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ANOMALIES OF WATER AND THE CRYSTALLINE STRUCTURE OF iCE

Prireds, vol. 17, p. 111-128 V.A. Al'tberg
DLC, Q4.78, 1928, .

Water, as is well known, exhibits an entire order of highly
remorkable rhysical anemaldes which have an impertant significamce
for the physical 1ife of the land. Tnese peculiarities anc sno-
malies, plecing water in a specisul position smorg other substan-
ces, are found, as will be seen below, closely relsted to its
molecular structure., They depend on, first of all, the varlatioms
in this structure in relation to the external ohysical conditions
\Ftamwerature and pressure) and, secondly, the nature of its che-
mical components (H, OH).‘ Tﬁ;g report gives a brief summary of
new data copggggjgg‘the structure of water and related anomalous

properties, and- alsc the structure of crystalline ice gid its

-

sevaral types,

Of the physieal factors affecting the properties of water,
we shall first consider temperature, Almost all of the pecullar-
1ties of the rhysical properties of water are connected with 1its
thermal condition end usually appear st lower temporatures (below
SOOC), wharess &t higher temperatures water pogssesses normal
properties, Such a chanae in the properties of water, as will be
seen later, is directly related to the changes in its molecular
compostion, and with the formation during coeling of doubled,
trinled, =33 more complex molecules of the type (HZO)n°

Of these neculiar properties, attention was long ago diraec-

ted towards, first of all, the onomalous relationship betwesn the

density of water and temnrerature.near the melting point, It is
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wedll known that water, as distingulshed frcm all other liocuids,
when heated from 0°C to 4%¢c does not expand but contracts, and
only after Yurther heating above this tempersturs does it ex: -nd
11ke other 1iquids, The reason for such & variation in wete - den-
aity, having s errest significance in nature (it csuses, amo» -
other thinas, frivers and lakee to freeze from the top, snd 't
from the bottom), was long sgo sought by attempting to fint im the
formation of water during cooling spscial kinds of ice-foruing
molecules of lesser density,

Reentgen was the first to uevelop at great length the ron-
cept of twe kinds nf molecules in water, According to tiig ocone-
ceot, during cooling of water there develop anecial moleeules hav-
ing the properties of jice snd, therefore, less density, and theit
number incresses as the water temperature becrmes lower, As 3
consenuence, the increase in muantity of these snecial molecules
of lower dens‘ty appesrs as s decreese in the overall density of
tre water, As water is cooled, two prncesses take plesce sinultoe-
neeously: the usual contraction with decreasing temperature and s
procesy 1mn opposition to it, an expansi~on due to the irncrease in

the number of molecules of lower density. The first of these

processes prevails down to 4%C, and the second below 5%c, om
the boundery of these two temverature. regions, therefore, water
denglty is at a marimum, At lower temperaturaes, sccording to
Roentaen, woter may he considered as a solutionm of ice in water,
This ossumption also reécounts for the effect of pressure on the
tempereture of mavriywum density, on the freezing point, and on

weter viscosity. Roentgen considered 1t useful to adept the same
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view, i.,8., two kinds of molecules, in relation to gaseous and
g071d substances., Such s proposition was later confirmed, at
lesst in relation to substainces tendina toward polymerization not
only in the Ilouid state, but elsoc in gaseous and s0lid ststes.
The eoncent of the formavion of complex mcleculea was later de-
veloped by vom Lsar, Sutheriand, Duclaux, and, in onartic-

uler, Tammann.1 whose opinions and recent work will be discussed

1
For deateils and bibliogravhy, see V, Al'tberg, Journal of the

Central Hydro-letesorolezical Bureau, VII, 1927,

lster.

The interrelationships smong molecula~ welght, composttion,
&nd moleculsr strudture and the physical nronerties of geseous
substances have been wall-defined in the kinetic theory of gases,
Less 13 knewn, however, otout licuids, Whereas the behavi~r of
single substances ‘n gaseous and lioguid states 1s rether well-
described by the well-known theory of Van der Wasals, coming from
the ‘daa of continuity of both states and the assumed invarisbil-
ity of the molecular structure during transition from one gtate
to anether, the behavior of bther substances, with their trensi-
tion fntn &« ligu'd state, does not apgree at all with this theory.

Their behavier does not arree, spparently hecesuse the premise
cknut the invariability of the molecular structure for thess sub-
atances s not applicable, iresmuch as 1iguid molecules during tran-
sitian hecome comnlex and assocliated. Frem this point of view,
146uids may be divided inte two lsrrse classes: normel, having iden-

tical molecules in both 1iquid and enseous states, and snomalous,
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4
or associated 1icuidsg, the molecules of which in the liquid state.
are comnlex and reoresent groups_of siple molecules. A zoed ex~-
ample of the secénd cless of Ilqﬁids 1s water,

In order to solve the auestion of the degree of molecular come-
plexity, i1t is necessary to examine the interrelationships between
me#leculsr weight snd Hhysical vroperties of liquids. One of these
interrelationshiis between surface tension (in dynes), molecular
volume , snd temversture was empirically established by E8tv8a as
early as 1886, In ths somewhat altered form of Ramiay snd Shields,

the relationship has the following simple form:

X77§&==‘((71-4)

. (enu,1)
where T is the differemce between observed snd eritieccl tempera-
tures, d , & number close to 6, snd k, the temperature coeffi-
cient of molecular energy of the sufface. The comprehensive in-
vestigations of Rameay and 8hields confirm the correctness of the
relationshin neted by EStvS8s and demonstrate that the coefficient
k for the majority of 1i7uida is conatant and eouwsl to 2.12; for
water, olaohol, and ecid, on the other hand, this coefficient is
loss (for water, as an exampie, about 1). For satisfying the
formula given, as calculetions show, ~ne must sllow multiple mo-
lecular welghts, as, fer example, (H20)3. (CH30H)3, etc.

In this way only an sveruge molecular welght is cslculsted;
in reality, assoclated 1i~uids meay exhihit a mixture of moleculeg
with various molecular weights, so that the relative quantities
of thesgse and obher molecules change rather ~asily with tempara-

ture. If n aignifies the factor of association, showing how
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meny times the noleculxr weight of the given 1iouid jig agreater

Comr s Y S AR

than the moleduisr welight of a correspondimg ususl fcrmula, then ;

RIS,

for water the Aenendence of this factor on temperature is given in
Table 1:
(Table 1)

In view of the change in molecular composition during chan- ;

T AT,

zes in the aggregate state, assocliated liquids, especially water,

P

do not fit at all 1inte the framework of Van der Weals' theery

A S

and «ive cause for an entire order of deviations from the rules and
canformity to nrinciples established for normal liquids (the rule
of Callletét snd Mmtias » the rule of Trauton, the conformity teo
rrinciple concerning the critical density, which for water ex-

ceeds by 3 to 4 times the moanitude expested theoretically),

A parsilel is observed between the assgsociation of molecules

o

and the dielectric constunt of linuids: as the asgsocistion of me-

o

J .4.54«"?5!}%:33 TR

lecules becomes xreater, the miven liquid has & greater dlelectric
constant, In addition to the dielectriec congtant, a favorable

factor for the associatios of molecules is the incresge of internsl

. S ¥

11quid pressure. Both of!thase factors, instrumemtal for the as-

37 0k R

sociatior of moleculas, appear espacially strongly in the csase of
water, which hes a maeximerl dielectric conetant (80) and colossel
internal pnressure, measuring tens of thousunds of atmospheres.
The forsgoing indicates the strong tendendy of water towards
assnciation of its molecule:, whose complex character 18 also in-
dicated by its hial*ly complet absorrntion spectrum, consisting of

muitinle hands which characterize the inherent oscillations of

T e A e M o L WA 5 ) oy Ll >
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various psrts of s comnie " molecule, Stili another anomaly of
water (see below) is anomalous dispersion, which is esneclally
marked in the case of water.

Of other substances which illustrate well the strong assge
ciation of atoms, sulfur may be cited, vanors of which at & tem-
perature of 1000°C are 2-atom, st iower temperatures h_gtom, and
near the voint nf condensction even B-atom.

Other characteristic prorerties ~f water to be noted are
its strong dissociating (thanks to the sionificant dielectric con-
stant of water) and dissolving abilitites and slso its unigue
catalytic affect in meny chemical reactions, so .that water i1s in

2 sense o universal catalyst, pliaying a large role in nature,

2
S.A, Shchukarev, "Report on scientific-techrical work in the

Republic®, p.i45, issue Ne. XXII, 1927,

Moreover, water i1s also sharply Aistinguished ¢rom all other

11quids by a very high mebility of its free jons:

; = 315, and OE = 174, (equ.2)

%or ether liuuids the movements of ions compose in all several
tens of the same units,

Huch new data on the structure of water in a so0lid state
has been introduced bv the investigations of Tammann and Bridge-
man, At first Tammann discovered two new +tynpeg of ice, which
he called Types 11 end III (Type I 1s ordinary ice), Compressing
ordinary ice at -30?; he discovered that at a pressure of 2500 kg/cm2

the vressure auickly falls ¢te 2200, durinz which the volume of water
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decrenses by almost 20%, after whiéh the ovressure remains cene

stant for some time. During such a decrease 1& volume, 6zdinary
ice becrmes more dense, Typbe TII, which is denser than water. .
Submerged in liquid air, 1t sank, wheress Type I floated in 1liq-

uid air, Tammann once obtained what seemed to be yet another

version - Type IV, Its existence, however, remains doubtful, in-

asmuch 28 ne one, not even Tammasnn himself, was lee to create
this tyne a second tims,

Tammann cnrnducted these experiments st pressures ub to
3000 atmoarheres. Bridamen went much further, namely to 20,670
atmospheres and discovered two more new kinds of ice, Tynos'v and
VI, Curves of the meltina of various kinds of ' ice, adcording te

Bridaman's data,are sxiven in Fig, 1,

Fig.1, Curves »f the melt%nk of various types of ice.
Key: 1-ke/om<,

Of =1l tynes of ice, only Type I, as onpoded to 911 other
substances, has 2 melting voint.which decreacses with lncrensiné
nressure; for all ether typss, the melting noint'increasés ner-
mally, reaching 76.35°C st 2 pressure of 20,670 kg/cmz.: At sush
a high pressure renuine het ice is formed. | |

The conclusions of Bridamsn concerning the thsory of 1liquid

anrd solid states are interestine. There are, as is well known, two

such theories, of whtoch the first (Planck, Poynting, Ostwald,
and others) considers that continuous transfermation of the 11Quid
phase into the s011d )s possible whern the process takes place

above the oritical point, The second theory (Damiemn, Tammann )
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does net r;ooznize,ln'genergl,the'existénce of critical pointa for
itquid and soiid étates. Liqu;d and gug, according to Tamnmenn, are
distinguished Oniy quantitatively. by the di;tanco betreen mole-
cules, The =olii state is distinguished from the’'first two states

by the oriénted distribution of ﬁoloculosiin space, as in a ory-

i
1

stalline lattice. -

‘ Instasd of the theory of critical peints, Tammanm proposes

the theory ¢f maxims for ciosed melting curves, The investiga-

tione of ‘Bridgman, however, show that the curves of melting deo

' net show the exﬁ§tende of maxima, despite the jact that the re-
gibn of applied vressure sipnificantly exceeded those limiting

i pressures =t which the curves of meltins should heve, according

to the thesory, nqssed over the maximum. In fact, the investigs-
tory curves of Bridaman go to infinity according to an unknown

j 1 H
law. Neither of the two theories referred to found confirmstion

4 . I
in the imrortant investigations of Bridgmsn, who, trarefors, sum-

maril} rejected both theories, His i1dea, founded on his exneri-
méntsi leé ‘o ?ha fart that st hign pressurae, moleculas of a
' 11guid can sssune a definite orientation, so that some molecules
have ap orlented structure, dhile the other molecules «xhibit
‘randem @nd digoreanired motion. Ag pressure is increaseﬁ; those
perts of the water @lth nrientad atoms grow in rumter andéd slze,
conttnunl’v ahsop ing wore and more atoms uyntil all weter atoms
become oriented, i.e,, uﬁtil all of the water

changez into thé g8011d state. Indeed, Bridagman was able with gpn
ipaeragme 1n pressure alone without simultaneous coealing of the

uete to transform 1t inteo the 80lid state at temuarat ‘wves sig-
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nificantly higher than the freezing peoirt. Thus; at a rreazsumre
of 20,000 atmosnheres aven hst water ot a temperature ~f +?6°C
changes imts ice, hot lce. Alse, liquid oils can be trsns{ormed
inte the zalid state by hirh pressure alone.

In connection with the auestion as to what molecules trans~

forn the above-mentioned types of ice (¥, 1I, III, V, snd VI),

Tammann cetegoricslly statss that the formation of each type de-

pends on = snecisl ki3 of molecule corresponding to that type

vhich is present !n the liculd lonk befere crystalllzation. Ac-
cording te this opinlen, water 1s a mixture nf several kinds c¢f
molecules, esch of which under anprepriate conditiens produces s

corresponding type of ice,

The opinions of Tammenn on the structure of water are sta-

3

ted in more dstall in one of his recent napers” whioch we will new

-
G, Tammann, Zeitschr, f. anorg. Chem., 158, 1926, S.1.

onnsider in grester detail. According to Tsmmann, erdinery ice
develeops from Type I melecules which are more numerous than all
other tyres, In water they sare formed Long be“ore crystalliza-

tton, but their cuantity incresse-is esnrecislly areat near the

gnlidificapion point of the ziven tvoe of ice, Yhetft presence ex~

plains the anomslous beravior of thrs density of water between

0°C and 4%C. With the discovery of special +vpes of ice having

a ursater density than water, this opinion, ex~ressed long ago,
received new confirmation, As water i1z subjected to increasing
pressure, the auantity of Tyne I mulecules decre~ses and orystale

lization 18 not in the form of ordinary Type I ice, but in the

3
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form of Type III ice., This type is denser than wster and con-
sists of Tyne IIT molecules which =are more dense than Tyne I,

The vpresence in water of Tvne I mnlecules exniaine fhe ano-
malous chavscter of the devendence of sll preperties ou pressure
and temperature, so that the cencentrstion of Type I molecules may
he expressed s a function of pressure and temperature., Calcu-
latiens show that at a temper. ture ef 0°C and pressure p=1 ot
mosphere about 1/5 of the water consists of molecules of this
type. At 5000 their concentration is much less,

Molecules in water other than Type I are much more diffie-
cilt to identify and distinguish,

Tammann determined the coneentration of Type I molecules
from curves of the relationship between the srecific volume and

temnerature of water at constant nressure p=1 (Fig. 2).

Fiz, ?, Specific volume nf water vs, temnrerature,
Key: 1-a
2=b
J=-2
b-q

In the tomperature rexion between 100°C and 70°C this re-
lationsnip is almost a stratvht line, with a very lew constant
curvature {0,006 in 10°C). Baginning with 70°C the curvature be-
comes greater with lower tempgatures due to »n increasing concen-
tretion of Type I molecules, If, beginning at 70° ¢, the upper
vortion of the curve i3 contirued, it will retain its eariiler
low curvature (0.006 in 10° ¢), and the quantity of water
(without Tyve T molecules) at 0° n 1s n.089 cm3.

Considerine thst the quantity of ice at the same tempsrature




is 1.090 cn3, upon transformation of water into ice there is n voi- %

3

nmetric inerease of 0,080 cm”,

Preceeding frem these data, Tammanrn found the fellowing f

dictribution of concentratinsis C of Tyre I molseules at various
temperatures in one gram of water:
(Table 2)

0% 10°% 20°; 30°; 40°
0,15; 0,12; 0,08; 0,06; 0,04 in one gram of water

-

At t
Concentration C

Bt oA A T 1 AN AR A S+ .

The concentration of the remainings four tyvnes of molecuvles,
from which the above~mentioned fovr eta™le “inds of ice are
formed, also depends on » and t, Vear the melting noint of
each of trese types of ice, watcy is relatively rich in that
tvpe from which a corresoonding tvve of ice will be formed.
A1l five tvpes of molecules exist iIn mutual eaquilibrium, ~nd
durins chanpes of t and » the conditiong of eouilibrium are

ranidly dicplaced, j
Later Tammann determined the degree of nolwmerization ef
Typse I molecules ard found their chemical formula te be (H20)6.
The division of these enlarged molectiles into 2 parts -- (Hp0)3 + .
(H?O)3 ~- gives that kind of molecule from which, for the most
- part, water is formed, The vnresence of Type I molecules anpears
net only as an sanomelous relstionshlp between the snecific volume X
and temperature of water, but also in the unicue efrsdct of temper- ‘
sture e othar such physical prorerties ag srecific heat, viscos-
ity, surface tension, and others, We will now turr to the temper-
ature shanges of several of these prorerties,

Vigcnsgity ef water. Pigure 3 shows, at three differ-

Mg, 3. Effect of rressure_on the viacosity of water,
Key: 1-F, kg/cm<

béf ant_temparatures (QOC onsc and I|noc) three curwss indicating the

T S E TRy RPN,
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affect of pressure on viscosity of water (circles) =nd om frictien,
due te ion movament in a 0.1 nerual selution (cresses). Both
kinds of rurves are congruent within the limits of observational
errer in the interval frem p=1 to p=700 kg/cmz. Minima, occurring
in all three isotherms, are exrlained as the consequence of a de-
cranse in tha cencentration of Tyve I molecules according te the
iegree of nrressure incresse, Between 09cand 40% the relstionship
is linear at nressures gbeve 2200 kg/cmz. in accordancs with the

condition that at high pressures water has very few Type I mole-~

i cules, It slsn folleows that at pressures sbove 2400 kg/cm2 only fype
III ice, and not Tyve I,forms ir water., Inasmuch as the concen-
tyation of Type I molecules decreases with t, the minimum relative
viscosity becomes legs Iin slope and is disnlaced te lower pres-
gsures, With the disaprearance of Type 1 molecules between 50°C
and 60°C, as indicated by the volumetric isobar ef water, there
also disappears the minimum on the viscosity isotherm, which be-
gins st onee to increase without en initial decrease,

The effect of Type I molecules on viscosity may be demon-
strated aa follows: the straight sections of the isotherms are
extended to intersact with the ord inates., The differences between
the jsotherms: dnd the 1ines thus drawn indjcate the affedt of
Type I molecules on viscosity,

A psneral snalysis ef the physical properties of water
shows that their temmnerature relatinnships st high temperatures
are simple and normal, Dewviations for sll properties of water
begin at mediel temperatures an? increasse with lower temperstures,

A more satisfactory explanation of trhess anemalies is included in
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the assumption that in water, ns already noted, there is formed
in great cuantity a srecial kind of molecule. The temversture
region of its existence lies between 50°C =nd the meltivig point
of ice, and the pressure range within which these molecules exist

is from 0 to 2500 kg/cmz. Type I ice is formed from these mole-

cules, whose formula is (H?0)6' Tre dissociation ©f such a mol=-

ecnle into twe narts forms those molecules that are the main consti~

tuent of water and have the .‘ormula (H50)3.

If experimental data pertaining to the structure of liquid
water has ne straight lines, tnen the nresence éf several kinds ef
molecules 48 indicated. In such a situation it is necessary to
dreaw conclusions on the bessig of indirect data, The study ef
water in the s0lid state and its crystalline structure 1s now con-
31derably facilitated, i1nasmuch as the X-rav method from the time
of Laue's Ailscnvery has vrovided us with a powerful inetrument
for determining the structure of substances. During the study of
the structure of solid substances the above-mentioned method gave

the mos* brillisnt results, ~nd nromises for the future even

rreater usage amd a more refined techninue for atudy. In recen? times

this method has also been applied to the study ef the structure
of 1iqui“s, and in the near future will be arplied to the study
of gases and vapors,

" For the study of the structure of ice the X-ray method was
Tirst uged by John, then by Dentson., The Teormer found In ice @
space lattice compeded o oréhomonal rrisms of height h=6,65 ang~

strom units (AU), with e2uilateral trisngles in the tase, a side

of which {8

3y
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a = 4,74 AU, (equ.3)

Ice for the experiments of DeniSen was viecsd into a Dewar
flask with liguid air by means of s submerged glass tube, holding
& smell ocuantity of distilled water. Ice in the form of small
crystals was exposed to X=rays for ten hours. Denison found the
lattice structure to be similar to that determined by John, with

the follewing vrism dimensions:
h=7.32 AU, -=nd a = 4.5 AU, (equ.l)

Neither of these investigations, however, determined the
actual distribution of atoms in the Adttice, This was done by
Bregr with X-ravs independently of o direct analysis, Bregg
started with the sssumption that ice belongs to that class of
crvatals 1n which the molecules consist of positive and necative
i~ans, #nd that the structural arrangement is such that each pos-
ftive fon 1s symmetrically surrounded by nesative ions, and vice
versa, In this way, the number of sdjacent molecules is less,
gince it 1s well known that ice hag a2 Iow density. Such a wide

cmpass of space witha minimum of closely~-contiguous molecules is pos-

|}
0

sible if the exvgen atom is vnlaced in the center of gravity of
four other such atoms, srranced in the vyertices of a tetrahedron, sim-
i1ar to tnhe arrangement of carbon astoms in = diamond lattice.

One hydrogen atom 18 located in each interstice, thus dividing

twe neighboring oxyezen atoms, Such a structure requires twice

a8 mahy hydrorem atoms as are required by the chemical formula of

a water molecule,

The bondins. of atoms in the crystal occurs in such a way




is

15

that the hydrosen i1ons give up their valence electrons to the oxy-

~en tons, If the force holiinag atoms in the crystal is viewed in
this way, the concent of a molecule loses its significance: the
entire crystal may be censidered a single huze mnlecule,

The dimenaions of the lattice alements of ice can be deter-
mined by means of comparison with the snalogous structure of the
lattice elaements of diamomd., Oxyzen atoms are substituted for
carbon atoms and all hydrogen stoms are removed} although the
molecular weaight of » lattice element of ice is greater than that
of ¢lamond in the ratio of 18:12, the density of ice is less than
the densitv of diamond in the ratio of 0.9165:3.,52. Therefore,
the linear dimensions nf the ice lattice should be greater than

these of Ajamond by the ratio

Re
be

3
p’ = _18X3,52 (equ.5)
12X0.9165,

so that the linear expansion p=1.79.

For volumetric expansion,

I'he d1stence between centers of the two oxyeen atems in dismond

1.54, Multiplyinz this by the coefficient of expansion p found

above, we get for the distance between centers of the two oxygen

atoms 1,84X1,79 = 2.76. The distance between two adjacent tasal

planes in diamond 13 2,05; the correspending distance for ice is
2.05 X 1,79 = 3.67.

Finally, the distance between the twe atoms lecated in one of the
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Reproduced from

abnve-mentiened planes 1is: Lest available copy-

for diamend 2,57,
for ice 2,57 X 1,70 = 4,52,

Dimensions of the ice I~ttice obtained independently by the

X-ray method aagree in accuracy with the dimensions ebtained by
Dentsern with the X-ray method, if it is taken inte account that
the height of Den$son's prism 1s equal to twice the distmnce be-
tween twe ad iacent plames (III).

In order to clearly visuslire the distribution of atoms in
the ire asrace lattice, we shall use » flat diagram and model teo
renresent the spatiai structure of this hexagonsl crystal. Fi-

gure 4 shows the arrangement of oxysen (white) =nd hydrogen

Fig. 4. Schemstic arrangement of oxygen (white circles) =nd hy-

drogen (black circles) atoms in an ice crystsal.

black)atoms in a recion cut varallel to the hase of the crystal.
The bleck spheres are lecated in the plane of the diagram, the
larcer white snheres are in front, and the smaller white spheres
are in batk, hehind frhe plane of the diaaram,

In order to construct a commlete mndel it 1s necessary tc
prenare gevero]l such structures, nlacine them parallel to each
other so that lower white spheares of the upvner structure face
tne unper white snheres of the 1nwer structure. The black spheres
are placed between the sforementioned spherss. Havinz connected
tha narallel structures with the hlack spheres, sn entire model
~f an ice orystal can thus be visualized. It would be possibdble

to congtruct tl.e model in anebher fashien, bv agsembline it from
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the simple prisms of Denison and Bregg (Figs., 5a and 5b) into the

form of a single cell, cut from the model without the spheres,

Piz, 5. Schematic arrangement ef oxygen {white circles) and hy-

drngen (black circles) atoms im an ice crystal,

Having sssembled the srheres, we now have sn arrangament of
atoms in a simprle priam of a lattice with absolute specing between
tha certers of the atoms (Fig,.5b), as determired by X-ray (John and
Neanizen) and by comparison with the éidments of a diamond lattice
(Bregg). Such a model was nrepsred under our direction in the
Department of Experimentel Geonhysics of the Main Georhysical Ob-

servatory and is shewn in the photoeraoh (Fig. 6).

Fig. 6, Medel ef an ice orystal,

The model shows that the molecule is characterized by a
non-compact strncture - the model has many vacant spaces uneccu-
vied by meliecules. This exnlains the lew dersity of ice (less
than 'sat of water), and it aranhically demonstrates the results
of Brego's sbove-mentioned calculations.

Thus, the X-ray method provited censistent and accurate de-
terminations of the absolute distances betwean atoms, their vosi-
tiens in crystals in zener~l and in ice crystals in particular,

A further stbep in this direction was taken by Debye and Sherer,

who used this methad to study the structure of nowder crystals,
isotropic substances, and later, liquids. The use eof this method
18 pnssible becsuse molecules nf an isotroric substance, like those
of a liquid, con be comsidered as minute, individuasl crystals

which rroduce interference circlés in the beam of a bright-line

AV A R A vk m&m

e et e




18

X-roy spectrum; slthough the small number of atoms will causa a
reduced sharpness In the circles,

X~-ray analyses of such liguids es benzene, hexane, ud alco-
hols revealed an interference pattermsof circles, the dimensions
of which zenerally corrasronded to theoretical axPectatlons. For
benzene in narticular these investigations confirm with some ac~
curacy the sssumption o” chemists, accordine te whom henvene
molecules heve six carhon atoms srranged in & circls., Such &
circular arrangement 1s analesous to that of the ice crystal
mentioned above. An investigation ~f water by the same method
resulted in ~ similar svarp interferance nattern of circles, de-
monstrating that sore water molecules are oriented in the same
way as thnse in crystals,

Later, similar exreriments with Jisjulds wer~ conducted by
Keas, whoe prodeeded on the sssumption that 811 molecules are
spaced at regular intervels, He showed that by vproceeding in thils
marmer the results obtsined are in zood agree~ent with theereti-
cal sxpectations. His caiculatiens were based on density and

meleculer weight of the liguid according to the fallewing fermu-

1a:

sRepm uged tr ﬂ:’ .
best 3
“oal. i 1°35\?/§_ . (equ.6)

The results thus aebtalned fer Tiquids and liquified gases

are given in Tehle 3. Ir the second column are listed values for

Table 3, Key: 1l-ljcuid 7=-Ethyl ether
?2=-0Oryaen 8~-Formic acid
J=~Argon Q~nbserved
L«Benrene 10-céadculated
S«Wnter 11=-AU0

6-Ethyl alcohol
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the angle ¥ ot which the interference-pattern circles were observed.
The third and fourth celumns give the diatsncee between melecul:s
as determined from the circle dimensiens and formuls respectively.

It is notswerthy that, in the case of water, a second in-
terference-pattern circle was observed at an angleif of 46%,

This mame angle was 2efinitely observed, although mere faintly,
for both lioutd evygen and argon. This(iemoﬁstrated the preserce
itn liquids of double molecules, separated by the closer spacing
of a=2.4 AU, Such a nolymerizatien demonstrated the polar charasc-
teristic of water.

Similar, more recent experiment-l investigestions on the
structure eof liouids by Debye, Pernik, and Prins were thus provided
with @ firmer theoretiéal foundation, The results of these im-
vestigations were vublished =lmest simultaneously in 1927 in Ger-
man physics journals,

Ihere 4s no doubt that the atoms not only of crystels but
8lso 2" liauids and gaseous substances occupy definite locatiens
in the melecuies. Some variastiens in sracing due to thermsl oscile
lation ef the atons must be allowed. These variations are net large,
however, since they probably do not exceed second-order val-
ues. There 1s no basis for sssuning that atoms tn 1iould molecules
pppear ather than in crvstalline form - the same form which con-
gtituted the structure of mnlecules, It is expected that an X-ray
anslysis of gases and vapors,scheduled for the near future, wlll

vield esvecia’ly relieble results,
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Accordins to Bresr, water in the solid stote consists
of counled, six-sided rings, each havin~ six oxvren atoms and
12 hvdrofen atog. Armstrons, on the otrer hard, vronoses that
1iguid water consists of assoclated molecules, also in tre form
of girx-sided rinrs similar to those of henzene. Bridgman con-

cludes from his experimerts 2t high nressures that the crystal-
line orientation of some atoms of water is svidert, inasmuch as
sharp interference~pattern circles were observed during YX-ray
anelysis,

With this state of affairs, the idea suggests itself that
Bregg's firmly-established gix-sided links in the lattice of ice,
which consist of six oxyren and 12 hydrcren atoms and occupy a
lar~e volume, and, therefore, form a less dGense structure, are
simply those same complex, ice-forming molecvles in water
described by Tammann, Duclaux, and Armstrone. There is no direct
evidence as to these two comnlexes heing identical, dut there is
much data indicatins the rgreat probability of such an assumption.
FPuture investirsations will undoubtedly resolve this question,

important for understandine the structurs and properties of water.
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