiich 18 of the fore of & ons dimensiong

sun with the ioms o distunce 2D apart. Squation V-{2L)

two conducting ssheyes huving redtus proportiomal to (22)™,
are in contaek. It is doudtful whethey tiis ia of uach
velue in oomaidering sphevicsl meervmolscules, nonstholess
ognation i-(ﬁt) cen be gpmerslised with recervutions oe

wmis- a)p lal<t  ve(28)

If now we eonsider the two dlmensicnel lstiles
sun for the Ilmsge lon Inleruotion, that is when severel
fons ere present in vegion &, with ceoyitnstos (0,0,
{0,322,D) ..a (0,22nR,D), the energy por ion in




6lin

The lom=icn intarcotion 1s of cowrse &
intinitely large poritive constunt incepencent of D, The
esse of & true tw dimmslonal fenic swere luttice with
R=D 18 given by

) orm((maee) ]
y n=t gm0

V=(27)

¥hea BAD we huve Par & rectonpder fonde luttice

(Fz. Z (ﬂinm@t%fﬂl)- %%gmmz}

] B=1 =0
Ve{28)
Eguetions V-(27) cnd ¥=(28} are obvicusly not sbuciutedy

convergent 28 18 equotion V-{26). To sctisfy Lirwclf the

roider may arronge e e &8 in & regdor dotopntinent
*

snd eompute & Tew torms,

* Again the reader is refered to Barlow and MacDonald
JeCoPs 40,1535 (1964},
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doet not effect the total megnitude of the enerpy. lJeresover
we ean always vork through sad sopirate the sxiressions,

some commvent in regerd %o model IX which is the wove roslistie
model. If reglons ¥, wnd Wy in fowe 1{1) oconsist of
diseolved salt in mier, the Fourler tronefor: neliocl may
2%111 be aprlied 1t certsin conditions cun he sctisfied.
Porhaps the simzlest cuse iz to regepd the medium In ¥

and ﬁ’s 48 u disleciric continuum with an effective dieleote
eonstent, sultsbly sdjustod for slegtrical suturstion effocts.
This iz Just the exteneion outlined in Chapter IV, suction L.
The second cuse ig to pregsepidbe or sviluutie & wimw

donesity of chorpe whick 48 o funetion of 2 only. In the
1ight of the plenes B« -h, z2=2L+bd belag infinite in

extent, having s uniforn charge dletribution und with ¥
Jestifisble, This seeond euss uppears to be relutxi to

the so-eslled doudle layer theory. It mey be shoun later,
tat double-layer theory muy be uwsed for rocione botween
sdjacent pilet of plutes, For exumgle bYetwoon uadjncent
‘eryestale of & montmorillondte 8e), but mot dwuye botvean
platelets within & given cryatal.

Be %11l nov consider these two oxXtlensicns, the
problem i3 onc of slgebrs ond cosputation only.



Let us suppost that the reglons i, and H, ave
o eonstent diclectric comsiant K, thet ¥, and Wy hove a
conntent clelectric comatunt X9 indepenient of the i
posttion, whilst ¥, hes & Cielocirie ccmstunt {5} o o8
sefined in ogustion VII={1). The yyebles for model I esn
pe set up a8 before with 'mmﬂmt%mﬁa
aiffors from thet in §; ond Uge The eclutlon 1e now the
soma &8 given in equciion Tv={21) exoept thut K, where it
appesrs explicitly i8 to ve interpreted se Ky, =nd t'e |
sbbrevietions given in emellion I¥={22) nosr meon the

g = (R20E HE oK IO o (KK HEy B s
3 = (RO ) (K ol 6™ - (ME-Ky)(KgeKy)  ¥=(29)
The sypbol K, in eguatlon v=(29) stendn for (K J .« 7The
energy exprepeions cwpe reploced by

e ﬁ'&[ (et A (1 % Tyt o' Jaextoma )1 o

(1«m°x ¥ - x(a-au;

Ve 30)
M%MMwaanatxwiumzn W‘K;
and ug_* s given by the following exprensionss



L

(él"'d}k)

g’ = = 20reR({X0eE, ) 1:? 31{,@) -an){e

z - e~y

for model 1I{s), emd

ﬁx --30&(@%) %31{ ) (. a){

for moded I1I{b). Obvieusly model I is unuf'feoted,
Corputations with e@mation V={300) inctesd m* M%& show,
as axpocted, that there i litile difference botmomn the
remults, o) though for model IX{e), the snepgy csloulated
from euation V={22a) 18 abomt 505 lewsr then thst
eelomlsted from V-{30u) for D amell, but for I large the
&tfPorence is much smuiler, sad w pmtt- of wsntalde
silibpium ealy differ by ot most 147 fn the teo cuses.
Aetuslly computations bugsaed on eguetions V={30) sye not
more time cons ming then those bused on sguntions Ve(22)e

It s expeeted that withinlimite the renerd
infiuence will be sueh that the smaller the wilue of X5
the lower the enorgy or the more stable the oynten.
Esking uee of figure 2 we

pxpeet & dezper rindsmum ue




In disgussing the stability situustion from She
wiow point of s wliume denalty, 4% wont be berne in wind
that seldom are two pluteluts found ob depletod in figure
1{b)e If we retumn to the originsl statemeont of the
probdlem in Chapter IIY, section 1, model IX(b) is to
siammlete the sctusl situsiion whore sn tryuy of five to tam
plates interuct to form & oryetal. In othor words the
expressions derived here for model II(d) would simulate
the relations betwoen eny tws platelets within the exystel.
¥e shall therefore estend the influmence of & volume
éaneity of churge in regions ?5“ and W’B’ tw that wirleh
would suintain in sindlup regions outside o gyomping of
plstalets or & eryatal.

1f theye cre fow groupinge, muoh el reglons ¥,
MQSWMW%MWWMWMMMMm,
it ssome fossidlie thoat the conventionsl erprosch: weing
Boltumamn'e theores muy be applied to detemine the charge
deneity in ¥, end Wy, Hoving cbteined the Gensity
foaction we could then eomymte the intevaction wvith
regions M,, W,, ..

In order to illustrete the nature of the foross
involved, consider thet fur mode) II(b), figuve 1(bl,
s point chaerge 16 laceted st scme point (0,0,%) > 20eb
faelng the slad 2Dcnc2Deb, This 1 Just the type of




prediow we have slresdy considered in Chapter IV, sootiom 5,
and hence we axpsct a similer type of potential function

to TV=(29), ~{30} and IV{ M}, It is not &ifftoult to
show, that If the enavgy is givam by $eV(0,0,%), wd sinos &
is fnwrizdly 1ess than wnity, an sxpeession of he Wpe
fiven in equation IV={29) would yield e repricive foree
wmtil egunilidertum woere attsined. This force would be
somewhsat simslar to thut doriveble from the Tiret termm

of ecuation V-{22). @y virtus of the syrmetey of the
system, sizflay crgawents hold feor & point cdwerge loeatel
&t 0, e may repsrd thig sysion of forves, foy seversl
such point charges in roglond ¥,,W, as a comstant imege
wmgmwnﬁ.muamﬁammmw

figuve 1{b}, Extended to an orrey of sluhs or a
mntzorillionite crystal, this pressure tonds %o rofnce the
tendency of platelets (o increactes thelr interlayer Speeing
2De

Pyom the view poiat of the polsniial enargy
the two eluobe In figure 1{b}, the image pressure auy be
regaried se ¢« tensiom, and hence yiolds & negotive team
to the energy. This will lower the wminimunm in figure 2,

pote now, regicns U, and WB do not oxtend
to infinity, but that there is & sintlcr sxouy of Slabey



867 6t 3 COORALEBatES such thet s L% and 230", with
~L%b gnd 2DeL"<D being conetderehle distinces. If the
wluse density of chsrge in W, and ﬁ} iz not too greuvt, we
may now stiempt to wee esmwvontionsl double~luyer theory

in cédition to image forces to cbtein the intersctica
enersy. It ia well Encas thut double-lsyar theory yields
s repulsive foros, tut fyom the view joint of the stebility
of the irrey of Siche #is ie & tenston wd henoe aifs en
atmfma tera to the enoPyy.

Pollowing this, we cen modify the extensive
eslculstions of Verwoy snd Ovarbeek {37) for our use in
betweon neighbouring srreys of elshs, by simply vefiecting
their poteniisl mergy curvas scyees the sbeisac.

suthor's mind, vhather fectureslike$ potential and Guneity,
are not purely hydvo-kinctic effeecia. In cthor words,
eople volume density of cherge, cennot be Peslly
dsrined mwﬁfﬁﬁma syatem st vest, Fernaps thorefore,
the first nethod of & scburmted &lelcetrie cantinmug sight

Actually we huve sc for under eatinuted the

Fie
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power snd gonsrality of the image trectaent fop syusetyde
systems. If the excess clectrvlyte i3 to be cunoideved o
& volums density of charge shioh is & fonelion of 2 thl¥,
say glz) snd be of exvonenticl order, then thw eolution

is stretightforwupd 4 there 16 no froe chupge on e
surfece. Prom the syrmotyy of the aystem, we cxpect glsj
to be of exponenticl order end this ie indeed the situstlion
when tho Boltsmonn’s theoves 18 weed to Getordne glule
Por exoumple if we oconsider the eomvenillioncl demelty Tonction
ased in M;ﬁlmx theory we have from Versey ond
Overbesk {33, pe 2L 26; p=-2ve min h (ve V/E))e

Actusily they (33) have ignored the dielectric
we propose thet for & single double-layer tholr ecmtion
(28) (33, pe 24) bs reploced by ‘

2= =2nve sin b (ve ¥{2)/x%) ~ a2nve sin h (Ve V{ex)/k?)

v-{31)

In the euse of & single plune w»fwwm
s=0 &nd let s=2D-> win figure 1(a) ws now roplace the |
pight hund side of equuiion Tve{2) by the cbove sxpression
to obtain the potentisl in W, Similerly wo choose
p = = MK AK K. ) nve a1n h (ve ¥(2)/xT) for rogion §, ma
demendd thet the boundsry conditions :ieacri‘-.—zxé in



Chsoter IV seection 1 be Batisfied. Finclly with a 11i%t1e
effort, we mey counsider « ssoond interfece suy =00 with
4he seme infinite reflection tschnigue uwed in Chupter IV,

%4th these chenges the Boltzmmowm theore: used in
(33) ocould st11l1 be mead to get u rore mesningful sSolutick,

This muatter is jursued further in the append

lk EEE E.f.' don wlayerse and penbranes

The energy relstions to dloguse those oyitens
influence of m&“mﬂaa next %o mepbrones eft nonoloyers i
to produce imipe forces, Those ferces mey contyibuts -]

give the eurfuce pressures of jo&itive forces widch ure
known from experiment®e For untharged monoloyers thube
forces are indspendent of sloetroiyte concentruticis

To see thut thosa forees are invoriibly pressures
we con epply equetion V={20) %o IV={32), to give for the
energy of interscticn por cherge @ locsted at (0,0,4],
the expresésion

e pi——

» The referances =«re too numeyous to list ut the resder
48 referred to Colleoldsl urf wetunts by Fa Bhdnods 6%
al., scudemic frese (19G3) YNew York, londods
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& g \2 S ¢ '?(4_,_,2 J * ax g {mi- fﬁdm}
Toha, “hy e’ 1, - P

$ 9 ax
Ve 52)

Remation V-{32) defince » roth of decre:sing gmwf with
éiat&m 80 long B K 0K, ond the fovee ! =« ﬁ@; * 7
undoubtedly positive, that is repmleive wnd clenriy s
Pressure,

There ie no reuson why this fteectaont canet be
apriied to & distribuiion of coumier iome in region e 48
a fivet spproximetion, suswme e mifors disiriboiion wd
develop & ten dimensicnal erysted lattice bhonyy of
inagee o8 in eyuntion V={26}; on the other hond, cne rey
seek & distribution function for e wlume deslily &
sutlined in the mﬁm 3 of this ghopter. . g:in the
anthm', expressss his m%mﬂ ona, with woards to &
mecroseopic volune dmsity of charge.distrimtim fop eyt

at rest.

If the assuswtions emeerning Indeporxiont
inderaetions are mwesortcd to, one mey simdy ostim ta the
number of chirges per LPen in a plene fueliny e ronnlayer
or membpane, ond setimxte the surface precense to o first
arproximation with the eid of ecustion ¥={32).

The deavalopmats presented here vbout monolayers
ere only explorstopy snd should be reguwied o8 ot most



grelitutive, It &8 cesigned enly %o stimicte interest in
this mocde of spproachs

The contribution of the energy tem:s we have
Just disouesed to the surface energy of Uw monoloayer i
manx obscured by the wmoh higher energy of cohwaion
of the molecules ecomroting the moncleyer.  otuslly
in the case of iomized monclayers exprossions }ike V-{26)
to Y={28} eoulé perieps be sodified toc Jdeaewibe the
intersctions detwecn the fonized moleeulee. The fwo
dimensionsl lcttice would now be the plane of ths lsnised

monoleyer, thet 18, meconatant,
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i Role of IHyiip:-tion Nersy O

In m)) the nodels so fur we hove considerod oy
fietitious point charges intercoting with sl:bs of
dieloetric,. It is nov noresscry that we procecd to the
next otep snd conoider the apegific propertics sueh us 8lse
end oherge of thess countey lons. The stubility relutions
to which the emergy cxprucsions will be splied, cun only
be understood if there i soms

BTy, 46 o $he rodnisn
of the process for plute-shoped muercmoleculens  Thus for
exumple before the stubility of ecllotdsd rontroriilond te
csn be underetood, we must understsnd the process, dwy
pewder to swollen erystel {though still o salid), to
thizotrepic gel, tc 80l.

Bafore applying the euuations of Gwplor V to
obtain potentisl energy osives it is mscescury therefore to
coneider the mechenism of sxpunsion of s region ‘é'#g in
figure 4(b). 4scomiing to Burshad (2,3,4), in the dzy
montmorillonite {vermtcullte or ether expunding cloy minersl)
soveral platelets sre ssndwiched together with interisyor

fons precent in the cevities of the oxyemn 1Y



forms the boundury of the pletelats. It &5 known Yut the
presence of the interlayer ilons iz cooentisl) to suelling,
and that this process is depcndent on the aive = ohnrge of
the ion. in boportunt role is oIbo pleyed by the
dieleatrie sonutent of the eolvent medium. In W
eryetalline region of ewelling « few essentisl things Soom
to ogour. Firetly the aclvent molecules, say wiitaw, must
be adscrbed to the external eurface of the aryutalp
thoreufter suter rmolecules penstroie the plotalets with
concomittent removel of the ions from the ouwities ef the
Flatelets and cubsecuent eocomiination of the wuter molecules
by the lona.

Ian terss of solid state physicn the forosping
procsss mey be consideved us the erentiocn of anapitive holes
the cavities, The intexlcyer icn now functions o8 &
macleus for cocordin:ztion of weter moluoules o give &
hetepogencus cpystal of montmorillionite-water., The
epeation of holes in the rontworillionite and he rovesent
spart of the platelete reuire energy which must be ylelded
to the sontoorillonite. ©On the other tha invorporation
of water tnto the eryetsl requires thst e waler moleculss
releuse energy. 1The procosses ure thevefore seen to be |
eomplementary, the ions being the mein intomedivyy egonte;



™

tc the montsorillonits snd to contribute to the owelling
potential, All this muy e stated more concisely as,
swelling or crystal growth is s consequence of & defect or
describes osocentially the process in the region of plateled
sapurction @‘Wﬁ.&g. corresponding to tso worplets snd
plstelets. It must bo bowme in mind thet the electruststic
models developed e not eirictly valid for 3&‘5‘:;.

In order to radite the evergy extructod from the
water molecules, to the hyiretion energy of the ion, 11 ie
Poxler {6) for the hydputicn energy of an ian of volenes s
aad rediuvs »

ﬁw = -3 8202 + {n ?(l‘;ﬁj‘n&} m‘_ﬁl}

where the syubols hove the came mewnings &s in (6}, The
first tewm in the above opution arises ite loglendlly
from the genorsl eleetric field equntions, while ihe svcond
term 195 en snpirical) relstion representing the potantisl
energy change of the vater moleculss due %o coomiination by
&n fon. The tem: due to the electyic ficld scuuticns huae



e

it corresponds to & chonge in self amergy of the isn betwemm
voguun 8Bt woaler which doee not intepest ua since it is
stationary vith respect to coordinutes, In addition the
&icmter EE* of the saturation sphere tekss velues such
that 1t coinecides with 2D, This would meis the firsi term
sero since the pluatelet sepavation 20 correcpoiwis o e
upper bound or the phyeiesl snfindty. From (6, Table VII)
2R 25,8, 7a2 end 9.2 % for 4,2 and 3 Fecpectively, which
vould meke the firet texmwn negligible. Bane:
a pertisl explanction for e lower beuts of 2clulion of
tons when bound to montmorilloaits reported by Jeners (¢7).
It mast clso be boime in mind thet some of the cnergy
dhstrected free the poluy solvent ie yislded %o the
montmorillonites erystel. Jordun{19) Pfor excnple, showsd
thut even sfter sepurstions of 12, bed bacn ottuined, 1%
wat etill necessury to =dd polar selvent to corwereis]
montmorilloni te-orgunic corplexen in owder to oblain Corthey
sxpansion snd polation. This would aupgest

requiresent of the montmovillonite before sxtensive

sepsretion een o0CuPe 48 ahown by Buvehad (3) the
diolectric conptant of the sclvent Playe o iy Inles Olhor
fectors puch o8 size snd type of interluyer ions snd
solvent moleculas are slse important e shown by Grenguiet
and Neitee (16). Ghstever the interlayer ion puy be 1t
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does appeer that the solvent should have & high élolectyie
eomstant end sbility %o asivate the interisyor ilon Hme
reloesing energy 36 Clscussed In the foregning.

Therse 15 no rigorous way of rupresenting the
mtusl potential energy of coordinetion of the witer
molseules by the tem. If a8 @ guide ve procesd empirically
tn (2,4) end (26,27) show that there is o progressive entry

(o* cJher Sehonf)
of wuler molecules in intepyel awbhers between the platelets,
Thus, sscuming that the weter melocules requlre s DropresScive
cleurance of the mﬁ%ﬂﬁ,mwﬁaﬁmam
function which will distwyitute the coordination energy, «s
a function of plutelet soparation R,

Intuitively this mey be representsd Uy an
integral funciion such thet

(nP-my) = (ﬁ{rm)*wﬁ 2{p) ¢p vI-{2)

contrivution to the total potential energy of the sysieam
N \
ot any interpleatelat soporstion ZD2A 18 now defined




B . gy
ﬂc (r,2) -rg 2(p)a p

- (ﬂ&(r’z}.‘ﬁ) [g-# PNg & .

O = (2P(, gy=wy)(emt)e’ | - vE={u)

where 1.

The interpretstion of VI~(3) mnd Vi-{k) is thut the froetiem
of the snergy under the curve botween (P} snd 2
sontpibutes to the potenitisl emergy ut pell. In & wuy the
fumetion becrs soms similarity to & Pizee J-funetion

There should wliso be s tem similer to (¥, y=u,)
for the energy yielced to the mmal onite plotelistes in
order 4o remove the ion sut of the osvily, Thie teym
gould be developed smpirvically a8 mmaﬁgm the eian
| should be negutive eimce 1t ia s eontrébution t6 Uye 4B
attompt &8s being mmde to anitimete this texm theoretically.
& pomsibility exists however for estimsting its vaius
experimentsily.  1f, for excrypls, monitmorillenite flskes
of warying rotics of bigh to luvw hypdrution energy !
such ss X¥; ¥2'X*; L1%Ca%; 14" ere prepuwed and then
sllowed to swell thsre wmay exist & eritiesl ruiic of im
&t which the intemlutelet sapsretiom takes o wﬂm >§&-

*Sw m1
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In this way the critics] average hpdretion energy per ion
oculd de obiained wnd relsted to the eryetul cnevgy term.
This tern showldd to 811 syrysurences he wmelh lcns thon
(W(r,s}”““@?) for most jone josssesing lerge hydeation snergles
Justification for the exiatence of this ters s aopurent
from Burshad's (5) thermodynentc aste for oF, ana 2B,
setuslly frem the veriation ta AF; for varicus tens of
the seme valeney, it would sppese (5) thet this tess f8 muite
mii, decressing in sbeciute value ce Uy for the ions

Bat for this megligiblie wnknown ftoivl, we uPe
now in o position to cormute the tots) petehtiunl wergy
of intersetion in the ruange (0.2D203) Which encioses the
so~gallied (2€6) or stalline rengs of ewelliny for routmore
filoenite. In this vegzion we Gre Qealing with emsentislly
& 801id heterogenous crystal.

Then the interluyey spaeings as detorsdined hy
Xepuy studies for piate-shaved macromolofiles suoh 48
montsorillonite or wernienlite is such that m&g for sl
ions, the systen is eougmloted or forem s wnivolar
coscervets, Furthormors 1t i6 5 solids. In order to
disperse the systlen the interlayer spueings huve to be
increcsed oonsiderchly. This inorease in spoeing is termed
mecyoscopic swalling (26), since the incresse in wiwse is |
seversl fold anc scmewhet explomive. THis type of
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bshsvicur eonstitute siciilliity pheacmens which we dso wish
to investigute. From Forrish (26) end Worrish wd Reusell=
Colom (27 the progressive interlsyer spacings fow
mmmzaaﬂfé:gfé:mmm with vamdoue counter fons e
reproduced in teble 1.

o defeet or fwperfection does net awsll, since Lwye &re no
interlayer ione to 10t o2 t¥igger wmechamisne. - Hven in
experimnts with eleetric fields to be doseribad, the

author wss unable to stimmlate the pyropiyllite cxystel

to swell us wermiculite did.

Cangider now the mechenisn of the exploalve
Process knosn st meeroecople swelling. It hue 118 basls,
the form of the fotel potentisl energr ond the towwms
eontribvuting. Plgure & shows the gmmersl beluvwioue of
the snsrgy. In the initial renge we heve @ veyulision
arising from fen=solvant and fon~imuge eneryy tema, nemsly
suations VI-{l) and ¥={&), beting predominint. ./t e
oquations ¥={13) and V={14) which sre sttimctiive predominate
after contrituting to the minimum. This minimm defines
the erystelline region end usually ecomre wround %@g.
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sos toble 1, md Chopter Vii, Tigures 7,8 und 9. Beyond
this renge the surfoco-euriuce terme whieh seom %o decresse
linecyly w¥ith D and cre repdatve Gominnte

0 & moximom i then & poth of decressing nerpy OF &
rejulsive foree {(see Figuwes 10 &nd 13). It is this

Jetter veglon, thut iz known ae the nucroscopic regiuk of
swelling. %o get over the meximam or %0 ot cut of e
energy well ia the ceystolline vegiom, 1t would sppoar thet
Uo smst be lerge encugh to Fedues the binding enorgy of the
minimom in figare 2 to the order of MT, thet i within the
rehge of the ordinsey therms) enorgy &t room tenperature

1f thie is eocomplisbed, the fons will bLecow parturbed

from their eguilidriun positions, genersting : move wastoble
systea which cun oscepe ovor the berriex, Cleurly thie

18 & statistical problem wiich involves s d¢istriution
function for the number of slatelets wiieh cogupe the tarrier
to dsmomstrste oaeroseoplie ewelling. This ic lorme out by
S=~pay duta of Horrieh {26, figure 2) mnd Norrish esit
Remselli~Colom {27, fipure 3). Feturaly the @gunsion
of the firet fuv platelets will zet a8 « teigger nechanism
for others lesting to i explosive evelanching yr

This may be looked upom fros & noYe enporirsntad
view point, to show that mecroscopic swelling moy ectually
be ertificially stismlcted in some CaBOR,
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S

The work of Norrish and Rausell-Colom (27) and Weiss(34
have shown that within certain limits, macroscopic swelling .
for a variety of clay minerals with various interlayer‘ions i
greater and more explosive the greater the surface charge
density. In the second instance the author, by perturbing
the mobile interiayer ions. of Ii-vermiculite with an

electric field of afew volts/cm., stimulated ILi-vermiculite

. *
to exhibit macroscopic swelling almost instantaneously.

These crystals thereafter exhibited similar unexplained

electrical properties to those described by Garret and

Walker (13). Before‘giving'aﬁﬁ;xplanation to . the elegirical—-

phenomena in (13} it is of interest to describe.briefly the
procedure for preparing what seems to be Li-vermiculites,

By applying much hiigher voltages for short intervals to a

natiﬁezﬁé;vermiculite crystal immersed in water, the

crystal was stimulated to swell some three to four times its
volume within a few minutes. The water was then replaced
bm'dﬁiume LiCl solution and the perturbation field

/ JE—

—-—-,_._______,../'

*0rdinarily the crystal takes some time before it begins
if it is not stimulated artificially.
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meinteined for &« few zore minutss. The cryetel wue them
1ot overnight in LiCI solntion, ¢ procednre wiich is

pertisps mot sscentisl. The ssollen Fu'~vermiculite whes
laft for s few hours in uir siweys conitpucted ic one and &
nelf times its origimsl thickness, It would s pewd therelore
that the leberious method of prolonged heat treatnont used

by msny workers in prepuring Li-vemsiculite it e reiuosd

£f not svoided. The heot serves lsrgely te increasse the
tonie conductivity &8 it wounld for wuy jonic cxystud luttice.

The explenstion for sl these slectriced henomens
seoms to lie in & model presemted In (20), that is,
consider the wvermiculite plsielets with thae intorieyer ions
&b & pile of plate-chapsd conductoPs. 1If .7y @n sizolrie
field io sppiled the movils interlsyor ions or OSLITIvVe
chuyge csreiers migrots in the Slpscetion of the Yield and
can tias be yeplaeed by other positive cherprp Currleds.
This perturbstion destawys the equilibrive distyibution of
the jome over the suri ces henoe towepds the :mode there i
no shigldiag betuwsen the surface aurpe of wijueent
platelets lecding to rapulsion and growth of the crysilal,
The poesibility of & pemunent dipole moment may be mled
out since there is no preferential dircetion in tho plane
for cryetal growih, it follows the field comlstclye.

By epplytng sw=c flelds of sufficiently low



K= \”\: _\ e V . _..___\ iy
87.

\ frequency, the mechanical response time of the crystal could
be determined. Preliminary measurements now being perfected

4
"#ﬁaq&g_igdicate a value of 0.06 seconds. The relaxation

T

ﬁ‘_qhtimelaﬁi%ha—oﬁh6§.hand_dgggn@s on the degree of diﬁlocék;on;
To sum up tﬁe,surface-suxface\termSthich are linear

%p D must break down due to edge effects as discussedismn
%ﬁe previous two chapters. When this happens there is the
possibility of a second minimuwm or a singular point as the
curves in figures 10 and 11 should approach ‘zero as D increases.
We cannot then at this stage defiﬁe our cut off planes I, or
deéide whether a second minimmum exists? From figures 4,5,6,7,
10 and 11 it would appear that the maximum occurs at about
2D=204 for the monovalent ions with montmorillonite.
We theréfore have aregion of extreme instability for
104 €2D <304, call this the saddle of the potential energy
curves. This is just what experiment confirms (26) or table 1.
Similarly for Li~vermiculite (27) there is a region of -
instability given by 53n<2D'<72K. (8eetable 1 again).
Clearly the greater range is due to the larger: repulsive

force or steeper slope to the right of the maxima in figure 11

compared with figure 10. This is to be expected since

*Whe shall not be able to do so until the next chapter.
Pertinent to this is the recent work of M. Arnold "The
effect of attractive surface ion forces on the Permeability
of bentonite" Inter. Soc, of Soil Mech. & Found. Engin. 6th.
Conf,, Montreal 1965 {To be read)} which has confirmed
figure 2. '




for versdculise 18 twier s8 liargs o montmorilionites
Yoreover the lurger sPee of the verniculite crystule ke the
surfece~surfzce replsivo mm vhich depondson the SHre
of o, even more effeciive, since edye eoffceta e lotn :
foportant.

After the potentisl energy curves huve besm
presented fully in Chepterw Vil we ahelil exzlove the
taportant cuestion of edpe effects more fuily., in line
witk this is itho feet thet the pletelets of rontrorillionite
&re porhaps ressonshle flexivle (20). It is dlenr that
our models though genernily scund will have to take these
faetors into soocount,

2e

A8 discussed I wn earlter {20} work, tho stetie
Gleicetric gonstant of weter 15 hapdly sultudle in these
ealeulations, sines 8 Debye (10) hos mhown K, is o
fanction of distsnoe frocs the ion. It hes siready boen
shown that the genernl fesfures of e enexypy
figure 2 Af K, 18 eonsiunt,

wre 8 n

In Chapter VII $% will be soen that When K 18 &
fenction of & theas fsctures do not chonge.
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Using Debye's (10) values, an effective plecewiee
constant K.(2) wes estimated, Thie wase done simply by
taking Debye’e (10) values stepwise from the ion, as for
example K. '(1), K'(2), K,*(3) cevvooes (K,'(2), everaging
them arithmetically over z to give K, (z).

On noting that sccording to the derivation in
(10), K '(z) for a2 single charged or monovalent fon at
d1stanc? z from the fon 1s just X,'(z) for douvble snd triple
cherged ifons =t distances V2z and 32z respectively, the
values presentad in table 2 for ions of charge o’ae,
2¢ snd 3Je reepectively were obtained., These arnd other
values for z>1oﬁ will be vased in the computationa.

Table 2. D eotr Constent Tantepr after Correction r
Satur on

2 | 1| 2| 3 ul| s s 7 |8 9 |1

Kg(2) [3.00 | 3.30 | 4.50 | 6.40|9.80(13.9 |18.40|22.80|26.90 | X
k2%(2) |3.00 | 3.00 | 3.30 | 4.25(5.40] 7.33{10.14[13.25 [16.67|

EZ%(z) |3.00 | 3.00 | 3.00 | 3.50| 4.20| 5.17| 6.43| 8.25|10.66|4:

k

I¢ mey be noted thet eg the charge mcream,‘tm
teend of Kw( z) 18 such a8 to incresge the absolute vslue

of the eleetrostatic energy.




Feotnote:

The author is fully swurs of the limdtstione imlicit in

the dialeetric satnratics: theory; but us will be seen 1t
does not affeet the peneral behaviour ef the votentisl energy
curves, The wvalues of K (=) do in feet spprovch the otatie
value for large Z. Fraétimmmamamvmmtuw
to ohsnges in !._,.3 over & wide range.
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The computution of the intepyels and spw in the

T5¥Y 620 eomputer. In ordor to teke inte cocount e
effect of slectricsl esturstion the dlelsctric ammstunt K,
was avercged over the specing of the platelets secowiing
to the formmlea

(Ky) gy = (ELQ) + (D-a)E(emma))/20  VEE(1)

whore X () 18 en wverage value of K, over & distunce &
fyom the ion, obteined from Debye's colonlations (10) in e
manner deceribed in the previows chepters In oxier to
sluplify cosputation this sume valume of (K;) . 18 used

‘ the regions occupled by waiter, aithough strlieQly
spesking, in model II & constsnt value of E, indepencent
of fon Situction should be used in regioms ¥, and ﬁy
This givee only & mmall correction o the locution of the
points of stable end unsteble ewuilibriom. In Chepter ¥,
secticn 3, the correct sxpressions for the olectimotatie

energyvere given for £, = conmtent in ¥, %3.
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tuble I for the euses of single, Gouble, wnd triple chapged
Lonss

In the riret instance we ehocse for rontmorillionite
ouh.:x‘!ﬁ'm CuBeley M. Em2.0%y 0 ~310" eogou./an,
=104, snd ccloulate the onergy integrels and sume for 2D
in the renge SAc2D<20%, From the veluss of the constents
Juet given we Iind the fellewing welunes for the eorbinstions
appsaring in V-(2Y) snd V={22):

G, = 02/42 = 0.575210™" ores,
62 = 20reR « «Qlisb6x 1-941 oOrgs,
Gy = v-ﬁw’m%/x@. o 0,565z 100 erge, VII={{)

The conktunts lieted in expreasion VII={1) ure
glven for the csbe of & gingly churged ion. For doudly
and triply chorged ions we peploce ¢ by 28 and 3e
respectively and R by 2R and V3R respectively,

% Hegdih (25) giweec ¥, ut Ghe.p.s.aanéa,neagm
velues ¢onfirm the estimote of éﬁméﬂmah e by
the suthor (21) from the duta theHote (29,30)
en scile, Aetually the experiment¥® on dielectrie
properties carvied out in (25), was suggestel by the
author (20), Preliminary studies on /i) wnd He
wqmu were curriod out in Frofes: oy O, T,

0 laboratory at Berkel§y st the wuticr's
request 8 eurly us 1961,




Some care i85 vequired for the croulition of the
integrele becense the integrands 231 hove singularities ot
ths lomer end of the vengs. For the lop=imupe energy,
this singulerity eun be resoved by the chorpe of vurfsdle
Uxx®, whilst for tho jem-surfece churge enovrey, the
singulerity, Saich 18 omly present for ast wnd do ands
logarithmicelly on (1=g), 18 extrectsd md the ramwining
integrals caloulsated mmericidly. The Singulerity ot
c=! corresponds to the wotur botween the litelicis being
replaced by & perfect conductor. “hen these changet have
besn made, it 18 possible to compute sny intogrd, Tor &
fized poir of velues of & tnd D, pessonusdly wuickly.

The firet computetions carried ocut on redel I
of the lom, with &D{i=}} 18 enevgeticslliy Tuvoureds This
is not surprieing dbegunse the syrmetry of &} YWwobe models
lesds one to sxpect tha$ the contral poBiticn wWill e
either ome of maxbwmr: oy minimm epergy, snd for small &,
the vepulsive ion-ion forves ind lonedmoge forces will
predeminetos (It con be seen thet G0 18 & singularity
of equstions V=(21) &nd ¥=(22)). Henos &0 connot be
steble, snd tmest hove hisher energy thun &by, Ho the
gantrel position mt bs Btadle. The curves elven In

figuve 3 confirm tmu. _
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Howing estsblished this, it is poscible to put
S=} in squations V~{21) cnd V~{22) and then corguts the

Fourier end image methods,.

Below sre the curves of sgustions ¥~{2%) nd

V={22) for models I, II{a) snd II(d) dwpioted us figures i,
S end 6, A8 far &8 poscible the sigificsnt ter® in oach
computations of equation ¥=(2} to be given luter in

figare 10 show thuat the curwes ars identic:l o thoes in
figure 4 for model I, ¥e may note Wmt there i- 1itlle

3o choose betwsen model I end medel II(b). Koet of the
aurved slso sho® se expected the pos-ibility of a mini

in Uy as D=>2.53.

xrmmmmma,.umwmwm
for the unlknown cryetil-ion tern® e

v ——

* This ters con be seen to be & rewl but smud) correction
term, vhen the results of theory ure corpored with
Burshed’s thermodynendc Gate on the spelling of

tmorillonite. _ See for instences Ny in (5, figres
'e7)s Compare Ji WithUy obtained from the slope of
& in Tigures 7,8 and *EJ.._é it will be seen thut they
long to ihe sume fumilies of cwrves but for units.
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Up = Uz + 0, VEI~{2}

The firet computations using V={2) and VI~{4]} t» eumotion
¥YIi(2), yielded the curves shown in fignves 7,8 and 9,

for jons of various voleveies :nd radii. Ny cuperimosing

Uy on figeres 4 or & similsr curves czn be chbtained.

From figuzes 7, & md 9, the estinuted positiom
@mmmrmmmmmmﬁmgm
-Mmmmgmam.mg ana Ca¥' ’m for Ba'Y,

Mg for ¥, m-q?; for ne* ana 20783 for 12%,

Plaentc) veluwss sre given in tdie 1.
satieipeted in Chapter ¥, whilat thet for K% chows thut
the hypiration does not heve teo grest sn influence in the
cuse of thie fon. It e m:mgmm, that e
sgrecment iz overvholmingly close,

a,e* 1s omitted Dessums Of its well known
peeulicrities ©f “cgeing” to give n aystem, vhiieh Bos
predominantly Mm as the counter fon {(26,20)« If thig
does not deeur howaver, we eun deduee from toble 1, st
fts behsviour would be similuzr to E4Y ia Ry roapoctos

The exeellent :preeient of the rosition
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of the minima, sugges%s that the th¥6Ty may be valid over
a greater range than 54 <2D <20§ (L:Lmlted to this range in:
the first instance so as not to clash vvlth classmal double
\ layer theory). At least three counter 1qns are known to
exhibit macroscoplc swelling outside ‘this range. They are
\H3g_,,m and Na with montmorillonite and Li* with
“WTGW fe.*‘i?:cordmgly the computation of equa.‘t:i.ons V-( 2):
and VI-(4) in VII-(2) is extended in figures 10 and \1\. The
only change required is an increase of « by a factor of two
for vermiculite, figure 11. |
The total potential energy is a compromise between
curves 1 and 2 in figures 10 and 11. As the surface-surface
2 terms wane due to ‘edge effects we would e'xpect. if UT is a
-continuouws function of D, curve 2 to approach curve 1 in

Toare 1n fmgures 10 and 11 to yield a single curve like

‘that shown in flgu.re 12.

i
.L -t -

Perhaps UT may be only sectionally continuous and
there is an abrupt Jump from curves to curves in figures
10 and 11,

Consider now for example the charged interface

=0 in figure 1(a), for regions0 % z7instead of a linear
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potential in I_V-(ﬂo).rn eaTle propaps o bounied now-lineer
potentisl which would toke cure Oof tho edgs gffecte. Sash
s funotion is '

VIi={3)

store 7 18 a emall Yarmmeter haoving units of the rogiprocel
of length and daspenis onl o, the area of slebs and other
olgo faotors, sich ss exosme olestrolyte, 3i, ate.

It 1s easy to show th:t VIiI=(3) reducea 0 o linssd case,
that ia IV={14) for s emll, es 1t ghould. Fimlly the
potentisl is dDounded in zba~Iute wrlue, fOr 8 e

v, - ﬂ vIi={})

shioh is a finite megstive sconstente This conditiom can be
mede more elegant, Whtttngﬁ;. toko the volue glven b¥
vit={l) an s=pl, J Deing finite. If now we 244 ¢ eonstant
mx;.—-ﬁ:m ¥, then ¥, will venish e denndied in
Chapter IVe It is elep® that the lineur differenticl
squations IV~(1), IV=(2} 80 not applys It my be now
possible te ioprove expreecicns feor !!B-

The anly chunge re-uired in Ui is thot We
surfeoo~urfuos ensrgy terms which invelve the sarfeoe




mmymammemwzmmammmw

| ! -2 -
- = (f-(*ﬁ-**’- erge em VIE=(5)

Again for small soperctions, this elesrly reduces to the
lineor esee deoveloped in Chupter Vo Thus in the
ceystalline end mecr orystslline regions of swelling
mtiﬂg’ the energy eguotions of Chapter ¥ saw o unlce
wo ey test thelr walidity mm«k experinentl Gt Firnts

vorsicalite et 2&3&, is eotimeted Crom carve 2, fipure 11
by taking slope et DetSle APter conversion to dymes §
onf with the aid of the Lactor —/9°%, & volue of the opder
of 107 dynes om 2 is cbtuinede The experiient.l date of
Norrish and Rsusell-Colom {27, figuve 6) fop L1%
veraioulite in 0.03 MLAC1 ylolds & force of L. axt®® ayne
ou 2, Hote that their {27) D' 1a Just D=5.57. It 1s
elear that edge effoets mé the presence of cxoens electrolyte
are responsible for this reduotiom in the wwmm
pessible force. “hen {27, figure &) f& ot ooloted do
2D=0, using the majorilty of the points for 22,300, the
*—/er\ would fenc/ b 7'1@0{100_ Ao un ?*ﬁ«f c:/ Ke ]/;e.'/cy
doe £ Ke - Su%ace, . c%avye, 5 wel /‘,-M,, )%V/
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6 dynes om™ 2, Cxow

intercept i1e seen to be sbdout 8xi0
i 5x10°®

sbout 4«5 kilosrams per sguere cm. No wonder bhuildings

dynes cu™ 2 ig roaghly eguivelent to the foree of

co'-/fq/ﬁse if this type of force 1s maintained over s range
of 81stance.) ‘

The force depioted in (27, figure 6) obeys over
)
the region 2D>30A an equstion of the type

Fs = %E— = 2”5 gynes om™? VIT<(6)
(%arne/ e /A/me/gf )

vhere A fig & msitsva matant/,\ seen to be anproximstely
81'10 mgs em 2, and h is a parsmeter similsr to J.

e can determine h for dtfrweut conditions hy settin;r F
egual to the residusl foroe observed in (27) anmd taking the
sppropriete critical values of z=2D from (27, tsble 3).
rcr umla, if for pure water the residosl fm whieh is
o constent (27), be denoted as Ey=2xicd dms 2 with

A tsken to be 3:10 Gynes om i and m?hOA we obtein for
b, the velue 0.025% '. Por 0.03KL1C1, r.zuo.omax"
REguation VII-( 6) cande quickly checked by computing the
force for 0. 0MLIC1 at say Moog and comparing with

(27, figure 6). The values src 1.3x10° dynes om™? gna
1.4x10° dynee om~2 respectively. We can now proceed

with soms confidence.
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Beuppose we regopnies from figures 10 and 14 that
mmtmmmmm qmtﬁmmm
Sarme which sre limgar in D secomiing ' : ir

mocroseopic swelling. If VIi={6) im integrstod wiid
respeet to z={25) end & iz resvgnieced ue bolng proportionsl
%#%, suich & progess Just yielde equation VIE=(5)

for the potantisl sanrgy U, i we st i, The onesayy

ts therofore for 2> 300 |

¥ = u:_‘%m ovge on * ViTe(7}

Uaing (27, tudle 3} we canld now enleulute thw J=factors.
It sonlsd then be possiible toc obtainr a family of turves fop
dirforent L1C1 ocneantrutions and slso o intornclats fop
otheps. ¥ met resesber thet J sleo deponds on & ad
on the area of the wvernienlite orystele & simtlsy

but rore diffienit analyels ean Be eerried cut for
montworillonites

Interssting fostures sbout VII=(7) ape that it
dszerides a path of decreasing energy, erprvcching the Tinlte
repulsive foree though of sxpomsntial ordsr nover venlshes
Lfor & finite. The energy has no proper wircioigs Wk




Wiﬁ-q

infinity 1s & singuler point where the force varlshws sod
the sneryy tskes s finlie ometant value. I thode were
no other foroes aeting o the eysten 5 would go %o Infinity
thecyoticaliy. I2 setunl prectics surfzce tension,
vigeous recistance, gruvitutional forees wld mechanieal
burriers in the spparctus ond eysten provids countar-
bslaneing forces widel pahwps contain the syotos alaupily
snd make the phyaicsl iniindiy os ﬁisﬂxmiﬁwﬁ ez the
methensticel ideal, a fianite weiue Of a«

¥e csn changs the referenge siute of the energy
by sioply eddiag the comstant § %0 Voth stdse of VIF(7).
™™ic will meke U vendoek nt infinidy ond oxhibit » cuxve
repezbling ourve figere 11e 4 for li=verdeulite in
water e only sbout 24562 0% erga/Son or soughly ¢ kT,
snd $g coricinly effectively zern cr olose izl

Aetanlly 211 this sdght not be nocens 1y beosuse
if Uy given by equation V={48) 1s used in ¥~(2), ws fing
that V~(18) end Uy are very delicately beloneed enevgy
teyms in the mecrosgopic region. 48 20 inevespea thay
spproach sach otler ever so closelye 4t ZTw00%
exanplie, their difference for s momowslent ian, that is curve
1 in figures 10 end 11 18 only sbout 2xt0™'* erga/ten
or close to % boti: for mntmorillonite end vermdculite.

Yhne  Hene i o wesidoaf force M
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The camcept of Uy glven by V={14) opposing
v~{18) 1s very stirective for explaining thixotropye U,
gives sn attrective foroe while ﬁg glves & rapuleive force
of roughly the seme order of mognituds. It 1o well %o
note thet both U, and ¥, esn be written in the fomi of »
docaying excvonentisl toms, sith es the scoond terw in
V={21), hence both are of cuponentis) ordsr. Thoir
resultsnt foree is clecrly similar to eguation VII={6)
which is Yesed on experimnt (27)s The effactive capecity
of this foree # &0 work ia oat off as alrecdy wxplained,
when it approaches the value H~2xi0® dynes i for Li-
verziculite st s given distence 2D, depending on 7, that

is electrolyte coacentvation snd other edge faoters. If
this criticul dlstunes 20 he considered sn oxiremun o 8
singuler point then by perturbing the aystem with o
sxtemnsl force, elsctricsl or mochsnicsl we will dlatas®
the eguilibriam. .t onee, the delicstely bulanced forees
i1l tend to restore the oystem, 1 the perturbding

Penoveda

Seeims fé

Thie le exaetly whsl heppeny when o thizotzopic
systen ip perturbed. Since tie constitutive forces of the
mm-i% end -;—a;ﬁ ave sasll, the cohesive forces
of aystem csn beo disrupisd, that is, the particlesy if small
encubh, sct independently of cach other end hence e syotas




will behave like a fluid inetead of s heterogenous erystal.
Perheps this {e part of the ultimate explanstion to the
peculiar electrical phenomena descrided in Chapter VI

end (13).

The auvthor wishes to add however that speeific
edpe effacts in the case of montmorillonite sre not ruled
out. Ve must also note thet in aome ceses, the gel can
be permanently dierupted, asince some particles may even
return over the meximum to the minimum, while others

sepsrate completely.

A very important point in regsrd toc edge effects
i1s the fact thst the platelets of montmorillonite for |
exsmple, are flexible (20). Now due to edge effects, the
efficiency of the swelling force will not be uniform over
the entire surface of the platelets., It is fair to expest
that 2D will very over the imenae areas 1f -them platelets
exhibit some flexibility, Different regions of the
sarfsce aould he in different states of potential enerpy,
figures 4 to 12, some binding some non-binding.

Is 1t therefore unressonszble to propose thst
thixotropy and gel strength may be related to this

F
behaviour?

To quote from the suthor's first ressarch report

on eloctmn—mierowopy, 1960 (unpublished):
K/;?Jﬂrei.agq_b/ /ﬁ G /ﬁ/ﬁ,%—cx&r\/ g g-n-\d,,\o ..r'nQ, f}f'\dfﬂ._//ﬂ/ ‘)-1?;

FAL flxdle fportiehs  due 7 7/ ,A/»w/ﬂ”éwﬁﬁ"‘z f/"‘rz%'

ke F assecroled  rehokolon  ond A w,é;/
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*gontoorilionite on the other hend yields such sn weuingdy
intMonte pleture, that 1t is exoscdingly Qiffieult to sy
prociscly whet ito shape ie in waler suero sionse It
does poem to eonzist of thin flckes ruther than arieved
ovar on thempelwes in ¢ variety of wayms Une might
gonsider montmertliond te mum in water, 9 bWwing
sssentially s set of eniled »idbona, which cross cowh other
to produce mintature plotecus or gheets st interwdse. This
x& probebly 5 reverse dasewiption of the gystem, since the
dry montazorillonits particles were probably wholly porellel
shests which developsd into ribboma, due to dirTerenticd
sdsorption of wuter molooules by the ontions and the cluy
purticles. +t low megnificatione and puoy Clspersd
(eollotd) pibboms sre not dletinet." The dosussion in
(20} ehould also be ecnsidered In this conbuxte

To &m up, 1t is now propossd twt instead of
the classicel linear cxpressicn for the petentisl of fRene
esarfaces with free eorfaoe chorpe found fn moat tesis, ¥
use £ non=linsssr ﬁ:wmmf soeh as

Fr - %L -vﬁt VII*-{&}

m d=factors fory mimhr lamolliar crystuls huove to be
7 4 r
OF Sumf_ _S.r‘f‘nféﬁ' M@,/—'{L j-{ cen sy “JC.?L' 2-9./;(_ 174?5/2 ,.-rrC;c‘_ ;’/‘;Uf,_//gf'

Bheor Haf ¢ fovd /\67/{7/ K. /(',./ A @ o /:/ dﬂ‘?{/]‘-br’ﬂ-’\/ﬂ& 5
,’c?me/Z??- //: un./ /a//{(/a.—aA‘yf o’/ c,a/c» ,4/:;/ /g-;‘-/x_ 4 g d 7
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astermined by orperiment st the mement. Purther sdvanoce
in theory =y show how ey sire reelproomlly reloted to L,
the eut off dletence.s If so L for Limverdmiite in pure
weter would he hﬁgi The choice of e non-lineoy potential
may seew counter ic ihe pupermosition theores

quitle:oisw that the theoren we devisod wi‘th point chapgos
in minde |

e mey Turither comclude, that theye luz only one
minimum in the gnergy for the Li-vermlculite syaten g that
is shown ic Tipure 141, mrthw eurve ¢ in figure 44 18 perhaps
closer to the experinmmntal situstion. Yo may therefove |
eiiminste the second miabwum in fiswre 12. In other words

omige betseon curves 1 sl 2 1s such ap %0 Jovour

equation ¥~{18) and owation Vil={5) over ¥={47)s "he
linesr potentisl for o churged plene interfuce T¥={1k) 1s
only & sprreximetion to Vil={8) =ud cumn only be uvoed in
the immediste nelghbouriiood of the interfoee, thol im = ¢

small. Bayoms this we mast huve « fores 1ike VII=(6}
end eonsemently the slectdle field of expmentisl ordes
’;g se He m/o/uéfﬁe» ISW 'C@—Sa?éc,z_ Frms a_;ou/g/ aélmfn'aaé

' erergy /mm /f; oo om . /;'a'r-i 77 A 2022 iim",
40]@ may Ww//mnv A8L 7 e /4}; Aﬁ'-;w_;;nmzcb//é
/%en(.@ s Oh .;z.r/[s/;/e. U S/é/-{lé 7‘7!0‘4 /-Mm 20 =54 6 724 i
WGM%/W /%@ st/c!?/ ,5@.3/%' /gwa{:a//j <s / /»/Z-é &

ee /f} %ﬁtc:_e_s | /0 Ve gée/x %m/ea/ CoA 510\’{-'7*—04.
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-
s
e

1»

Prom the equstions of Uy, for the difie
end their representetions in figares L 0 {1, 1t is cloar
that the electyoststic energy of interaction i1s amch a
| funciion of diatance e to ezxhibit a minimuz or energy well.

4s shown in the previocus chupter, ths repuleive iroge

ave not edoguate 1n the erystelline region wwi the solvent~
ton iatersction cr hpirstion energy mmet conteiibute. The
best sgreasont detwson theory and eaxperiment 1o seen %o

be ebtained for polyvuient ione aad for vonoviicont lons of
low hydrstion energy sinee Uy is deterdned largely by Upe
For Mm, ca™ ma ggﬂ there i elmost jorfocetl preement
in the position of the minime. This is 0 be @xpectesd since
the luvrger the surfuoe elesemt of epeeirfitie ion intorcotion
e*/2r , the more ldenl the mocel becomes.

The depith of the minismam in the total potentisd
energy ourve for 1% in rigure 9, sugpests it the binding
ensrgy io sbout 30 ke.csle por mole of ionsy =z value whildh
is sbout ons eixth of thut for the sodius ohiloride ceyatols
Werrse  Kene &5 muek  room Sforimprevemens m elmioting

., ,."' 7 _. Anp Ot
A 2 vl ol e, 7ess =
V/a%d ’q,/' ;/J
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Such a correletion Indientes why Al-montrorillonite does
not exhibit muorosocpie oweliing. On the other hend Li~
and Seemontzorillonites, fipure 7, show bindlng enargies of
the order of 3 and & AT respectively. Oueh minimo ore
skallov enough (of the ordsy of WT] to perdt sucrosgople
swolling ss expsriment confivms (26). Ho such Iuek for
x*.

In figeres 7 and 8 there 13 ¢ smurkeld differcuce
Detsoen the biologiesl javortent tone muoh se K*, Wa',
¥g™ «nd Ca™ eompured with 14* ong Be*Y. Time X* ana Ua™
which asasist in meintuining the cemotic and stiuetursi
integrity of living cells hewe high bnding onergles and
would thas meintsin a sgrface in 8 stete of relotively steile
potential ensrgy. OFf course st the other oxtewie is Co’
vhich would virtually imasbilise a surfuce. ca™" hes
perhupa 1desl properties Lor biologicsl functione m et
while 1t facilitates ¢ good turn-over of water, it oloe
hes & high binding snergy.

tafluence of, (. on ' e upteke of some other ions by
oxolsed plant and snimal tissmos,
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V't = & VIL={4)}

regions in figave 1{s) end 1(b). It is esey to show theve
is en fnoresse in Vp*, if we exchenge K' on & muwrfuce for
Ne's Por every 10'% epg/ion decrease in binding enorgy,
ws got sn increass of sbout G,00625 wolte. Tms if Oge
20x10™ 'Y erga/ion for K* o He®, the potenticl »ise s
mqwmummammwmemfam,aimmm
jen intersots. This cleurly hes & besring on the tmnaler
nerve impulpes. (hile thace correlstions camot he takenm
teo far, there doep seen to be som rolatiocnahiy botween these
properties snd the totael potential energy spociman Slepleyed
by the verious ions.

mmwmtmm?,amg repreventing
Uye U, ond U, 1t 1s seen thut Uy Is the louding toms of U,
in shaclute valuse This svidence does sewn o fovour the
theory of swelling proposed in Chupter ¥I thut there ia
sn energy reguiresent of thw montworillonite plutelots
. which mast de sutisfied by cocperative processos bolwpeen
the solveat medium, the interlsyer lon end the platelets
before any epprecichle expansion essi procecds TYhin is
secomplished by Uy and Gy and orilnery terul onersy.
The hydration anergy term: may be looked upon us & twigger
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mechsaien, for vhot seoms %o Lo banleoslly wn clectrostutie
-

It msy be aoted cgaln Bt 1f Gw plutedeta welw
econduciore U, wall b 2010« It e intoresting 6 ongsre
the siopes of {Gely) m%mm?&m%wﬁm
their eqivalent &F, md AF, in Borehet’s tommiynode
deta (5). The vmite in (5) are not cbelous dut the
egresnent deteemn the fmdlics of corwes in (5, fipurce 2
%0 0) sng Tigeres 7, § wnd § %o overstelmingly ia fuvoar
of tho imege thoory. Latopr 1t mmy be poscibic o ObERIR
@ more acemyabe corporlson, $f the mnite in {5 o bs

In the fignves i te 12 the curwue of enctions fop
Tys Ug sad Uy 61l Rave the typleol syposrance of ptenstsd
snergy curves for oleculyr aystesss The 2x losion & &
gol by sontmorillonite e vermlemlite erystuls, xy b
well. Thers is thorofore s statistical prohles or a
dtstritution funclion for the musber of Nlutelets whieh
esgspe the torpier o dowanstvets mooeon e swellinge
This i borse out by seruy data of Horsdelh (25, figuee 2)
snd Norvish end Rousell=Colom (37, rimre 3je It 45 well
to note that expursion of the firet fov datelets will sof
gn for ethais, lending to on oo loclive
e o i apey” /gf;‘ VTR Shearmy Resitnce ff Sk o5 @

7 25 0ESS S e /E:_arﬁa/ D /A A.SCE. | SMT 29-4/ (/9
ge:s /,a,-:i":man J’;f g & CQ/mG/é..s JRG ef a’;n 2&2? :’n a er/v ?/amme

sonic Cun?éas HEN a5 100 K™ rf«c/ﬁma/. Compare b aland 7/', :5;, 2

88 & trigper 2aohanl
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These potential epergy curves in tht s work aleo
have implications for engineers anj any maoteriaels selentist.
Congider for examnle the well knmm* anomaly of maximum
density and sherp rise in permeabllity coefficient observed
during consnlidstion of & predominantly Ne-clsy (montmorille
onite) 51l by a oivil engineer or 3011 physicist. Theee
studies over the years, have shown the presence of a
‘mystif:ying latent sttractive force, at clay platelet-platelet
smacing of about 30 or 20 to 108. In terms of figure 10 for
example, it ies seen thnt as goon 8s the platelets are
brought to the maximum ~2®n20x there 18 a bullt 4n
sttractive force down to the minimum and them a repulsive
foroe ss 20->0. In sny affective stress theory in soil
mechanics, these forces have to be congidered. The
stiractive force between 2D=20 to 10: will surely csuase
the permeabdility coeffioient to inoresse, by expelling the
water. In terme of figures 1(a) and 1(b) there 1s e
tendency for the mediom in regions ¥ and W, to be expelled
until the minimum in Ul-' is snproached. This example
involves mainly the go~called crystelline snd near
orystalline regions of swelling, where the developmentg of
Chapter V sre adequate without any reservations. The
attractive force as eatimsted from the potential energy
curve for two Ha-montmorulonite Platelets 13 about
10-15 kg.om 2 st oD=19A.  If this force is only 30-50%

Y ,M,%‘ 7) HMes Roe 7 i # Tovnbull W, 7 Aree A. SCE. &, SAME yo/-r08 (rgEB,
’-:’/.' _/1 e J.ffi; J’ "L /3 ‘7"'/-}’1 l-)‘ ../ uéo/f*—/"’ff"-é _{(..-/-‘: rez /2.} (--‘;575-41)

3) Kef " ff/ A.57
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efficisnt, then 1% womld socount for the eonscdid.thon anomaly
o

Finally we mey note thst since cons:lidntion is
esasentislly the veverse process to swmlling, tds evidonoe
s strong support for the penarsl form of the roltential
energy carves obtuined by the theory of eleetvontotie
mviel s

% now oconsider ce snothor excryle whiich involwes
the mecroecoric region, the Interesting problen of giiek
claye and their Wusis, thizotropy. Por this, all we neod
ars the devclopments of {hapter VII, section L.

ke gnd Upeculotions
The Pourier transform method had yieldsd sclutions
which are equivalent to nces oblained by imige pwthodSe
The hyération energy of counter ions is shown to wot a8 a
toigger nechanism for whut semas to be essentially an
slectrostatic phencnenon. The midwey position of the sharge
i shown to be favoured enorgeticelly snd the lehoviour of
the total potentiasl anergy ourves to e in souoxd with
axperiments

The genersl theory of elsetyentuiie ~moials has

yielded & result whioh mupports Langmir's (22) preliminsry
ideas comvincingly., 211 the evidence {rom theory snd

* Do Cﬁg/.: o:ﬂ-ﬁdéﬁ (R.E. Gwm /%0/ [/:Ey Technology e Era A h250 /?!2){/: r A

!prf ,d % prelSi r—ed fr- ;‘/.w FeAL /’g?’nc a)fm/-q//on P2

e Fesfic B (Jééfe,/ com é@_ ,// hloin o d /"7//0 n
0@7&% ?{ i 1on& )f‘!cr— H cq-rw_s 72{/2;% 7}%; 9 / 6/ =
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ocurrent experimentsl knowledge sugpeets thet within the
Iimits set by the type and size of solvent and interlsyer
ion, swelling snd meny other colloidal properties of olay
ninerais 18 wholly determined by the electrical pmpartiﬁ
of the system. The influence of the surface density of
cherge on swelling, points to the faet that double layer
theory in its preeent form s ot dhooys afplecble to clay
mineral gyatems. ) As further proof of the importance
of the dielectric constant of the medium between the
platelets a8 comperison may be msde of (3, t able 7) and (3,
table 1). Here 1t 1s seen that a Ca seturated montmorill-
onite immersed in a m;xture of octanol snd nepentzne gives
almost the sgsme X~pray lmaeing ag a mntmérillonita ssturated
with n-octyl-ammonium fon in & mixture of n-octamol snd ;
n~octylamine. This result would indicate thaut {n this

range of dielectrio constant of the solvent, the alkyle
smmonium ions behave similer to eny other 1on and surport

ia sleo given for Bershad's (3) propossl of complex formation
between the solvent and the plastelets of montmortllonite.
Horeover these complexes should be regarded ns heterogenous

crystals s in Chapter VI and not as liquids.

Finally we may speculate as to other problems.
One such 1e to consider errays of platelets, with lons

regularly placed in the intervening liqguid mediumasg in a
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verrdoulite or montmcrillodite eryetul. This prchlaem
s faced with algebpmnic end comutetional ALfTtonltlien ohRly.

There 18 aloo the Wmestion of other seoreirics.
Conalder the cuse of twe s proximately sphericel protedn
Perticles B and C in & bdpcler cosservata. .. imole
first oxder 2olution would be to consider thet B sees C
a8 & point cherge ond vice veresa. At very clove spprocoh,
sext~infinite planes with point charges st theiy boumndaries.
1f the distence between B and C ie 2D, then sines the planes
e¥ye not iafinite, we tuke only the first lmogesn,. If the
sclvent~charge interaction ie slese tsken into sgcount .
in Chnpter VI, then it i3 Iikely that we wiil 5% o poeitive
easrgy term 1ike Uy an imnge~chorge temm like the firet
in equetion Y={23) and finslly the well imown neg:tive
churge~churge or ooulombiec tern. (leadly wo huve the
proapect of e minimm in the snewrgy of intercction ut some
separation 2D. ihe need for this uinlisw s &) vondy
been cutlined by Lengmip (22) snd in Chepter I of this work
in dteuesing (22}«

rigorously to give inifinite sets of imugos using this sume
model , except thut the suheres need not bo aproximcted to

planes. Chapter 11, section 2 and Chapter V, section 3




fadicate methods to do thisz. It 18 quite doubtfu
the resande would mepit the effort.
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This problen hes slrecdy been alluded to In
Chaptear V, section 3. Bafore outlining the suppeetions 1t

1z well to gat & cloar iden of the PIOCUSS We IO
considering. Double luyer theory le cuile preopostorocus
below 2D=304 eince this is a problem of the sclid states
The maximn th’%hﬁnwﬁmﬂu& energy oarven for 1i
sad Ha-montaoriilonite, veprecent the owitiol pointes for
traneition from o eolid %0 o gels 4% this atuymw e

It Goes not retum to pure moatmordillonite platelels wnd
free wnter however, Immtund a plotolet of momtieriilond te-
wster is obteined. According to (26,27) the effective
thickness is now be2il, instecd of bei0f given in Ghuptex
Yii, section 1, This io ¢ hater ous motortel whose
dimloctric conatant is ne longer K2 am for pure metordal.
Based oen (29,30) und eurlfer diccuesions with rofessor

CeTa O'Konski mnd D Ghirsi (20) & suitsble choice of
dleloctric emstant is Klx20, This 1s the high Crecuency
(ebout 3x16° cupes.) valus for mentmorillenite with 20=307
watar comtentd b}' we;?hf)a

Wo ere now In 4 position to set up s double loyer
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pmbla-: it socms mw@c toc set /0, on the o vnpition
that the wataer luyers of 5—6& with the equivelent counter
fone iobedisd on either side, would mclke the rem:lient
hoterogencus eryetal netural. mally we moy gp further
end suggest, that 1% is In an effort te schigve this atate
of erystelline perfoction, thot swelling in initiczted.
Beturning to figwe 1{b) the model hes the fullowing
R, and b becoms K ami Bebedss rospcotively,
while in regions 4., ¥, wnd 19:3 we hove e volume densliy

jlefined by Poltzoon's theowenms Flnally
20>30%.  Wow the problem is completely set up, oll the
rest ie computetion wnd slgebrs onlye

In o mmeh as Versey end Overbeek (33; hawve written
& book on a simpler prohlem, the suthor will present the
solution in snother publicatiom. Preliminuy remlts
show that the gensrel fop: of ourves | in figuses 10 snd

11 for ?L")’,SDYO ic not e.lthm}d.
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one electronic charge per iﬁﬁzperinheral oxygens)
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