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darkening of a given spot was taken as a measure of the 
intensity of the diffracted x-ray beam producing the spot. 

The exposure required to produce a density p is given 
by the product Et, where E is the iIlumination and t the 
time. The product Et is a constant for a given density as 
long as the development time is constant, but both E and 
t may vary. Letting p equal the density of silver deposit 
which is just visible, Et is the exposure necessary to produce 
darkening which is just observable. 

If a film be printed for such a time tl that one of the 
reflections, 200 for instance, just begins to be darkened, 
and for such a time t2 that another reflection, 400, just 
begins to be darkened, then the relative densities of the 
spots are given by the ratio of tl to l2. That is, if t, is twice 
t2, then 200 is twice as dense as 400. This result follows 
from the fact that the product Eltl must be equal to E 21,. 

Any variation in t must be accompanied by an inverse 
variation in E. The illumination E is inversely propor­
tional to the density of the spot, and therefore the density 
is directly proportional to the time t required to produce 
an observable darkening. To a first approximation, the 
density of the silver deposit is directly proportional to the 
intensity of the diffracted x-ray beam. Thus, it is apparent 
that a measure of the intensity of any reflection relative 
to all others on the same film is given by the time required 
to bring out a silver depositiust visible to the eye. 

There are, of course, limitations to this procedure. The 
density of a reflection is not uniform over the spot. Some 
one part must be chosen as a reference point, the center 
being the easiest. The scale of values obtained does not 
represent the true intensities since the intensities are not 
integrated over the entire spots. However, the results are 
highly satisfactory when only a relative scale is needed. 

It should be pointed out that a printing paper which 
can be developed to a high contrast should be used. The 
higher the contrast, the greater the resolution of the spots. 
A paper manufactured by the Eastman Kodak Company 
under the trade name "Kodolith" was found suitable when 
developed for ten minutes. 

The author is indebted to A. C. Hardy of the Massa­
chusetts Institute of Technology for suggestions which led 
to the development of this method of estimating intensities. 

The Vapor Pressure and Heat of 
Vaporization of N15* 

ISIDOR KIR~HENBAU:M 

Department of Chemistry, Columbia University. New York, New York 
June 25, 1941 

I NTEREST in the separation of isotopes and in the 
theory of vapor pressures of non-polar liquids has led 

to the investigation of the vapor pressures of various iso­
topic substances. This is a preliminary report on the vapor 
pressure difference between natural nitrogen and nitrogen 
containing 34.6 percent N'5, with the equilihrium amounts 
of N142, N14N'", and N152. 

The differential method and the apparatus used in 
making these measurements are similar to those used by 
Thode' but rliffer in sevt'ral essential details which will ht' 
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described in a later paper. The nitrogen samples were ob­
tained by circulating ammonia over hot copper oxide. 
The ammonia was prepared from c.P. ammonium chloride. 
The various samples of nitrogen were purified by the use of 
liquid nitrogen traps and were analyzed for purity and 
isotopic content on a Bleakney type mass spectrometer. 
Two samples of natural nitrogen were also tested by meas­
uring the differences in vapor pressure between them from 
64°K to 75°K. These differences were in no case larger than 
the experimental error. 

Table I briefly summarizes the results. Two different 
samples of natural nitrogen and of the concentrated nitro­
gen were used in obtaining these results. PI is the pressure of 
natural nitrogen and p, is the pressure of the nitrogen 
containing 34.6 percent N15. Each PI-P, is an average of 
at least four determinations on the samples, where each 
determination is the average of at least ten readings taken 
two minutes apart. The absolute temperature was de­
duced from the observed vapor pressure of the ordinary 
nitrogen using the data of Henning and Ott02 and is 
correct to ±0.01°. The experimental error in P 1 - p, is 
in all cases less than ±1.4 percent of the difference, usually 
being ±1 percent. 

The vapor pressure data for the liquids can be repre­
sented by an equation of the form, 10gIO (P,/P,) = 11/1'+ B. 
Using this, !lH,-!lH, was calculated to be 1.13 calories. 
Assuming that the difference in the heats of vaporization 
is a linear function of the mole fraction, the heat of vapori­
zation of pure NI5, was found to be 3.27 calories higher than 
the heat of vaporization of ordinary nitrogen. 

A more detailed report of these results, together with the 
results of work on more concentrated samples of N'5 and 
extending over a somewhat larger temperature range, will 
be reported later. The author gratefully acknowledges 
his indebtedness to Professor H. C. Urey for suggesting 
these experiments and for his helpful advice throughout 
the course of the work. 

'Harry G. Thode, J. Am. Chem. Soc. 62, 581 (1940). 
, Henning and Otto. Physik. Zeits. 37, 634 (1936). 
* Publication assisted by the Ernest Kempton Adams Fund for 

Physical Research of Columbia University. 

Thermodynamics of High Polymer Solutions 
PAUL J. FLORY 

Esso Laboratories, Chemical Division. Standard Oil Development 
Company, Elizabeth, New Jersey 

July 14, 1941 

T HE abnormal thermodynamic properties of solutions 
containing high polymers have been explained quan­

titatively by Meyer' in terms of an idealized model in 
which "'t'llIents of the polymer chains replace molec-ules 
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of solvent in a quasi-solid lattice. Entropies of mixing 
exceeding the dassical "ideal" vallles arC' attrihutcd to the 
Ilumerous configurations which thC' polymer molecules are 
free to assume. Huggins2 has reported an approximate 
treatment of dilute polymer solutions, apparently assuming 
a model equivalent to that of Meyer. Some time ago the 
writer carried out, on the basis of Meyer's model, a general 
statistical treatment applicable to high polymer solutions 
at all concentrations. The entropy of mixing n solvent and 
N polymer molecules, each of which possesses x elements 
which may replace fJ molecules of solvent in the liquid 
lattice is found to be 

LlSmixing=k[ -n' In (n,~'xN) -N In C,':xN) 

+(x-l)Nln(I':1)-Nln2], (1) 

where n' = nlfJ and I' is the coordination number for a 
polymer chain element in the liquid lattice. This equation 
differs markedly from the familiar expression for the en­
tropy of mixing equal sized molecules. However, (1) reduces 
to the latter when x = 1, provided that the last term, which 
takes into account the indistinguishability of one end of 
the polymer molecule from the other, is omitted. Very 
recently Huggins' has derived an analogous relationship 
for the case fJ= 1. 

The partial molal entropy of dilution, obtained from (1). 
1:-; 

where v, = xNI(n'+xN) is the volume fraction of polymer 
in solution. Series expansion gives 

Osmotic pressure data4 for dilute solution of rubber in 
toluene (LlH!~O) agree with (2') if one lets fJ= 6. Data for 

concentraif'd solutions C~,,>0,5) require a value of {j in til(' 
vicinity of unity. Equation (2) predicts, in agreement wit h 
experiments,5 that the partial pressure of solvent in a con­
centrated solution of a high polymer will be practically 
independent of molecular weight. 

Assuming" a heat of dilution given by LlH! = BV j !!,2 

where V, is the partial molar volume of the solvent, the 
critical condition for complete miscibility when fJ= I is 
found to be BVJ/RT= (1+x!)2/2x; the critical concentra­
tion, which is given by V2 = 1 I (1 + xl), lies close to V2 = 0 
for high polymers. Detailed calculations of the composi­
tion of the phases in equilibrium for X= 1000 when BV!I RT 
exceeds slightly the critical value (i.e., slightly below the 
critical solution temperature) show that there will be 
negligible amounts of polymer in the solvent phase, even 
when the polymer phase contains as much as 80 percent of 
solvent. Thus, the statistical mechanical treatment of 
polymer solutions explains the results of Bryinsted and 
Volqvartz, 7' who found that polystyrene was capable of 
taking up several times its weight of propyl laurate at 20° 
without dissolving to a perceptible extent in the excess 
solvent. A discussion of the bearing of this work on frac­
tional separation of non-homogeneous polymers will be 
included in a forthcoming publication. 

From (1) it can also be shown that, according to Meyer's 
model, the molar entropy change for the conversion of com­
pletely oriented polymer to a state of random entanglement 
is given by 

R In (xI2J+R(x-l) In [CI'-l)leJ (3) 

I Meyer, Helv. Chirn. Acta 23, 1063 (1940). 
'M. L. Huggins. J. Chern. Phys. 9. 440 (1941). 
3 M. L. Huggins, paper presented before the \Vilder D. Bancroft 

Colloid Symposium, Ithaca. New York. June 20, 1941. 
4 Meyer, Wolff, and Boissonnas. Helv. Chim. Acta 23, 430 (1940). 
'Starnberger, J. Chern. Soc. 2318 (1929). 
, G. Scatchard. Chern. Rev. 8, 321 (1931). 
7 J. N. Brpnsted and K. Volqvartz. Trans. Faraday Soc. 35, 576 

(1939); 36, 619 (1940). 
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