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exhibit less randomness in solution than the £-iodo-
polystyrene-solvent system. In our next communica­
tion we will describe our results on 3,5-dibromopoly-
tyrosine, a synthetic polypeptide, which optical rota­
tion studies19 indicate has an extended helical form in 
solution. 
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(19) J. Applequist , personal communica t ion . 

The unique properties of liquid water are well known 
and have long been attributed to the association of its 
molecules. At present there seems to be widespread 
agreement with Frank's1 view that this association leads 
to "flickering" structures of many water molecules. 
However, the nature of these structures is still uncer­
tain. They may be viewed as compact iceberg-like 
clusters2 on the one hand, or, on the other, as honey­
comb networks of cages.3 - 6 In either case unassoci-
ated water molecules constitute at any instant an im­
portant fraction- of the total, either separating the 
icebergs or located inside and presumably also be­
tween5 the cages. The cage structures may be either 
essentially filled with unbonded molecules3 or be vacant 
to a significant extent.4"6 

Both approaches have been reasonably successful in 
accounting for the adduced experimental evidence, 
particularly the thermodynamic properties of the 
liquid and its X-ray scattering which can be inter­
preted in terms of the average radial neighbor dis­
tribution as shown by Debye in 1930.7 Hence prefer­
ence for either of these models is based largely on struc­
tural grounds and analogies. The purpose of the 
present paper is to bring into this discussion the ex­
perimental argument of light scattering which does not 
seem to have been used heretofore, and to show that it 
favors the network model without many vacancies 
over the compact iceberg one. 

The turbidity of pure water is due to its inhomogenei-
ties in refractive index which in turn stem from two 
independent sources which give separate additive con­
tributions to turbidity. One of these contributions is 
made by fluctuations in density caused by pressure 
fluctuations due to thermal agitation, the other is 
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i.'i; I. Pauling, " T h e Xa tu re of the Chemical Bond , " 3rd Ed. , Cornell 

Universi ty Press, [ thaea , X Y , 1960, p 472. 
4i M, D Danford and H, A, Levy, J. Am Chem Soc, 84, 3965 (1962). 

' 5 ; H. S. Frank and A S Quist . J Chem Pkys., 34, 604 (1961). 
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who in the course of a stimulating discussion pointed 
out the possibilities of investigating conformation, con­
figuration, and isotacticity by means of X-ray measure­
ments on polymer solutions. We are indebted to F. A. 
Bovey and F. P. Hood for n.m.r. measurements, to 
J. P. Luongo for infrared spectra, and to Mrs. M. Y. 
Hellman for light scattering and viscosity determina­
tions. The work benefited greatly from the interest 
shown during the course of the research by F. A. Bovey. 

made by local differences in structure which occur inde­
pendently of pressure variations. As established by 
Einstein,8 the contribution of the former to the tur­
bidity can be calculated from the macroscopic com­
pressibility and the macroscopic variation of refrac­
tive index with density. Whereas these values in 
turn depend on structure, so that this part of the 
turbidity could in principle be calculated from models, 
we shall not pursue this aspect. It has been discussed 
for example by Nernethy and Seheraga2 with respect to 
compressibility. By using the experimental quantities 
we take into account automatically the effect of fluctua­
tions in pressure upon structure. 

Thus the turbidity due to fluctuations in pressure 
calculated from the experimental quantities can be 
considered as a base line and any excess above it can be 
assigned to structural heterogeneities or experimental 
error. The excess turbidity to be expected from struc­
ture will depend on the size of the postulated hetero­
geneities, on their refractive index contribution, on 
their concentration, and on the randomness of their 
spacing as they occur at constant pressure. 

As shown in more detail below the turbidity due to 
pressure fluctuations is about 1.5(5 X l()_ s c m . - 1 and the 
measured value is about 1.7(5 X 1O-'' leaving only a 
very small margin of about 0.2 X H)'"5 for any excess 
turbidity due to structure. 

Compact "icebergs" having an ice structure and 
comprising a score or more of water molecules represent 
relatively large heterogeneities with a significant re­
fractive index contribution and in the absence of any 
long range forces should be spaced randomly. One can 
expect therefore that they would contribute a significant 
excess turbidity. In fact as shown below for a specific 
model, this excess turbidity, though still small, is of the 
same order as the total experimental turbidity of water 
and several times larger than the experimental excess 
turbidity evaluated above. 

In the network model the heterogeneities are much 
smaller, of the order of a molecule instead of an iceberg, 

(8) A. Einstein, Ann. Physik. 33, 1275 !!91Oj 
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The results of light scattering by pure water should have a bearing upon the acceptability of the various pro­
posed structures of liquid water. Despite the difficulty of experimental determination it seems that the excess 
turbidity, due to structural heterogeneities, above that due to pressure fluctuations is very small. This does 
not seem compatible with a structure involving compact "icebergs" separated by a "liquid" nor with a large 
volume fraction of molecule-sized random vacancies. A network with predominantly filled cavities seems more 
compatible with the experiments. 
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but their refractive index contribution depends greatly 
on whether the cavities are filled or vacant. A quan­
titative evaluation of light scattering from such a 
model in which the cavities are filled with unbonded 
molecules does not seem easy at present, but the case 
where a large number of vacancies is postulated can be 
evaluated approximately and gives excess turbidities 
which are again several times the experimental ex­
cess. Since the refractive index difference between 
cavity and network must be greatly decreased when 
a molecule replaces a vacancy, it is clear that a 
"filled" network such as proposed by Pauling3 would 
have a very small excess turbidity which would 
be well within the range of the experimental data. 
In fact a small concentration of cavities within the 
framework of such a model, as postulated by Frank and 
Quist,5 should be acceptable at present. 

Turbidity due to Pressure Fluctuations.—This cal­
culation follows closely Carr and Zimm's9 t reatment 
with the required values taken at 25°. The Rayleigh 
ratio due to fluctuations is given by 

XW ' 

where ji is the isothermal compressibility of water10 

( - 4 5 . 7 X 10-» a tm.- 1 ) , p its density (0.9971), n its 
refractive index (1.334), X the wave length (5461 X 
10~s cm.), N Avogadro's number and 

pndn'dp = — (n,'@)dn/dp 

where p is the pressure11 and dndp can be measured 
directly and is12a 14.9 X K) - 6 atm.^1 . These values 
g iveS u = 7.78 X K)-7. 

As the scattered light is slightly depolarized the 
above value has to be multiplied by the Cabannes 
factor (6 + 6pu) ' (6 — 7pa) which is equal to 1.20 on 
the basis of Kraut and Dandliker's13 measured value of 
the depolarization ratio pu = 0.083. This gives a 
Rayleigh ratio of 9.32 X 10~7 which is equivalent in the 
normal interpretation of measurements made at 90° 
to a turbidity of IGTTSU/3, i.e., 1.56 X K)-5. 

Experimental Turbidity.—The actual turbidity of 
water is very small and not easily measured because of 
the problems of stray light and of contaminating dust 
which tend to give high values. The best experimental 
value seems to be 1.76 X K)_s c m , - ' reported both by 
Goring and Napier14 and by Kraut and Danliker.13 The 
results of Fessender and Stein l s (1.63 ± 10%) and of 
Mysels and Priucen16 (1.83 X K)-5) tend to confirm this 
value. All of these reports could of course be biased 
toward low values because all the normally expected 
errors are, as already mentioned, positive, but the 
agreement of very different independent techniques 
suggests that the excess turbidity of water above the 

(H) C. I. Carr and B. H. Zimm, J. Chrm. Phys., 18, 1616 (I1Jf)O). 
(10) P . Tyrer , J. Chrm. Soc. 105, 2.534 ( H I U ) . 
(11) The a l te rna t ive way'-1 of set t ing pndn/dp = (n ' a)(dn - dt), where a 

is the coefficient of thermal expansion, is not applicable to water This is 
due to the fact tha t this equal i ty implies t ha t idn'dvi, =- (d>! d() p (d / /d t ' ) p 

which is t rue only if (dn d/>, = 0, Whereas the la t ter condit ion is well 
approx imated by unassociated liquids it must break down for water whose 
s t ruc tu re is affected by t empera tu re even at cons tan t volume 

M2> N H 1 >orsey. " Propert ies of Ordinary Water Subs t ance , " Reinhold 
Publ ishing Corp. , Xew York. X. Y.. 11140 iV p 2Oo; ( b ) p . 484; ' c ! p . 648. 

HIi) .r Krau t and W. B I landliker. J. C hem. Pays , 2 3 , 1.144 . 19.5.5) 
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15) R. W, Fessender and R S Stein, ibid., 22. 1778 :1954). 
I 16: K. .I . M vsels and !.. H. Princen, ./. Phys. Chrm., 63, 1696 (1950). 

value due to compressibility is quite small and not 
larger than about 0.3 X K) - 5 Cm.- ' . 

Turbidity of a Compact Iceberg Model.—This cal­
culation is based on the very concrete model provided 
by N^methy and Scheraga.2 These authors consider 
the liquid as divided into compact clusters formed by 
di-, tri-, and tetrabonded water molecules on the one hand 
and nonbonded molecules on the other. Singly bonded 
water molecules attached to the compact clusters are 
considered to have essentially the same properties as 
the nonbonded ones. Together they form the "liquid." 
At 25° the compact clusters comprise 0.40 of all mole­
cules and have a density of 0.913. In order to yield 
the experimental density of water the "liquid" must 
have a density of 1.081. The volume fractions are 
therefore both 0.50. From the mole fraction of singly 
(0.234), doubly (0.0422), and triply (0.198) bonded mol­
ecules it follows that per cc. of water there are on the 
surface of the compact clusters 1.72 X 10" hydrogen 
bond loci which are either free or occupied by singly 
bonded molecules. Assuming conservatively 17.8 A.2 

as the area per such locus (this is the maximum area per 
hydrogen bond in the ice structure) gives 3.07 X K)7 

cm.2 as the total area of compact clusters per cc. of 
water. 

This system seems to be well adapted for the applica­
tion of the theory developed by Debye and Bueche17 

and by Debye, Anderson, and Brumberger18 for scatter­
ing by heterogeneous systems, especially those having 
only two dielectric constants distributed at random. 
The former authors show that the turbidity r is given 
by 

64 TT4 T jV 

where t is the dielectric constant, ?j its local fluctuation 
from the mean, X the wave length of light, and a is a 
length characteristic of the heterogeneities. The 
latter authors show that for random heterogeneities 
(holes in their case, icebergs in ours) a is given by 

4<p(l - <p) 

where S/ V is the surface per unit volume of the hetero­
geneities and ip their volume fraction. From the spe­
cific surface of the compact clusters and their volume 
fractions given above one obtains 3.26 A. for the char­
acteristic length a of this model. 

In order to evaluate the refractive index factor rj2/e2 

we replace the dielectric constant by the square of the 
refractive index and make the usual approximation 
that the difference in refractive indices is small com­
pared to their sum which gives 

Tj2/V = 4 [(Mc — «)Vc + («1 — M)Vl];''"2 

where the subscripts c and 1 refer to clusters and 
"liquids," respectively, and n is the refractive index of 
water. 

The refractive indices of the clusters and of the 
"liquid" are not discussed by XeVnethy and Scheraga.2 

They can however be evaluated separately. Extrapo­
lation of the refractive index of ice121' to 25° gives 

••17) P, Debye and A, M. Bueche. J. Appi. Phys. 20, .!18 (194O). 
:18": P. Debye, H. R. Anderson, Jr . . and H. Brumherger ibid., 28, 679 

:1951). 
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nc = 1.308. The "liquid" may be assumed to behave 
like other normal unassociated substances whose molec­
ular refraction, M(n*- — 1) pin'1 + 2). is the same in the 
vapor and in the liquid state. For water vapor this 
has12'' the value of 3.7060 which gives n\ = 1.369. 
These two values however give an average refractive 
index of 1.338 significantly higher than the experimental 
1.334. In order to obtain a conservative value of tur­
bidity we can assume the above estimate of nc to be 
correct and take n\ = 1.360 to make it consistent with 
n. This gives 1.52 X 10 - 2 for rj2''e2. 

Combining these values gives 1.2 X K) - 5 for the 
excess turbidity of this model which is only slightly 
lower than the total observed turbidity of water and 
several times higher than the experimental excess tur­
bidity estimated above. 

If the «i based on molar refraction is taken as a basis 
the calculated excess turbidity rises to 2.1 X 10~5 

which is still higher. 
Turbidity of the Network-with-Vacancies Model.— 

The specific model considered.is that of Danford and 
Levy.4 Among other features it is characterized by 
a large volume fraction {ca. V9) of vacancies large 
enough to hold a water molecule: one-half of all the 
cavities within a network of tetrabonded molecules is 
vacant whereas the other half is occupied by un­
bonded molecules. The optical effect of these missing 
molecules is the same as that of fictitious molecules 
having the size and mass of water molecules and a 
refractive index of 1 (or 1.668), i.e., a refractive incre­
ment, dw/dc, equal to that of pure water. An ideal 
1 1 % solution of such fictitious molecules would have 
a turbidity of about 2.5 X I " - 5 c m . - 1 in excess of that 
determined by compressibility. The fact that the 
vacancies are not random but occur only in the cavi­
ties of the network can be accounted for, in part at 
least, by considering them as hard spheres whose radii 
should be somewhere within the range of distances 
between the real interstitial water molecules and the 

I t was Debye1 who first proposed the idea of defining 
the shape of a macromolecule by measuring the angu­
lar dependence of the light scattered by a solution. 
An extensive development ensued2 and light scattering 
has become a classic technique in the study of solutions 
of macromolecules. As a curious footnote to this de­
velopment we note that the realization of lasers has 
made possible the observation of harmonic scattering 
of light3 by solutions albeit at very low intensity. 

U) P. Debye, J. Phys. Colloid Chem.. 5 1 , 18 (1947). 
i'2) C/. P. J Flory, "Principles of Polymer Chemis t ry , " Cornell Uni­

versity Press, I thaca , N. Y.. 1953, Chap te r VI I . 

lattice ones, i.e., between 3 and 4 A., according to the 
Danford and Levy model. This reduces19 the excess 
turbidity by 30 to 60%, making it comparable but still 
some four to eight times larger than the observed ex­
cess. A still less random spacing of these vacancies 
could of course bring the excess turbidities still lower 
but it is difficult to visualize any long range forces 
which could have this effect. 

Vacancies postulated by Frank and Quist5 in the 
Pauling model are considerably fewer than proposed 
by Danford and Levy. They correspond to only one-
thirtieth of the total and should be more regularly spaced 
since they occur only in all the dodecahedra. Hence 
their contribution to the excess scattering should be 
smaller and close to the experimental values. 

Conclusion.—Thus it appears that light scattering 
can provide some information about water structure. 
The rather small excess of experimental values over the 
turbidity due to pressure fluctuations seems to leave 
little room for structures involving either discrete 
and compact icebergs of many water molecules or any 
large proportion of randomly distributed holes of molec­
ular dimensions. On the other hand, more refined 
experimental measurements, especially those concern­
ing the effect of temperature, should indicate whether 
the observed excess is attributable to a structural 
inhomogeneity and should place more definite limits 
upon possible models. 
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An elementary light scattering process consists of 
the generation by a molecule of secondary waves 
with the same frequency as the incident light wave 
albeit shifted in phase. If the macromolecule consists 
of A7 segments whose charges are approximately iso­
lated from each other, the total scattering amplitude 
is 

E/«(I,e'2'*° (i) 
a 

(3) P, F ranken and J. F. Ward , B n , Mod. Phys 35, 23 (1963), 
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Accompanying the light scattered by a solution of macromolecules is a feeble overtone whose intensity is 
proportional to the square of the incident intensity. It is a result of the fluctuation in the derivative with 
respect to electric field of the polarizability just as the ordinary scattered light results from the fluctuation in 
the polarizability. This second harmonic Rayleigh scattering is in principle observable with the use of power­
ful pulsed lasers. 


