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Chapter ll

STRUCTURE OF \rATER

THE PROPERTIES OF WATER

fgr
Wef un IS A L IQ U ID u l r ic l r  d isPlays proper  t ies.  d i { ler ing great-

ttj i-- ,ttot" of oih". liquids tliat 
"ltemiially 

should resemble

ii. Its behaviou, is 
"r'tot,ti"ln,,s 

In reccnt years, scholars have

concentrated their attention on the properties of water and have

found that the clecper thel go and the more theorv progresses and

the ffner thc propirties brouglit to light, the greater the anoma-

lies. Strictly ip""t i"g, one may say that it is only recen-tly that

water ]ras b""o-e r."cigttlted ai a trulv abnormal liquid' In order

to realize tlie exceptiorial uniqucness of tle most common of liq-

uids we nee<I olrl1: 
"otpot" 

c':rtrin phvsical data which concern

water with those o{ the h1'drids of thc elements which are close

to water in the perioclic systcn or else rve can consider the same

data in the homologot s series: O, S, Se, Te (Table I ) '

Ti\BLE I
B"H,., q. y.

Velt iDg point -169 165 t- i

Boi l inf point - 8i 16l sl

g'  j r r
\ t ,  l t r ,g Pornt t t  8l

Bu i l r ng  po rn t  I uU  60

s-H

6.1
-41

O}I, FH

0 9 2
+ 1 0 0  + 1 9

1."H,

- 1

In melting, water contracts so that its density at 0" C is greater

than that oiice, rvhich is also at 0" C' As the temperatule rises'

water continues to contract until it reaches 4'C, at which tem-

Derature it is at its maximum densilv Above 4 C' water expands

at the temperature rises, The "physical scandal" of a body whose

density risis with the temPelature has provoked a great deal of

I8
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thought ernong scholarrs since the vears 1667, rvhen the increast'

o f  de"ns i t r  r ras noted bv F lorenl inc r tademic ians of  Cimelr lo

At 0" b, the density of ice is 0.9168 and that of rvater is 0 9999

Water corltracts by E.3% as it melts ancl, on reaching 4" C, it fur-

ther contracts by 0.12%.
The clielectric constant of water at 25' C is 78 30, a verv high

value rl'hiclr is greater than that of the clielectric constant of tlre

common liquids'rvith the cxceptio' of four; hydrogetl c1'anitle

( 106.E at 25"C ), formamide ( I08 5 at 25'C ), sulphuric acid ( 10i

at 25'C ) and hvrlrogen fluoride (E3.6 at 0'C ) '

All othcr liquids presclt smaller dielectric constallts of unit\

10, 20 or' 
"u"n 

50, if ih"r' are polar, and abovc urlitv 70 if thev arc

non-polar, In general, the value of the dielectric constant of norr

polar littuitls is around 2.' 
The sl-rrface tension o{ rvater is rcmalkably higlter than that ol

the other common liquids \{elted salts and melted nretals arc Itot

inchrclecl among the conlllon liquids, because itr these cases the

snrface tcnsion values change their oldel of sizc. Onll tlre srtrface

tension of hvdrogen peroxide has a vahre slightll greatcr tlran that

of rvatcr' (Table II ) .

TABLE II
Sur ' facc t t  ns ion dl t rcs. 'L

Cournon l i t lu ids

\{e l ted sal ts

\ le l tcd metals

H)drogcn pcror i ( le

0 6 ;
90 !40

360 1000

73

The latent heat of ice fusion is the greatest knorvn, save for that

of ammonia. And the latent heat of rvater vaporization is certain-

lv the grcatest known.
The spccific heat of u'ater is abnormallv high. For example:

\\'lltcr nlclcury

1.000 0.033
alcohol  bcnzenc L arbondisu\rh ide'

0.j197 0.2,150.v7

and thc difierence between specific heat in the liquid state and in

the solid state is also abnormally large. The specific lieat of ice is

0.5026 cal/gr at 0"C and that of water is 1.008 at the same temPer-
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ature. The difference is 0,49g2 at 0.C. The difierences revealed
bv other substances are not as high as that of water. 

----" -

The specific heat of water is a1 a minimurn at 35.C. Tlls rnin-
imum was determined with great exactitude by Osborne, Stimson
and Ginnings nr 193g. The international Corimittee orr'lV"igt U
and.ltleasures has approvecl a lieat capacity table for intemational
use in calorimetry which difiers from^the iable of Osborne, Stim_
son and Ginnings by less tlran 0,005 joule/deg. _o1". ih" d"tu 

"."thtrs completely 
,*1"i9:i1:.^ The preceding measurements go

Dack to re vrrrs 1874. 1893, f900, 1905, f910, fgll, l9l2 ancl 1915.
Revision and clarification wer e rrecessarv.

I have insisted on the detcrrniratio,r of the specific lreat of water
ald on the precise cstablishnrent of the -lrriirr.,_ poiui b""u.,..
the existence of tLis minimun is of greatest impora",i"", 

", 
*" *ilf

see later.
A study carried out bv Bridgman concerning the viscosrty ot

water at various pressures and various temperatires must be con-
sidered as I'eing of fundamental importanJe. fVith 

" 
,ir" irr t"rn-

perature, the isotherm at 0"C revea-ls a minimum ir, 
"*"rporrd_errce with a pressure of 1000 kg/cmr; the isotherm ut lOlCl"u"utr;

this minirnum less markedlv arlid the isotherm ut SO C no tung".
reveals a nrinimurn. This neans that below 30.C tt 

" 
uir_rif 

" 
p."_

.r"".t. T 
anornaly in correspondcnce with a pressure of 1000

kg/cm!, as if something 'oluminous *"re ..cr.,rlid,, 
th"i ttr" ,rr,r_

perature destrovs when it rises abovc 30.C.
On the other hand, jt is best to note before going further that

lretweerr 30 
.arrd .4tt 

C nrrn1. o[ luater.s properfie, i-", 
"oi 

.=rtoln
ooorrr(s, a srgrr that at thit teinperature something ver). import-
ant occurs with respect to the structure of water_

" 
\lagat, obserr ing the disappearance of the intermolecular bands

ot ure flarnarr spectrurn of water at temperatures above 37"C,
decided to determine vi,hether the other piop"rtio of *ui". p."_
sented anomalies at the same temperature.

He found t l ra t  a l l  t l re  known proper t ies reveal  i r regular i t ies in
the temperature interval bctweeri30lnd 40"C, 

-o---^,.'

- Cotnpressibility ol uater jn function of the temperature (on the
basis of data furnished bv l1agat, Tamman und R.,"rr"nb"L ,.
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- lnrlex of the refractiqn of r.vatcl for the ljne D in firnction of the
terlrperatrrre ( on tlie basis of data frrr.nished lx. H.rll tt pame 

) ,- Second tlerixutixe of the xiscosifrT in frrUr.tior r r')t tlrt t(,Il1|)eratrrro
(based on the average of all knol.rr r alrres ).- lloleculur heut of u;ater ut constant pressut.(:il Irnction of tlri,
temperrture ( based on the meusrrrcrle nts of Dietclici ) . _{t tlut
time tlrere were as vet no Burctru of Sttrnclarils ur"rr,, r",,,,,,,,,
antl clirtrgences were noted betv.ecrr one author aui[ anot]rcr.
on thc Pos^ition of the minimrrn. \lagat localizccl it bctu,errr jl5
a n d  1 5 ' C .

- trlolecuktr heat of uater ut cotrstutlt xolrtnrc ol tlre tcrnpcratLrrt,,
c-alcLrlatecl by \lagat on the basis of consttutt pressur.,li t",- Deritatire of the rli latation coeflicient ittfirnc'tion of tlre tcrrrper,-
ature, l)ased on the excellcnt nteasLtrelltelts of Cltaltpuis^ intc_
gratecl rvith the measurements of the phvs. .Iecln. 

Rei'c.,irsanstalt.
- Soluhilitry of tater in ben:ene (basccl on tlre <lata of il i l l )-Sol t t l t i l i l t t  o l  u .uter  in  u non-polur  su l r l , tn , . r  , l l .or r r i r rc  r .
-  Solubi l i tq  of  uater  in  a polur . r r rbs l r r r re, .  hr r t  lo t  s t rorr r j l r  asso-

ciatecl il the liquid statc ( ether ) .
- Secontl tnatilatuttt in the X tliffruction spectntn.t. .Ihis nrlxjrlrLnr

begins to u 'ane at  20, ,C a ld at ,10.C i t  remai ls  not l r i r r l  but  a
point of inflection, accorcling to tlre olrservatiorr ,,f St"r,.",i, lt);l l.
It rvas eviclent that sometlring r r.r.r. inrport.trrt rvlr trrkirig pl,ict.

il the stnrcture of rlater around,lS C;. ft"gat a.h irrieccl ,, riorkilg
hvpothesis uiich lreld that the anornalics ir rlLrcstion,r.cre Ii,,ke.l
to the trar r sfolrnation of a yibratiorr in a rotatiorr.

IIe irurrrccliatel_r' sarv the biulogitul itnpulttut(L irl tlrrs tr,ncral
l l t ( l  . r r r , i  r r l F t r r r . r l :  S i g r r i r l o t r s  . . l r h l r .  , I r ' r t ; j e  r . r r  i r r l i , r r r  r l ,  ,  1 , r , , 1 , r . i . .ti,s associatives de l'eau peut 0tre d,unc grancle irnpor.tirnce pour_
les processLrs biokrgirpes, la rIgiou cle tcrr.rlrer..rtrrlrs i,,, r.,r1r,,rd"nt

l,-t:.a]':,],tn.nto,ior) 
6tant celle de I'orgrr'isn,c .les .,,,irn,,Lrir ,, sarrg

c l l a l l ( 1 .

After sonre vcar.s \Iorgan ancl \\ 'arreri stucliecl x r.av clifir.actrorr

] , 1 : t t : i ' 1 .  j , '  \ ! , J t e r  r t  f i r o  t e 1 1 1 p p 1 1 1 1 1 1 . . 5 ;  1 . . - 1 .  l : 1 .  ) o .  r , 1  , , 1 , , 1  g . 1  1 . .
r isOr i l l  ( l ts t  l )L l t tu l r  CUrvcs to l .$ ,ateui t  t ) re  f i r .c  tenrpcraturcs \ \ . ( , r ( ,

ohta i r rcr l  hr  a  Fotr r . ier  r rnr l rs is  of  tLc x- rar . in tensi i . " , , , r . .s .  . t . t , "
I c s u l l s  ( i l t r  I ' e  i r r t e r p r e t c c l  i r r  t c r m s  o f  I  s t u r ( . l l r e .  

j f 1 , " . , 1 , 1 , , g . , , ,
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the dillraction pattcrn of water $ ith rise in ternperature is evident.
.Lt 1.5'C exist a first peak and a second peak. \\i ith rising tem-
perature the second peak becomes less sharply resolved from
the first peak, At 83'C the tvi'o peaks have practically merged into
a single peak. About the only conclusion that can be drawn from
tlre inteusitr- curves is that therc is a chlnge in the structure of
u atcl with rise in terlperature."

In oldel to explain tlic unirlue properties of water which make
it so cliffcrent from all other li<1rids, Roentgen supposed that water
is tl rnixturc of two different types of moleculc, which he called jce
nnlecules and uater nrclecules. The ice rnolecules form a mass
r.r'hich is less dense than that of the water molecules. As the rern-
pelature rises, the rrumber of ice molecules dirninishes and the
number of $'etcr molecules incrcases. This hvnothesis made
possible the explanation of some of the anornaloui properties of
u'ater; for example, the maxirnurn of densitv at 4"C. It is import-
ant to notc tliat urrtil that time scholars had occupied themsllves
u'itl i the ellect of rnelted substrnccs olt tlre lowe.ing of tempera-
ture to the poirrt u,here the marinrunt of density *,is obre.uabl",
t l r r r t  i s ,  i r r  l l r e  d e s t r r r c t i o r r  o f  t l , e  i c e : r r o l e c ' r l e s .

flhemical anah'sis designated tlrc composition of water as HrO.
But the density of steam rvas sliglrtly greater than sliould Iiave
bcel the case if it '"vcre cornplete)v made up of H.O molecules,
lncl lcss tlial should have been thc ctrse if u'atcr were made up of
H*O,, or (H.O), nolecules. Thus stearn is to be considered as a
nrirture of trvo nolecular t\,pes. ,\t 0"C thc molecular ratio of
I I *O,  or  (  I I , ,O ) .  u ,ould be 2.6? (Bosc ) .

But in order to explain the belraviour of rvater in a gaseous state
It valious ternperatures, more contplex ll potheses rvere necessary.
There is nothing to be gained norv br- reviving those old hypoth-
cses. It will suffce to poirt out tlrat until the early years of this
c cnturl' thc bchaviour of $'ater in a gascous state made it neces-
silrv to assune the simultaneous presence of several tvpes of mol-
t'cule and, in addition, the possibility that one of tliese behaved in
!r sPecial nlarlner.

The properties of liquid water have to be explained by even
nrore complex l.rypotheses.
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Sutheriand put fortli $e hypothesis that water rT'as composed

ol three ntolecular tgpes: hydrol,ll.,O; dilrydrol, ( H,,O )1 or H,O,;
trihytlrol, (H,,O),, or HoO3. Hydrol rvould exist onlt' in rvatcr va-
pour, dihr'drol and trihydrol would be the normtrl cornponents of
liquid u'ater, iogether with a small percenttrge of hr,drol.

Accordirrg to Sutherland, Iiquid u'ater at 0''C rvoukl be con-
posed of 62.57 dihvdrol and 37.52 trihvdrol. Dihvdrol u'ould pos-
sess a greater density, 1.089 at 0'C, and trihydrol a lesser clensitr',
0.8E at 0'C. High pressure would then rcducc the quantitv of tri-
hydrol preserrt.

This hvpothesis made it possible to explain partiallr. tl ie rrnusual
properties of liqr-rid water, and between 1900 and 1933 there rvas
no substantial change of thouglit. But il the meantime, general
progress in spectroscopv and nolecrrlar phvsics lecl to solne verv
precise notions regarding thc isolated H,,O rnolecule in a gascous
state.

Even rvhen thoroughlv purified, water retairrs a sliglrt clec-
trical concluctivitv. Highlv purified uater, erpilibratecl u'ith
the surrounding air (equilibrated water) has a conductivit-v of
0,75.10 "olrrn-'crn-' at 18'C, attribr-rtable to a sliglrt dissociation ol
tlre rvater in the h1'clrogerr arrd hvdloxil iorrs:

I l .Or l  H-  f  OH or ' :  2 .H,O1|  lL ,O+ + OH-

The couccntration of hydrogen and hydroxil ions is 0,8.10-7 cquir -

alent ner litre at 25'C.
Water is ar ionizing liquid, ancl if one irragines it to be a lronto-

gerreous fltrid with a given dielectric constant ancl ir gir-cn viscositr-.
rvitli thc ions of the solute as little chargcd spheres srrbjected to
resistancc proportiolal to their velocitr', modern theories of sohr-
tions substaltiate the mobilities of the ions in a ouite satisfactorv
l ranner .  Brr t  r rn l i l  now no t l reor \  l ras I ,ecrr  eb le t r l  r tccorr r r t  lor  t l re
rnobilitv of the lI+ and OH- ions watcr, a ntobilitv that is unus-
Lrallv grcat compared with that of the other ious.

Flere arc some data, at 18'C (Kohh-aLrsch):

H. 315. OII 17.1

Na+33,  K+65,  NH{ '6.1,  Cl  65,  8r-67,  JSO, 68

The grcat anomaly displaved bv the ions of rvater has led to
modern tlreorv's first general assault on the natrrre of liqrrid u'ater.
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THE SUBTLE PROPERTIES OF WATER

Establishing that rvater possesses exceptional properties com-
pared uith other liquids and that its behaviour is completely
anomalorrs, has not vet solved thc problem of the properties ol
sater. \trrliat rve have shown arc the gcneral, characteristic and
casih.deffnablc plopcrties that dctcrr.ninc tlie behaviour of water
in a rvide sense.

But bevond the easily-definable propcrtics, water displays a
quantity of other properties not so easilr-delined and hardly pre-
dictable that evade all attempts at docrurentation or thorough
studv. Chemists and, to an even lesser degree, physicists never
consider tlie possibilitv that water could display such subtle and
evasive properties. BLrt biologists, hvdrologists, hydrobiologists
arcl balneologists are quite au'are of the existence of these prop-
erties and know that thev are highlv imporiant despite the diffi-
cultv of conring to grips with therl.

\Vll ' is it that naturirl rvater drunk at a spring is nore effective
from a medical point of vierv than the same water bottled and
aged? \\'hr- is natural \\'ater so different frorn a medical point of
vies'in spite of the fact that the difference in chemical composi-
tion reveals nothing ir particular? It is certainly not the small
variations in common salts content that iustify the efficacy of this
or that water. Even tlie existence of srnall traces of radioactivitv
cloes not justify thc differences in properties at all. Todav we are
begilning to speak of changes in the biological properties of
rlater due to the heating ancl sul;sequert cooling of the water,
rvlrich docs not return to its previous statc from a biological stand-
point, even if u'e replace the gases it had lost during the Iieating
arrd returrr it to exactlv the same conditions in which it was found
previorrsh'. Tlris is wlrat is known as f ercourisation of u'ater (Vale
Vouk); an operation that bestorvs di{Ierent charactcristics upon
uater in spite of the fact that rrotli ing dillerent has deffnitelv
taken place from a chenrical or phvsical starrdpoint.

The biological effects of fervourisation seem to be evident.
Thel there are other facts to kecp in rrrind, in spitc of the fact

ihat the majority of phvsicists and chemists have refused to con-
sicler tlrern: the so-called phenornena of "actixation," whi,ch l men-
tioned in thc introduction.
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Water ri 'hich is sLrbjectecl to plrvsical treatlllent' tltat 1;uts nri-

nLrte quantities of energv in plar', acqrtircs sotrle prr4lct tics rr lric:li

last for rluite some timc, evett for severtl clavs, \otll inq hlls

changecl floru a chemical standpoilt The properties tlrat ettirt-

tecl rvatet ucrinires have been enrplorcd il tlre phrTiir:cl dtxalittg
of boilers and have bcen tlre srrbject of ltirtents. \lartv of tlicse plt

crrts lravc not scrvccl their pulpose at all. but othcrs ltlrr e c olttt ' itrttt

uide usc arrcl their rcsults in ittdttstrv lre controllalrlc Tlre c{Ie'cts

of activation are cliangeable itt tlrc c,rurs, t)f ti l l le itnd rrtet onlt

bc evaluatecl statisticlllr '. Btrt the effccts clo exist. 
'Ihc results c:ur

bc good, ancl then sL,ddlnll-turn btrd. \\' lrv is this? IIr spitc of the

aleatorial;il itv of its function, it has appearccl cottvetrieut in rtatrv

cases to attcnpt the use of phvsical descalin$, ulricli cloes not tie

dorvn specialized personnel, or cortsnmc clietnical procltlcts arlcl

does not jnvolve delicate clternical opcrations.
This is a subtle propertl'of rvater tltat ntav be obsen'ed in tlie

field of inorganic chemistrv and in industr.r'. It is a nrarvel that
such a tinr- quantitv of energy'is capable of sucli rcmarkablc rc-

sults, to sav nothing of the economical aspccts.
I rvill rt-.turn to the subiect of tlte activation of s ttel ilt a strbse-

quent clrapter'.
There alc facts then which u'ere corrsiderccl a fes' \'ears aqo

irnpossible to apprchend scientifi callv.
The stuclv of natural phenomena mav onlv be carr iecl otrt q ht'n

conclitions arc favorable. But to denv facts tliat ale bcgiltnirtg t<r
appear before our verv el es merell' because tltel do not fall rvith-
in the range of our standard knouledgc is highlv ttnscientific.

That these facts exist, at least u'ith highh' interestiilq frequencr',
is ploved bv industry rvhich has spcnt and is stil l spenclinq mil-
lions to nrake use of thc very facts that tnanv scientific sclro]lrs
choose to ignore.

TIIE STRUCTURE OF WATEIi

In the midst of studies of tLe propt'rtics of u atcr Lascrl on theo-
rctical conccpts and on previouslv estirblislrctl facts, atorrr'c phls-
ics, molecular pliysics and spectroscopv ue are able to proceetl
fronr u ell-defined icleas regarding tlrc isolatecl FI,O noJecule; that
is, the molccule in a gaseous state. It uould not havc becn possiblt
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to define these ideas earlier because the general theory would not
have been sufficientlv advanced.

The isolatcd II,,O molecule has the follorving formr

zO..
,,/ <-> \

II 109' H

The bond anglc is 105', the tetrahcclral angle almost 109". The in-
ternuclear distance C)-H is 0.97 A. TIie electrical dinole moment
is 1,87.10 -tsc.s.u. The vector of rlipole nolrent acts upon the bi-
sector of the angle H-O-II.
The negative end is that nearcst the oxvgen.

The mechanical rvave theorv gives some information on elec-
tronic distribution. The water nolecule has I0 electron wave
functions which can, according to \'{ulliken, be designated thus:

( rs)rlzsrl:[:p,],1:p,lr[:p"],

Z is oriented along thc bisector of the angle FI-O-H, Y lies in the
plane H-O-H perpendicular to Z, and X is perpendicdlar to the
plane H-O-H.

Z, Y and X pass througli the nucleus of tlie atom O. The radius
of the u'ater molecule is about I.4 A. Tliis means tlrat if rvater rvere
made up of spherical molecules in disorderly arrangement and
touching one another, tlie densitv of water should be 1.E4. If we
rvish to ascribe to water its true densitv, imagining it to be com-
posed of spherical molecules arranged as we have suggested, its
latlius should be 1.72 A. Thc rvatcr molecule would then have ro
rrndergo a remarkable change of dimension during the process of
fusion, because in ice, as we knorv from roentgenographic studies,
its raclius is 1.4 A. The extreme dissymrnetry betrveen the water
rnolecule and its electropolaritv does not permit such a conclusion.
Apart from this, the study of X-rav diffraction on liquid water pro-
vides us u'ith an independent and conclusive argument. X dif-
fraction indicates that the radius of the HrO molecule in liquid
u'ater is L38 A.

The arrangement of the molecule cannot then be disordered as
mentioned above, but must be of an entirely different order.
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ln fgl;S, Bernal and:'Fos'ler pnt forth a con4rletelv trt-'rv itlea.

based on spectroscopic data, conccrrtirtg the II,O nlolccrrle tn a

gaseous state, its electric moment ancl its dimerlsiou evert llealinq

in nincl ccitain similatities to order cltentical comllortncls Tlrt' ir '
idetr revolLrtionized concepts of tlre constitutiotr of rvittet.

'  . l tp l '  g i \es i t  conccntrat ion of  negal i |e  e lect r ic i tv  i r r  t \ r r

r tg iuns i r t  l ight  r rngles t ' r  the p l i rne I I -O-H.  The r r ( ' t  d is t f i l l r t ior i
of electlorric clersitv u'il l tlreleforc lcsentltlc ir /rftrtltcrlott rlitlr

t\,! o corlter.s of positive lrrcl t$'o corltcl s 9f legativc cltarge. .{lso it

is  possib le to  f inc l  that  rvater  tno lcc ' r r les i t t r r tnge t l tcr t tsc l rcs i t t . t

tetrahcdral co-ordination.
Each r ro lecnle is  sLrr rot tndcd lx  for t t 'o thers.  tJre l r i r rc l i r rq  l "  i r r '1

betrv t 'cn the posi t ive regions on onc n lo lect l le  t t l  t l l t ' t t t 'qat i rc  l t ' -

gions or the next."
Bar..rrcs found tetrahedral co-orclintrtiou irt ict'.
Bcrr ra l  anc l  Forv lcr  pointed orr t  t l ra t  i r r  thc c , rs t 'o i  so l id  s i l ic , t

(S iO ) .  t l re lc  cx is ts  a s imi l t r r  four fo lc l  co<l  d i r rat ior r .  1 ' l r t ' \ r r f ia t ior r \
o{ thc polrrnoryrlrous fornrs of silicl slrouccl tlrut tetriLlrcdlal crr
ord inat ior r  i r lone is  horvcvel 'not  s t r { l lc ic l r t  to  t l t ' tc t t r t i r t t '  t l t t  s t t t t t
trrre complctclr'. The fornts are: clistobirlite, tridr rrritc .itttl tltrit tz

Ice is isonorphous uith trtdynite.
It seenrs likelv that slten icc nrelts tlre u'ttt 'L Ittolecttlt s tertil io

joirr togethcr', as ice in a trithpnite-like psculo t:rtlslulIint' ttrtr,

/rrre, u'hicli is less dense, and that rvith risc: itt tctttltclrttttlc tlrt '

triclvlnitelike pseudo-structure tencls to tlarrsfolnt itst'lf irrto l

quart:-Iike pseutlo-structure, r,r.' lt ich is clenser.
The muxi rnt rm of  densi tv  at  4"C uould t l r t rs  be e iLs i l r  e  rp la i r rc t l

theorcticnllr'. Rernal ancl Fow'lel acknorvletlgt' tlrrec t\|cs (rl

strrrctrrre, con esponding to thrcc tvpes of $'att't ,
\Vater l: Ice ancl tridvmiteJike, Iight, r' iscous;
\ \ ' a l r ' r  l l :  Q r r a r t z J i k r .  l r ,  l r r  t .  s e t r r i . r i s ,  r , t t : l

\Yater ll l: Liquid anmonialike, Iiqht, non tiscous.
"Thc nature of the water is determinccl bv cli{Icrent gconretrical

arr:lngcnents of the samc molecules in small rcqiors of t)re litltritl.

duc to a difierent amount of molccrtlar trot.etrctrt, inrposecl bv tlrt'

tenperature. In each small region thc :rrrangcllcnt is ;rsctrrltr
ct1stalline. These regiorts ]ravc an apPleci:rblc electlic rl)orncrlt.
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and are needed to account for the large dielectric constant of
rr ater rrlrich is plac ticallv identical u'ith that of crvstalline ice for
lo\\ tregueltces.

These argunrents rvere used quentitavelv to calculate the inter-
nal energq of ice und u:ater front the LDater molecule model de-
rixed front spectru and dipole nornent ". . . It is possible to go
furtlier ol thc basis of the theort-to find the real^nature of the
lrvdrogen ion in solution ancl ltrrliJe a thcory 1or tl.re abnormal
ntobilities of tlrc lulrLrogen and luldroil ions."

Thesc are char.acter.istic prolrlems of s.ater.
Thus llcrnal and Fovvler successfullv confrorrted the most cen-

tral problem of u'ater.
It serves no purpose to probe tlceplv into tlie il,ork of Bernal and

!-orvler, the tl o piorrcers of the nrtldem theory of the structure of
\ \ . r [pr .  {  gr r . l t  c le l l  I r r r  c l rur rged s i r rce,  t l ren,

Thc relolut.lonarv idea o{ thc trvo authors was met b1,a lively
reaction. The supportcrs of the theorr.u.hich Lelcl that rvater had
to be corrsidercd as i\ tnirture of uggregates, according to tradi_
tional ideas, lttackecl thc concc,pts o{ Bernal ancl Fori,ler. New
ideas clnnot be perfect at theil birth and attacks are inevitable,
lroth for thcir imper-fections arrd {or the rrrreasiness provoked bt
tlreir appcarancc.

Euckcn found that tlie propertic.s of u.ater can be satisfactorih,
explaincd bv supposirg that ar.ouncl a tentperature of 0. there
exist, in roughlv cqual cluantities: sintple, dimer., tetramer and
octomer rro]ecules.

Tlrc octonters occupv a large r olumc and {or this reason behave
hka ice noleatles (Eisurtig) and to a certain degree substitute Ber._
ual ancl Fou'ler's tridvmitic structure. Euckeri supposes that the
ll drogeu boncls are thc forces s.hich birrcl the H,,O water nole_
cules irr Iarger aggregates.

Clierer and Virtz louncl, lrou'er cr., tl lat t$,o conceptions, that of
Eucken and that of Bcrral and l'owler, although ihey difierecl,
u'ere capablc of a cc.rtain mutual relationship, Eucken,s mixture
ot aggregates niaY bc illterpreted as a quaotitative representation
of the equihbria amor)g threc {orms oI arrangeme; rvhose co-
existence in a quasi-cn'stallinc liquid reticule constitutes the start_
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ing poiirt of Bernal anql Fou4er's theorr'. Ciercr lrrd Yjrtz c,onsicl-
e led the nunber  of  h i 'c l rogen honr ls  i l ra t  t l r r  r .u i , , r rs  r , ro lec,u l iu .
species s'ere able to procluce, alcl on this basis artl orr tlre lrasis
o1 tlic eflrect of te.mperatrrre on tlre rrrpturc of lrvclroqi,n lrolrls.
thel souqht to explain thc proper.ties of u.ater..

. _ Tlrt' struggle bctween tlie rnirlarc of aggreg(tcs erlroncnts arrrl
the pvurlo-crystulline structure erpolents \\.as c\1,n (,urrie(l to
ccr ta i r r  l tands of  the Ramarr  spectnt l t .  ' l ' l rer .c  

cr is t  l rar rc ls  i r r  t l rc
Hrniat r  

_ l iqr r ic l  water  spectrum ul i ich uer .e r ' r r tcrp l t tcc l  as l tc i lg
interrnoL'cultir that is, clue to rnolecrrles l,hiclr ar.c louucl togctlrer.
Tlrc barrls in rlucstiorr disappear rvith thc r.isc in tclnpcrilture, rs
prcviorrslr'.obsenerl br' \lagat. Riro hus colsistenth: irrqrrccl irr
favonr  of  the c lass ica l  conccptr  t l rcse bands I rad to l rc  at t r ibLr tcd
to the I I , ,O nro lecules (H,O),  ancl  (H, ,O). , .  Rao's  jn tnrcnse arr -
tlioritr on thc subject of the Raman spectnrnt rnadc itself felt, tsut
it u'as l.iter observcd that the difierence betu.eel tlre classical t.ou_
ceptiorr and Bernal and Fowler's theoLr-, u.as nror.e il lrrsor.r.tltal
rer l .

In 19i19, Hibbeu sumnrecl up thc sittuitiorr in tlrc [ollos.ilq nral
n c l l

"Rao ltas consistentlv ascr.ibetl tlre \iuialioll in tlrc llutrls a<l_
jacent  to  '  3 .100 as due to a c l r t r lge i l  t l re  pr . r ipo l t ior r  i r r  s . l r ic l r  t l r i ,
r ra ter  pohnrers,  i .e . ,  HrO,  (H, ,O,) , . ,  ( i l , ,O) . ,  are p lescut  arrc l  1rc
I tas asc l i l rc t l  to  t l re  f rec iLrency nc i l r .  -  r ' :1600 t l rc  r  r r  rpoh.r  r  rcr . is t , r  l
rvater, llerral and Forv]er. liat'e pr.oposecl I rlrusi crvstirllrrre ar.,
rangcntellt lor ryater havirrg respectivclr. a tr.ich rrritc. tlrrartz arrtl
close-packcd iclcal stmctrrre as a firnctiorr of ilr,,.e.isi,rg t(,rrrlr(,r.t_
t ruc.  T l t l  c l i { Iererrce betrveerr  these corrcepts is  nrr r .e  i l l r rsor . r  t l r i t r r
lea l .  TI re csscnt ia l  fact  is  that  t l rerc  is  i r  profourr l  i r rHrrenc.e urr  t l r r
Ramarr sltectrunt of watcr as chlngcs in tltc constittrtiort ol rr lttt,t
take placc

". , . Rao lras argued in {avour of the classical corrr,t,pt of u.att,r.
and litrs poiuted out the variation iu iltensit\.of tlrc rrl.rtt,r baucls
$ ' i th  t ( ' r ) ferature.  T l r is  cor . rcept  i l |Pui t r .s  t ( ,  1 . , ,  . , , , , , , . r ,  l r . r t  too s .e l l
defined. Ol the other hanrl it is oftcl tcio easv to e\l)liun o(,pirr{
urcs frorrr tlte normal on the basis of Jrvdr.ogcn lxrrrclirr,g or
resonancc, These explanations nrav clr in the opltosite e\tlelnc.
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\either concept is in cortradiction to tlic experimental observa-
tions upon rvhich ultimateh'anv explication must be founded. In
anl case the formula H.O given water or ice is undoubtedly incor-
rect. Other factors. g'hich are due to intermolecular interaction
and influence both the phvsical and chernical properties of water
intcrvcne. Evidence as to the rrature of these factors and their
magnitrrde obtained fron Ilaman spcctra illustrates an important
lpplication of this method of attack on the structure of liquids."

Ilere lye see that the shift from oDr)osition to the ideas of Bernal
turrd Forvlel to a reconciliation of tlrc opposing tlreses has alreadv
bccn accomplished.

Pople brill iantlv modified Bernal and l'orvler's theorl', overcom-
ing the difficulties u'hich it had encounteled. Pople's theory is
based on results of the studv of niolecular orbitals. The external
electrons of tlie water molecrrle occunv four tetrahedrallv-directed
oririts, two of rvhich are associatecl i*ltl, O-ff bonds, tlie remarn-
ilq two with lone pairs of electrons. Each molecule then tends
to form four hqdrogen bonds in tetralredral directions.

This concept of Pople's, so very nev!', met with great success.
Ilvdrogen bonds cal stretclr or bend without breaking, absorb-

jnq qrcat alnounts of clielgv and elitlrropr-. Water dillers from ice
iri tlrat the livdrogen bonds of water can bend independently in-
stead of cooperutixelq. The necessitv of ali over-extensive bond-
ln'errking to explain the higli l ieat capacitv of water is thus elim-
in.rted,

Lennard-Jorcs ancl Poplc hold that in rvater there exists a nef-
rork ot' bonds ettentling throughout the entire liquid u,hich is, in
e tense, one large molecule.

Thc theorv permits us to explain thc propcrties of rvater deter-
ruined bv the variorrs experimcntal techniques, both bv x-ravs,
caloriuretrv ancl bv electric conductir itv.

On the basis of the Pople theorr', Ilarris and Alder calculated
tlre dielectric constant of rvatcr at \':uious temperatrues. The val-
rres tlctcrnrined bv these calculations w'ere identical to the experi-
rrrcrrtal valres. This strikins success deternined the fate of the
rre\ \ '  (  on(  . , l ) t ,  wl r ich l ra , l  l rv  t l r is  t ime def i r r i te lv  rvon the day.

A quasi--crvstalline structure implies the existence of a quasi-
C,urie 1:oint, obsen'able either directlv in ffrst degree transforma-
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tions or in those of the second or third. l\Iagat, as I have men-
tioned, had listed those pl6perties ruhich reverI arromalies between
30 and,10' C, Certain of those anomalies are not sirictlv probatorr',
but at least ts'o of them doubiless are: the spccific heat minrmunr
of water at 35' C and the behar ior of viscoiitv et Ligh pressure.
With the olrl experirnents of Bridgman, rvhich I referred to in tlie
first part of this chapter, the crushing of the tridrrlitic structure
at a' tenperature belovi' 30'C mav be directlv obscrved. Tlic
clushing is no longer observable above this temperaturc.

For tlris reason it is held that the slrrrclur.e of uater melts lt
. t i ) - ( , .

Tlrrrs //rere exists in uater belou 35'C a tritl imensionul self-per-
petuat[n! stt ucture.

Now that our ideas have changed so greatlv from thosc of timcs
past, horv alc we to look upon the phcnomenorr of dissolution and
horv arc rre to deal u'ith the problem of the solutions?

Frank, Frank and Evans siudied the problem from a thermodr.
rramic standpoint, *'hich is the most genertrl one, on the basis of
new criteriir. When a non-polar gas is released in tr rron-polar
liquid, there is a dirninlrtion of enthropr'. \\ 'hen a norr-polar gas is
released irr rvater, tlre diminution of enthropv is more ihan clouble.
The loss of enthropv in ihe first instance dirnirislres brrt little rvitli
the rise in temperature, wlii]e the loss of enthropv in the seconcl
instance diminishes rapidlv u'ith the variation in tcmperature. In
other u'ords, the enthropv that the dissolrrtion uf tl,e rLn-poltrr
substance in a non-polar liquiti had caused to clirninish slightlr,
increases slightlv with the rise in temperature; but the cnthropv
that the dissolution of the non-polar substance in u,arer had caus;cl
to diminish greatlv, increases rapidll 'witli the rise in temperature.

Since thc diminution of enthropv is related to the establishment
of a highlr.ordered state, it must be concludcd that the dissoluiion
of a non-ltolal substance in \r'ater crcates a greatcr order than
in a non-polar solvent. The order has beel conceirecl as tle geo-
nrc,tricallv s t' l l-dcfirred fixution of the tater ntolecLie.s urountf !hr,
non-polar tnolecule of the solute. Thus rve have the forntrtiorr of
ice particle.s, or icebergs as thev are norv callecl. Thc risc irr ten-
perature lrrings about the fusion of the icebergs ancl thence a ntort,
rap id incrc i tse,  in  t l re  d isr r rangement  lnd.  t l rus.  o f  er t l r ropr . .
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This poini of vieu is completeh'new, brrt it must be regarded
as being dependable since it is in perfect liarmonv with the prin-
ciplcs of thernodynamics.

Tlre <rasc of tlre clissolution of a srrbstance u'hic)r generatcs ions is

Jrlc.sented in a highlv cornplex rranner'. Even jn the case of the
irtcractiorrs betrveen ions arrd water tbe fornatiolt of the icebergs
is taken into accour.)t; but liere $'e nust rentember rnany other
factors, such as the polarization of the nrolecules due to the elec-
tric fields of ions, tlte variation of the eltire dielectric constant
tlrat goes u'itlr variation in concentlatiol, and the variation of the
rnicroscopic dielectric constant that gocs rvith the variation in the
clistance frorn an ion. Ncrv problcms rise, and a new field is opened
to stLrdv the solutions.

\lolecules and ions, at least ir'hcn ther':rre in sufffcient concen-
tlation, lrreak dorvn the structLrrt of ri:rter to generate iceJike
structural entities: icellergs, Since the high value of the thermtc
capacitv of water js due to its stmcture, the breakdown of the
structure, either bv heating or bl introdrrction of a soluble sub-
stance rvithout heatinq produces a climinution of its thermic
capacit\'.

The manner in u'hicli the various iorrs crcate their own icebergs
arrd bincl them in relation to thc renainder of the water which
docs not adhere to then, is extrcmelv interesting. But this is a
special chapter', norv uncler studv.

This brief and suntmarv reviuu of thc er olution of ideas on the
stnrctulc of water *'as indispensable in order to &monstrate how
the most cornrnon of liquids, the gir.er of life, is the most cornplex
and has tlre richest properties of all Iiquids known. Water is arr
exceptional substalicc. Its visible and asccrtainable properties
lrave occupied the effolts of scholars for vears; but these, as I said,
do not complete our knou'ledge of s'ater. There is much more.
And it is upon this tnuch ntore that, rvitli all probabilitv, the phe-
nomena u hich irrterest us u ork

Even aqueous svstems nrust possess, at least within certain lim-
its, similal possibilities of cLange and adaptation.

The existence of a structure so delicate and sensitive permits
the assumption that appropriate actions are capable of modify-
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ing the'structule itsel{ irr ari infinjte nurtibel of wlr s, atrcl tlrtts u t'

mav assume that rvater is sensitive to extrcrnelv delicate inflrrenccs

ar . i  is  
" , rpa l r le  

of  adapt ing i tsc l f  tn  t l rc  urost  r  ur r  inq c i rc t tnrs t l t tces
to a clcglce attained bv no otltcr liclrid. It nrav be that it is this
infinitr of possibilities that nrakes tlle e\istencc of life possible

Perlnp.s it is exen by nrcans of rater and Ilrc aqucotts syltatn
tlnt external t'orces are able to react o lixing organistrts.

It is opportune, at this point, to note ho$' recentlv it rvas sliov n
that u'ater presents be1'ond the absorption bands in the far red
and infra.red alreadv knorvn, absorption bands in tlie field of ven
low frecluerrcies (\'LF ).

FrelnranD found in fact tlrtrt ouler itr tlrc sdid ,lldtc l l. cl. tlr(,
hrldratation tater and the uater clrcnically absorbed by solids
prcsents s ide absorption bands at the fi 'ctpcncies of 1OkHz, tlrat is
for elcctlornagnetic waves of 30 km length.

TIrat denronstrates that electronragnetic fields of los'frequeno
and tht'r'efore of vcn' little energv alc capablc of acting rrpon
u'ater. Tlrat is extremelv importirnt frorr our point of vies.. Unfor'-
truratelv tlre spectroscopv of VLF is stil l left to be clone. An inr-
nrense lircuna is before us lnd makes it difficult to follog'orrr u'ork.

L
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