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inclusive, and the other from 25 to 60° C. The results are +9X 10-7 

for the personal difference, +6 X 10-7 for the time difference at lower 
temperatures, and - 5 X 10-7 for the time difference at higher tem­
peratures. Moreover, a few data were taken by observer A alone at 
5° and at 40° C and thus independent estimates of + 1 and -6 X 10-7 

were obtained for the time differences, (nprIOr-nSUbSeQ.), at these 
respective temperatures. This confirmation of the time differences is 
as good as should be expected considering the possibility of very slight 
changes in the effective prism angle from hour to hour, or rather the 
differences between the actually existing angle and the linearly inter­
polated values that (see section 1II-3) were obtained from the initial 
and final angle measurements on a given day. 

Possibly, then, during these measurements the index of water 
progressively decreased slightly while the water was held at tempera­
tures below room temperature and increased slightly while it was held 
above room temperature. :rhe increase at higher temperatures is, of 
course, in accord with expectations regarding possible dissolved glass 
or metal, but in both cases the changes are in the seventh decimal 
place and opposite in sign to expectations that might be based on 
temperature-error effects as temperature equilibrium is slowly ap­
proached. 

4. STRUCTURE OF WATER 

In order to explain the maximum density of water at 4° C, the 
minimum molecular heat near 35°, minimum compressibility near 
40°, and certain other known facts regarding the properties and 
behavior of water, it has often been assumed that liquid water con­
sists of a mixture of polymers, say of tri-, di-, and monohydrols, 
coexisting in reversible equilibriumY Study of X-ray patterns and 
of Raman spectra has pointed however, to the abandonment of such 
simple ideas as to the nature of association in water (and in many 
other liquids). The hydrols hypothesis was superseded by the 
molecular group conception or cybotactic condition according to 
which temperature greatly influences distances, orientations, molecu­
lar forces, and other factors affecting the size and internal regularity 
of relatively large groups having ill-defined boundaries. More 
recently, liquid water has been qualitatively pictured in terms of 
coordination theory as a "broken-down ice structure" with coordina­
tion persisting in definite degree dependent chiefly on temperature.42 

During these measurements on the refractive index of water the 
authors have been mindful of the possibility of detecting slight peculi­
arities in index that might be directly attributed to relatively sudden 
changes in the degree of association or in other characteristics of the 
water molecules. In this connection, it may be mentioned that the 
apparent minima in values of P, as shown in figure 10, and the corre­
sponding negative residuals in index, figure 17, occur at temperatures 
30 and 55° C, which are near those at which Wills and Boeker 43 

"See, for example, W. D. Bancroft and L . P. Gould, J. Phys. Chern. 38, 197-211 (1934); J. Duclaux, 
J . chim. phys. 10, 73-109 (1912) . 

.. See, for example, G. W. Stewart, Phys. Rev. [2] 37, 9-16 (1931); J. D. Bernal and R. H. Fowler, 
J. Chem. Phys. 1, 515-548 (1933); Michel Magat, Ann. phys. 6, 156 (1936); Paul C. Cross, John Burnham, 
and Philip A. Leighton, J. Am. Chem. Soc. 59, 1134 (1937). 

"A. P . Wills and G. F. Boeker. Phys. Rev. [2] ,l6, 908 (1934). Elementary considerations indicate 
that, for diamagnetic substances, the index should decrease slightly if specific susceptibility increases in 
absolnte value without a compensating decrease in density. In this connection, however, Samuel Seely, 
Columbia University, in a private communication to the authors, reports good general agreement with 
the resnlts by Wills and Boeker, bnt much more regular data with no humps. He finds 8 marked change 
in slope at or near 45° C. Sea Phys. Rev. [2] 6~, 662 (1937). 
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found humps on their curve of the specific magnetic susceptibility of 
water. Also, the shape of the curve for Ie in figure 10 may, perhaps, 
correspond with the sudden disappearance of the Raman band, 
Av=500 to 700 cm-l when t rises above 37°, as reported by Magat; 44 

or it may correspond with the change in temperature rate at which 
certain absorption maxima in the near infrared are shifted toward 
shorter wave lengths, as found by Ganz 45 near 40° C. 

It has been generally assumed that equilibrium between the tem­
perature and the degree of association, or coordination, is very quickly 
established, and a confirmatory report was issued by La Mer and 
Miller 46 who, by an interference method with a precision of ±3 X 10-6 

investigated the index of water (at 20° C only) as a function of time. 
Nevertheless, the authors must state that at times during their 
experiments it has seemed that complete equilibrium is difficult to 
obtain. The average trend toward lower index as time elapsed during 
measurements at 0° C, as mentioned in the preceding section, was 
scarcely large enough to seem decisive but on several occasions water 
was allowed to remain in the prism overnight or longer and the sub­
sequent measurements yielded abnormal values of index that are not 
easily explained. Temperature uncertainty in its direct effect on 
index is a negligible factor at low temperatures where these abnormali­
ties were especially noticed. There are, however, other factors that 
may require time for equilibrium. Dissolved metal or glass would 
increase the index but in a number of instances the measured index 
decreased after one or two days. Dissolved air or gases might 
decrease the index slightly, but these samples of 9 ml were in contact 
with only 1 ml of air. In fact, the magnitudes and algebraic signs of 
these changes with time are such that they are not at present satis­
factorily explained. 

A concise record of these auxiliary experiments and of the systematic 
nature of the abnormal changes in index is given in figure 19 where 
they are plotted against the temperature at which the measurements 
were made. All of these indices, determined after considerable lapse 
in time, were compared with indices as computed by the general 
formula (see eq 3) of this paper, and the differences (no-nc), were 
averaged for several wave lengths and then plotted for comparison 
with each other and with the strictly normal condition (no-nc)=O. 
Curve A appears to be characteristic of water that has remained in 
the prism for about 28 hours. Curves C and D are similar but repre­
sent data taken after from 1 to 3 days and the indices may be slightly 
high because of possible contamination with beeswax, which in these 
auxiliary experiments was used in cementing the prism windows. 
Curve B, however, should be altogether different because it represents 
data on water distilled in vacuo and sealed in the special vacuum-type 
prism III in contact with water vapor only. From published data it 
appears that a value of -14 X 10- 6 is to be expected for (no-nc) in 
this case, but curve B is found below curve A by something less than 
one-half that amount. This may mean that the windows or the 
Duco cement yielded and allowed partial atmospheric pressure on the 
water; or possibly the Duco proved considerably more soluble than the 

.. M. Magat. J. phys. et radium [7] n, 179 (1935). Sp,e, however, G. Bolla. Nuovo cimento 12, 243 
(1935), who reports that certain bands at 510 and 780 cm-I are present at 42° C . 

.. Ernest Ganz. Ann. Physik [5]26, 331-348 (1036) . 

.. Victor K. La Mer and M. L. Miller. Phys. Rev . [2] '3, 207 (1933). 
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beeswax that was used when the data of curves 0 and D were taken. 
In its slope, however, curve B closely parallels curves A, 0, and D . 

+6 

+4 

+2 

o 

-2 

~ -4 
C 
I 
o 

C 
'-" 
>< -6 

-8 

I 
2mb x 

2 I 

JV II 
~~ 

'0 V. 2~ I NORMAL CONDITiON no- nc) =0 /1 ~' 
,--

, 
,.,., ... ,-

4 '" , 

II , , , ;/ , , 

'1 
, 

0' , 

l: 0/0 , , 
,:,.'«' , 

tj ,4-5 % , , 
1 

~ ( , 
1 , , 

I 0/ 
~<v,' 
~ I 

ARABIC NUMERALS GIVE ELAPSED 1 

~/ TIME IN DAYS. ROMAN NUMERALS 
~/r SHOW TYPE OF HOLLOW PRISM 
~,' 

OF NICKLE A S FOLLOWS: 0\';,-10°/. 
",'1 1 I UNPLATED ~,' 
1 n CHROM IUM PLATED ,. , 

• 1 m VACUUM TYPE UNPLATED 

$.1' 
fA, WINDOWS CEMENTED WITH ·OUCO 

l/ b .. .. .. SEGSWAX 

~/ 
-'/ , 

I 
I 

L IS·,. "MOLEKULART 1 " 

" I I 
o 10 20 30 40 50 60 70 

TEMPERATURE IN DEGREES C 

FIGURE 19.-Abnormal index of l'efmction of distilled water after pl'olonged contact 
with glass and nickel. 

All points represent averages for several wave lengths. and observed indices. no. are compared with indices. 
n" computed by the general interpolation formula (see eq 3) . Circles (curve A) indicate measurements 
with regnlar approved sampling and procedures but after the samples had remained 1 day in the prism. 
Dots (curve B) indicate values for a sample of water distilled and measured in vacuo but perilaps con· 
taminated with Duco cement . Crosses (curves C and D) indicate measurements at atmospheric pressure 
on a secoud and a third sample, after distillation in vacuo, but perhaps there is sligilt contamination with 
beeswax. 

In considering figure 19 the important matter is this slope of the 
curves with respect to the normal condition. It should be noted that 
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the progressive changes that occurred from Oth to 1st day on curve B, 
from 2d to 3d day on curve 0, and from 1st to 2d day on curve Dare 
decreases and therefore can not be directly ascribed to progressive 
contamination as such. Moreover, curve A crosses the axis near 
20° C at which temperature La Mer and Miller made their tests and 
likewise found no change in index as a function of time. 

As a possible partial explanation of these data it is suggested that 
refractivity is increased by the solution of glass and metal, and also 
simultaneously decreased by some structural change that is propor­
tional in amount to the existing degree of thermally variable associa­
tion, coordination, or "ice molecule" contentY From figure 19 it is 
possible to estimate that at 70° C, above which rate of change in the 
ice-molecule content is probably small, the direct effect of solution 
would be approximately +7X10-6 in index after 28 hours, but that 
the effect of solution does not increase proportionately during a second 
or third interval of like duration. The accompanying decrease in 
index is, apparently, of the order of 1 X 10- 6 for each percent of ice­
molecule content as estimated by Tammann. 

These suggestions based on the auxiliary experiments with long 
enduring contact between water and prism are, also, probably applica­
ble to the results found by the direct analysis of definitive data in the 
preceding section (VI-3), and thus it may be inferred that contamina­
tion was not entirely absent in the definitive refractive-index measure­
ments made with normal procedures. It is, however, untenable to 
assume that any sizable index changes similar to those illustrated in 
figure 19 could have occurred in the normal procedure, because the 
said direct analysis of definitive data shows that the average differences 
between prior and subsequent sets of observations taken on a given 
day are entirely matters of the seventh decimal place of index. 

Interest in all of these auxiliary results is, therefore, almost entirely 
academic. The interesting difficulty is to account for the lower indices 
at low temperatures. A slight decrease in coordination proportional 
to the initially existing degree of coordination might conceivably be 
occasioned by progressive solution and possible ionization. Such a 
change in coordination, however, is supposed to permit closer packing 
of the water molecules and hence the algebraic signs conflict with such 
a conception. Fortunately, there is one clearly established and satis­
factory aspect of all indications of systematic error in these experi­
ments. It is the apparent smallness of the resultant effects on the 
approved indices of refraction of water as tabulated in this paper. 
There is no indication of accidental or systematic error in excess of 
±10r2 X 10- 6• 

The authors acknowledge indebtedness to numerous members of the 
Bureau's Staff for valued suggestions, advice, and assistance through­
out this work. 

WASHINGTON, January 18, 1938 . 
., See, for example, G. 'l'ammann, Z. anorg. nllgem. Cbem. 158,4(1920). P ossibly, bowever, T ammann's 

percentages should be considered simply as changes in association ratber than as estimntes 01 tbe total 
extent tbereof. 


