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ANOMALIES OF WATER AND THE CRYSTALLINE STRUCTURE OF iCE i

Priroda, vol. 17, p. 111-128 V.A. Al'tberg
DLC, Q4.P8, 1928.

Water, as is well known, exhibits an entire order of highly

remarkable physical aneuai*es which have Qn Important signif'icace

fov the physical life of the land. These peculiarities ano ato-

malies, placing water in a special position amorg other substax-

ces, are found, as will be seen below, closely rel-ted to its

molecular structure. They depend on, first of all, the variations

in this structure in relation to the external hysilcil conditieo

(temperAture nnd pressure) qnd, secondly, the nature of its che-

mical oomponents (H, OH). This report gives a brief summary of

n~w dAta concerning the structure of water and related anomalous

rroperties, an•d•jo. the structure of crystalline ice •id its

several types.

Of the physical factors affecting the properties of wetter,

we shall first consider temperature. Almost all of the peculiar-

itles of the r-ysical properties of water are connected with its

thprmal condition and usually appear 9t lower temporatures (below
0

50 C), whereas at higher temperatures water possesses normal

properties. Such Q chanae In the properties of water, as will be

seen later, is directly related to the changes in its imolecular

compostion, and with the formation during cooling of doubled,

trinled, p.1 more complex molecules of the type (H2 0)•.

Of these necullar properties, attention wes long ago diree-

ted towards, first of all, the chomalous rclationship between the

density of woter and temperature near the malting poait. It is



well known that water, as distinguished from ali other liquids.,

when heated from OnC to 4°C does not expand but contracts, qr•

inly after further beating above this temperatura does it ex7-nd

like other liquids. The reason for such a variation in wate den-

J sity, having a great stinificance In nqture (it causes, asmo? -

other things, trvers qnd lakee to freeze from the top, qnd zt

from the bottom), was long ago sought by attempting to rint in the

formation of water during cooltng special kinds of Ice-f o'nnng

molecules of lesser density.

Roentgen was the first to oeveloD at great length the eon-

4 cept of tve kinds of molecules in water. According to tkis con-

SceDt, during cooling of water there develop snecial moaeeules hav-

Ing *he properties of Ice and, therefore, less density, and tiett

number increqses as the water temperature becomes lower. As a

consenuenee, the increase ln quantity of these siecial molecules

of' lower density appears as A decrease in the overall density of

the water. As water Is cooled, two processes teke place siniultq-

neously: the usupl contraction with decreasing temperature and a

procesý2 In opposition to it, qn expansiin due to the increase In

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

0Processes prevails down to 40C, and the second below 4 C. on

the boundary of these two temnerature, regions, therefore, water

density is at a mayimum. At lower temperatures, according to

Roentgen. water may be considered as a solution of ice In water.

This nssumntion also Recounts for the effect of pressure on the

temperature of mnxiipum density, on the freezing point, and on

water viscosity. Roentgen considered it useful to adopt the same
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view, i.e., two kinds of molecules, in relatlon to gaseous and

solid substancej. Such a proposition was later confirmed, at

least in relation to substances tendina toward5polymertzatlon not

only In the 1iauld state, but also in gaseous and solid states.

The eoncent of the formuaton of complex molecules was later de-

veloped by von Laar, Suthorland, Duclaux, and, in nartic-

ular, Tammann, whose opinions qnd recent work will be discussed

For details and biblingranhy, see V. Al'tberg, Journal of the

Centrql Hydro-Meteorological Bureau, VIT, 1927.

later.

The Interrelationships among molecula- weight, composttion,

and molecular structure anO the physical nronerties of gaseous

substances hqve been well-defined in the kinetic theory of gases.

Less is known, however, otout ]iouids. Whereas the behavinr of

single substances in gaseous akid 1liuld states is ruther well-

described by the well-known theory of Van der Weals, coming from

the idea of continuity of both states nnd the assumed invari~bil-

ity nf the molecular structure durIng transition from one state

to another, the behavior of bther substances, with their transi-

tion Into a liquid state, does not agree at all with this theory.

Their behavior does not amree, apparently because the Dremise

mvnut 4-he Invariability of the moleciulr structure for these sub-

stances is not applicable, 1irsmuch as liquid molecules during tran-

sition become comniex and associated. From this point of view,

lln-uids may be divided Into two lArge clhsses: normal, having Iden-

tlýal molecules In both liquid And gAseous states, And anomalous.



or associated liaulds, the molecules of which in the liquid state

are comnlex and reiresent groups of sitple molecules. A aced ex-

ample of the second class of l1quids Is water.

In order to solve the auestion of the degree of molecular com-

nlexity, It is necessary to examine the interrelationships between
moleoular weight and ý,hysical Droperties of liquids. One of these

Interrelationshipjs between surface tension (in dynes), molecular

volume , and temperature was empiricAlly established by E8tv8s As

early as IR86. In thi somewhat altered form of Ramsay And Shields,

the relationdhip has the following simple form:

S- ), (enu.1)

where T'Is the difference between observed And critiocl tempera-

tures, J , a number close to 6, and k, the temperature coeffi-

cient of molecular energy of the surface. The comprehensive In-

vest1gations of Rnmsay and Shields confirm the correctness of the

relatlonshin noted by E~tv~s qnd demonstrate that the coefficient

k for the majority of lliuids is constant and eouol to 2.12; for

water, "Thohol, and Acid, on the other hand, this coefficient is

less (for water, as an exampie, Rbout 1). for satisfying the

formulq xiven, as oalculetions show, nne must allow multiple mo-

lecular welghts, as, for example, (H 2 0) 3, (CH30H) 3 , etc.

In this way only an average molecular weight is Calculated;

In reality, associated li-ulds may exhibit a mixture of molecules

with Various molecular weights, so that the relative quantities

of these and ebher molecules change rather easlly with tempera-

ture. If n signifies the factor of association, showing how

I . . . . .. . . . .
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many times the molecular weight of the given liouid Is gretter

thIn the mo:eaulnr weight of a corresponding usual formula, then

for water the lenendence of this factor on temperature Is given In

(Table 1)

lit view of the change In molecular composition during chan-

ges in the aggregate state, associated liquids, especially water,

do not fit at all Into the framework of Van der Waals' theory

aand Ove cause for an entire order of deviations from the rules and

conform'ty to orinciples established for normal liquids (the rule

of Caillet9t Fnd Xat'aa . the rule of Trauton, the conformity to

rnrinciple concerning the critical density, which for water ex-

ceeds by 3 to 4 times the mqMitude exne-ted theoretically).

A p~rg~lel is observed bot,.teen th, association of molecules

and the dielectric constant of lioulds: as the Rssocintion of me-

lecules becomes areater, the AIven liquid has a greater dlelectric

constant. In qddition to the dielectric constant, a favorable

Pactmr for the associatloA of molecules is the Incrende of internal

1iq9id pressure. Both of!.thene factors, Instrumental for the as-

sociction of molecules, appear especially strongly in the case of

water, which has A maximal dielectric constant (80) Rnd colossal

Internal nreiiure, measuring tens of thousurids of atmospheres.

The foregoIng Indicates the strong tendendy of water towards

association of its molecule3, whose complex character is also In-

dinated by its his'ly conmile•- bsorrtion spectrum, consisting of

"multinle bands which characterize tMe Inherent oscillations of



various parts of a colne-" molecule. StIll another anomaly of

water (see below) Is anomalous dispersion, which is esnecially

marked In the case of water.

Of other substances which illustrate well the strong Rsso&

clation of atoms, sulfur may be cited, vanors of which at a temr

peratur' ofo 10000 C are 2-Atom, At lower temperatures 4 -atom, and

near the noint nf condensation even 8-atom,

Other characteristic pronerties mf water to be noted are

Its strnng dissociating (thmnks to the sitnlficant dielectric con-

stant of weter) Rnd dissolving abilitites and Also its uniaue

catalytic iffect in many chemicAl reActions, so that water Is in

2a sense it universal catalyst, playing a large role in nature.

S.A. Shchukarev, "Report on scientifto-technicAl work in the

Republic", p.1 4 5, issue No. XXII, 1927.

?Moreover, water is also sharply iIstinguished from all other

liquids by a very bigh mobility of its free ions:

+

H = 315, and O-H = 174. (equ.2)

Vor other liouids the movements of ions compose in All several

tens of the same units.

Much n4w datn on the structure of water in a solid state

has been Introduced bv the inve'stigations of Tammann and Bridg-

mpn. At first Tammann discovered two new tynes of ice, which

he called Types 1I qnd III (Type I is ordinary ice). Compressing

ordin~ry Ice at -30C, he dilscovered thnt at a pressure of 2500 kg/cm2

the nressure outckly falls to 2200, durina which the volume of water



decrosev by Almost 20%, after which the Dressure remains coln-

stant *eor some time. During such a decrease In volumee Orinary.

ice becomes more dense. Tybe TII, which is denser than water..

Submerged In liquid air, It sank, whereas Type I floated in liq-

uld Air. Tammann once obtained what seemed to be yet another

version - Type IV. Its existence, however, remains doubtful, In-

""smuch As no one, not even Tammpnn himself, was able to create

this type a second timG.

Tnmmann cinducted thpse experiments at pressures up to

4 3000 atmosrheres. Bridgmqn went much further, nqmely to 20,670

ntmosnheres And discovered two more new kinds of Ice, T~yes V and

VT. Cuirves of the melting of various Kinds office, adcording to

Bridxman's data)are Kiven In Fig. 1.

Fig.l. Curves if the melting of various types of ice.
Key: 1-kg/cm.

Of ll tynes of ice, nnly Type I, as onpo*ed to ll other

substances, hqs 9 melting ooint which decreases with Increasing

nressure; for all ether fy-t&. the- melting noint Increases nor-

02mally, reach~ng 76.35 C Rt q pressure of 20.670 kg/cm2 . At sunh

a high pressure Penuine hot ice is formed.

The conclusions of Bridgman concerning the theory of lliuid
and solid stItis are interesting. There are, as Is well known, two

such theories, of which the first (Planck, Poyntipg, Ostwald,

and others) considers that continuous transfermation of the liquid

phase into the solid Is possible when the process takes place
above the critical point. The second theory (Damies, Tammann)
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does net reognize, in" eneral the existence of critical pointe for

N liquid nnd so"lid st-ates. Liquid 'and gas, according to Tammann, are

distinguished Only quantitatively. by the distance bet-reen mole-

cules. The eolid state is distinguished from the'first two states

by tho oriented distribution of molecules in space, as in a cry-

-• ,stalline lattice.

Inbtead of the theory of critical peints, Tammann nroposes

the theory of mqximq for closed melting curves. The Invostiga-

tions oP ;Bridgmln, however, show that the curves of melting do

net show the existence of.maxim-, despite the 2'Rct that the re-

A16n of' apolied nressure sipnificantly exceeded those limiting

pressures --t which the curves of meltinz should hove, according

to the theory, nassed over the mqxlmum. In fact, the investiga-

tory curves of Bridgman go to infinity according to an unknown

low. Neither of the two theories referred to found confirmation

in the imnortent Investigations of BridgmRn, wbo, tý-mrefore, sum-

marily rejeted both theories. His idea, founded on h!s exneri-

mentsý led to tht- fitt Miat Pt hian pressures, molecules of a

liquid can assump 4 dofinite orientation, so that some molecules

have Q oriented structurtr, wbil the other moleculol vixhlbit

r~nd6m ond dinorgAni7eil ,Aotlon. As nressixre is ircr,.ase?, those

p~rts of the water ' wtti c,,iented itoms grow in numter ,ind size,

continuAly nbsor 1
4 ng ,ore and morr. atoms until. all water atoms

become oriented, . until all or the water

changeo Into thh solid state6  Indeed, Bridgmqn was able with an

3nrr-ee in pressure alone without simultaneous canllng or the

,ucte,- to transform It lnta the solid state at lem•v•ratres sig-
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nifleantly higher than the freezing point. Thus, at a preasure

of ?O,nnn Atmosnheres even h4+ water at a temperature nf +760C

changes iate ice, hot Ice. Also, liquid oils can be transformed

Into the snlld state by hitgh pressure alone.

In connection with the question as to What molecules trans-

forn the above-mentiened types of ice (T, II, III, V, and VI),

Tammann categorically statps that the- formation of each type de-

pends on P snecial . of molecule cotresponding to that type

which Is present ýn the liciuld long before crystallization. Ac-

cord•ng te thi8 opinion, water Is a mixture nf several kinds cf

molecules, each of which under anprepriate conditiens produces a

correspondiwg type of ice.

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

3
ted in more det&Il in one of his recent nppers which we will new

G. Tammann, Zeitschr, f. anorg. Chem., 158. 1926, s.1.

consider In grenter detail. According to T.mmann, erdinary ice

develops from Type I molecules which Are more numerous than all

other types. In water they are formed long be~ore, orystalliz2-

tlon, hut their nuantity increpse-is especially areat near the

solidificibion point of the given tvye of ice. Thett presence ex-

plains the anomalous behavior of thr density of water between

00 C and 4eC. With the discovery of special tynes of ice having

n wraefer density than water, this opinion, exnressed long ago,

received new conftrmation. As water in nubjected to Incre=sing

pr rsnire, the ounntity of Type I melecules -lecreases and orystal-

lizatlon Is not in the form of ordinary Type I ice, but in the



form of Type III ice. This type is denser than water and can-

Ri• ts of Type III molecules which Pre more dense than Tyne I.

The Presence In water of Tvpe I mnlecuITs exblqIns the ano-

malous character of the deoendence of Q11 properties oii pressure

awd temperature, so that the concentration of Type I molecules may

be expressed as a function of pressure and temperature. Calcu-

Intiens show that at a tempe tiure of O°C and pressure p=1 nt-

mosphere about 1/5 of the water consists of molecules of this

type. At 50 e' their concentration Is much less.

Molecules In water other than Type I are much more diffi-

cilt to Identify and distinguish.

Tqmmann determined the ceneentration of Type I molecules

from curves of' the rtlptionshiD between the srecific volume aad

temnerature of wAier at connstant rressure p=i (Fig. 2).

Fig. . Specific volume of water vs. temnerature.
Key: 1-a

2-b
3-3
4-d

In the tomperature region between 100I0 C and 70 0 C this re-

lationsnip Is nlmost a straiuht line, with a very low constant

eurvature (0.006 in 100C). Beginning with 700C the curvature be-

comes greater with lower tempeaturps due to nn Increasing concen-

tration of Type I molecules. If, Ibeinnirr at 700 0, the upper

portion of the curve is contirued, it will ,'tain its earlier

low curvature (0,006 in 100 o), and the quantity of water

(without Tyne I molecules) at o0 n is n0q() cm3 .

Considerinir tý%t the nuantity of ice at the same temperature



is 1.090 m3 , upon transformation of water Into ice there Is p vol-

3umettrio Inerease of n.090 cm3.

Proecedinx from these data, Tammann found the following

dictribution of concent-r~tin C of Type I iolkeu]es at various

temperatures In one gram of water:

(Table 2)

At t : 00 ; 10; 20; 30; 40
Concentration C = 0,15; 0012; 0,08; 0,06; 0,04 in one gram of water

The concentration of the remaining four tynes of noleculep,

from wMich the above-mentioned four stnlle 1-inrs of jre are
formed, also (];*:ends on n and t. Y•ear the meltinp -noint of

each of dese tVpes of ice, w-tn- is relativeJv rich in that

tyne from which a corresoondinp tyne of' ice will be forined.

All. five tyn~s of molecules exist in mutual. enuilibrium, Pnd

during ehanFee of t and p thP conditio-s of eauilibrium are

ranidly di-plTaned.

Later Tommann determined the degree of Polymerization of

Type I molecules and found their chebical formula te be (H2 0) 6 .

The division of these enlarged molectles into 2 parts -- (H2 0) 3 +

(H 0)3 -- gives thRt kind of molecule from which, for the most

part, water Is formed. The nresence of Type I molecules enpears

net only as Pn Annmelous relationship between the snecific volume

and temperature of water, but Also in the unioue eotiot of temper-

ature e" other such physical nrnperties As specific heat, viscos-

ity, surface tension, and others, We will now turr to the temper-

ature changes of several of these properties.

Visconsity of water. Figure 3 shows, at three differ-

f t . 3. Effect of r-essure on the viscoity of water.
Key: I-P, kg/cm2

na tmertrrn02c '201'3C an iC be ura niata
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effect of Pressure on viscosity of water (circles) Pnd on friction,

due to ion movement in a 0.1 normal solution (crosses). Both

klnAs of Purves are congruent within the limits of observational

error In the interval from p=l to p=700 kg/cm2 . Minima, occurring

in Pll three Isotherms, are exDlalned as the consequence of a de-

crAAse in thA concentration of Tyre I molecules according to the

flegree of rressure Incrense• Between O°(and 40Oethe relationship

is linear Rt nressures above 2200 kg/cm2 , in Rccordance with the

coitdition tbat at high pressures water has very few Type I mole-

cules. It elso follows that Rt pressures above 2400 kg/cm2 only Tye

III ice, and not Tyte Iforms in water. Inasmuch as the concen-

ti~tinn of Type I molecules decreases with t, the minimum relative

viscosity becomes less in slope and is disnlaced to lower pros-

sores. With the disappearance of Type I molecules between 50 C

and 60°C, qs Indicated by the volumetric isobar of water, there

also disappears the minimum on the viscosity isotherm, which be-

gins at onee to Increase without an initial decrease.

The effrct of Type I molecules on viscosity may be demon-

strated an follows: the straight sections of the Isotherms are

extended to Intersect with the nrdinates. The differences between

the isotherms, -nd the lines thus drawn Ind'lyete thi %ffedt of

Type I molecules on viscosity.

A P'A neral analysis of the physical properties of water

bhows that their temrerature relaitinnships At high temperatures

are 8imple qnd normal. DeriAtlons for 11 properties of water

bevin at medisl temperatures an• Increase with lower temperatures.

A more satisfactory explanation of these anomalies is included in
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the assumption that in water, as already noted, there is formed

in great cuantity a sveclal kind of molecule. The temDerqture

region of its existence lies between 50OC nnd the melting point

of Ice, and the pressure range within which these molecules exist

2
I s from 0 to 2500 kg/cm . Type I tee is formed from these mole-
cules, whose formula is (H0)6. The dissociation of such a mol-

ecnle into two narts forms those molecules that are the main consti-

tuent of water and have the 'ormula (H 2 0) 3 .

If experimental dAta pertaining to the structure of liquid

water has ne straizht lines, t'hen the nresence of several kinds ef

molecules is indicated. In such a sttuation It is necessary to

drAw conclusions on the basis of indirect data. The study ef

water in thp solid state nnd its crystalline structure is now con-

iMderabty facilitated. inasmuch as the X-ray 'nethod from the time

of Laue's discovery has Drovided us with a powerful Instrument

for determining fhe strinture -of substances. During the study of

the structure of solid substances the above-mentioned method gove

the mnos brilliant results, -nd nromlses for the future even

Rreater usage ad a more refined techninue for study. In recent times

this method has also been applied to the study of the structure

of liqui4s, and in the near future will be snplied to the study
of gases and vapors.

Per the study of the structure of ice the X-ray method was

rirst used by John, then by Dentson. The former found In ice a

space lattice compc.ed o" orthogonal nrisms of height h=6.65 ang-

strnm units (AU), with f~ouil]teral triangles in the base, a side

o f' which is
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I a = 4.74 AU. (equ.3)

Ice for the experiments of Deatten was pl;d Into a Dewar

flask with liquid air by means of a submerged glass tube, holding

a small auantity of distilled water. Ice In the form of small

crystals was exnosed to X-rays for ten hours. DIenison found the

lattice structure to be similar to that determined by John, with

the following nrism dimensions:

h = 7.32 AU, -nd a = 415P AU. (equ.4)

Neither of these Investigations, however, determined the

Actual distribution of atoms in the A&ttice. This was done by

Bregw with X-ravs Independently of A direct analysis. Bregg

started with the assumption that Ice belongs to that class of

crvntals In which the molecules consist of positive and neqetive

Inns, and that the structural Arrangement is such that each pos-

itive ion Is symmptrically surrounded by neaptive ions, and vice

versq. In this way, the number of adjacent molecules is less,

since It is well known that Ice hqs a low density. Such A wide

comrass of space witha minimum of closely-contiguous molecules is pos-

sible if the *xvge-n atom Is niaced In the center of gravity of

four other such Atoms, arranwed In the vertices of a tetrahedron, sim-.

iar to the arrangement of carbon atoms in q diamond lattice.

One bydrogen Atom is located In each Interstice, thus dividing

two neighboring oxygen Atoms. Such a strueture requires twice

as many hydrogen atoms As are required by the chemical formuln of

a water molecule.

The bondinp, of ntoms In the crystal occurs in such a way

LI
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that the hydrogen Ions give up their vmlence electrons to the oxy-

gen tons. If the force holling Qtoms in the crystal is viewed in

thlil way, the cnncent of a molecule loses its significancel the

entire crystal may be considered a single hume molecule.

The dimensions of the lattice elements of ice can be deter-

mined by means of compqrison with the- Analogous structure of the

lattice eloments of diamond. Oxygen atoms are substituted for

carbon atoms and all hydrogen atoms are removedI although the

molecular weight of P lattice element of ice is greater than that

of (itnmond in the ratio of 18:12, the density of ice Is less than

the density nf diamond in the ratio of 0.9165:3.52. Therefore,

the lineAr dimensions nf the ice lattice should be greater than

those of d'imond by the ratio

1:p.

For volumetric expansion, geprOae COPY

p3 = 18X3,52 , (equ.5)
12Xo.9165,

so that th' linear expansion p=1.79.

The distance between centers of the two oxygen atoms in diamond

is 1.54. Multiplying this by the coeffinient of exD~nsion p found

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

atoms 1.54U[1.79 = 2.76. The distance between two adjacent bAsal

planes in diamond Is 2.05; the corresponding distance for ice Is

2.05 X 1.79 = 3.67.

Finally, the distance between the twe atoms located in one of the
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abhve-mentiened plnes is: Lbest available COPY

for diamond 2.52,

for ice ?.L2, X 1.7C = 4.52.

Dimensiens of the ioe icttlce obtained Independently by the

X-P'y method agree In Accurecy with the dimerslons obtained by

Dentstn with the X-ray method, if It is taken rIto account that

the height of DenSton's prism Is equal to twice the distance be-

tween two Ad 1cent planes (III).

In order to clearly visuqll7e the distribution of atoms Ir

the Jpe srac. l]ttice, we shqll use ) flat diagram and model to

renresent the spatial structure of this hexA•onal crystql. Fi-

pure 4 ,shows the arrqngement of nxyp'en (white) ind hydrogen

Fig. 4. Sohemptlc arrAnaement of oxypen (white circles) ond hy-

drogen (black circles) Atoms in An ice crystnI.

blqck)atoms in a re'ion cut oDr1llel to the hose of the crystal.

The black spheres are lecated in the Piane of the diagram, the

lqrqer wvlte snheres are in front, and the smaller white spheres

Are in babk, behind the Dlnne of the diagram.

In order to construct a com-lete model It is necessary to

prepnrp ,evirnl such qtructlires, nlaclnv them pirnllel to each

other so that lower white spheres of t vie upner structure face

tn- i nper white snheres of the lower structure. The blnck spheres

Are placed between the aforementioned srheres. HavInz connected

thA narallel structures with the black spheres, en entire model

rmfl qn ice orvstal can thus be visualized. It would be possible

to construct tle model in nnether f.shlon, by assemblinv It from

Ell



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.

F1g. 5. Schematic arrangement of oxygen 4white circles) and hy-

drn~en (black circles) itoms In an ice crystal.

Having assembled the spheres, we now have an arrangement of

Atoms In a simple prism of q lattice with absolute spacing between

the centers of the atoms (Fig.5b), as determined by X-ray (John and

Penisen) Qnd by comparison with the 616ments of a diamond lattice

(Bregg). Such a model was nrepared under our direction In the

Department of Exper1t-entnl Geonhysics of the Main Geophysical Ob-

servAtory and is shown in the photoqranh (Fig. 6).

Fig. 6. Model of an ice crystal.

The model shows that the molecule is characterized by a

nun-cnmpact structure - the model has many vacant spaces uneccu-

Died by me'Lecules. This exnlains the low dersity of lce (less

than ,.'it of water), and it aranhically demonstrates the results

of Breg's above-mentioned calculations.

Thus, the X-ray method provPled consistent and accurate de-

termInations of the nbsolute dirtances between atoms, their nosl-

tiens in crystals in gener'l and in ice crystals in pArticulnr.

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

who used this method to study the structure of nowder crystals,

Isotropic substRnces, and lqter, liquids. The use of this method

Is nossible because molecules of Rn isotronic substance, like those

of a liquid, cQn be considered as minute, Individual crystals

which nroduce interference circeds in the beam of a bright-lime
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X-ray snectrum, althougb thb small number nf at,•is will cause a

reduced sharpneas in the circles.

X-ra.y analyses of such liquids as benzene, hexane, o;id alco-

hols revealed Rn interference patternsof circles, the dimenskons

of which wenerally corresronded to theoretical expectations. For

benzene In narticular t'ese investlxgtions confirm with s=e6 ac-

curacy the assumption or chemists, accordinq te whom benzene

molecules hbvp six csrrhon atoms arranged in a circle. Such R

circular arrangement Is Rn~leoeus to that of the ice cryst&l

rentioned above. An Investigation ^f w~ter by the same metbod

resulted In n simllnr s~'arp Interference nqatern of circles, do-

monstrating that soMe water molecules qre oriented In the same

w•y as thrnse In crystals.

Later, similir exreriments with Miulds wer'- conducted by

Keas, who prodeeded on the Assumption that all molecules are

spaced at regular intervAls. He showed that by nroceeding in this

m7nner the results obtsined Are in good Agree-ent with theereti-

cal exnectations. His ciculatiens were based on density and

molecular weiaht of tbm liould according to the fn]lowing formu-

The results thus obtained for "liquids Rnd liquified gases

,•a re given in Ta•1# 3. Ir the second column •re listed values for

STable 3. Key: 1-l,•nuid 7-Ethyl ether

'3- Ar.gn 9-observed1 : i4-Benz)ene 10-cTculated

S5-Witer I1-AU

6-Erlha' alcopyl
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the angle O t whl::h the interference-pattern circles were observed.

The third and fourth columns give the distances between meleculh;s

as deternnined from the circle dimensions and formula respectively.

It Is noteworthy that, in the case of wqter, a second In-

terference-pattern nircle was observed at an Rngle Y of 460.

This same angle wss iefinitely observed, although more faintly,

for both lioui'd ovygen And argon. This demonstrated the preserce

In l4.quids of double molecules, separated by the closer oDacing

of *=?.4 AU. Such a n'olymerizatien demonstrated the poJlar charac-

teristic of water.

Similar, more recent experimentol investIgAtions on the

structure of lIcuids by Debye, Ptrnik, and Prins were thus provided

with a firmer theoreti6al foundation. The results of these in-

vestigations were nublished qImost simultaneously in 1927 In Ger-

mqn physics jonurnals.

rhere is no doubt that the atoms not only of crystols but

also •n lioulds and gaseous substances occupy definite locutions

in tho molecules. Some v~rlations In spncing due to thermal oscil-

lation of the atonls must be Qllowed. These variqtIons Are not large,

however, since they probably do not exceed second-order val-

ues. There is no basis for ass•ming that atoms in lJoui(i molecules

appPr other than in crvstlline form - the snme form which con-

stituted the structuie of molecules. It is expected tvqt an X-ray

annlysis of Aases and vaporsschedulPd for the near future, will

yield esneciasly reliable results.
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AccorflinP to TBrepr, water in the solid stnte consists

of counled, six-sided rings, eac"h bavin- six oxytren atoms and

12 hydrogen atons. Armstrong, on the ot-er hbnd, nronoses t1't

1irniid water consists oP assoc iated molecul -s, also in the f-orm

of six-sided rinrs similar to those of benzene. Bridgman con-

cludes from his experiments at high pressurew that the crystal-

line orientation of some atoms of water is es'idernt, inasmuch as

sharp interference-pattern circles were observed during X-ray

analysis.

With this state of affairs, the idea nuggests itself that

Bre•g's firmly-established six-sided links in the lattice of ice,

which consist of six oxygen and 12 hydropen atoms and occupy a

lar-e volume, and, therefore, form a less dense structure, are

simply those same complex, ice-forming molecrles in water

described by Tammann, Duclaux, and Armstrong. There is no direct

evidence as to these two complexes being identical, but there is

much data indicatinf, the great probability of such an assumption.

Future investigations will. umdoubtedly resolve this question,

important for understanding the structure and properties of water.
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