
V o l .  5 8 N O V E M B E R ,  1 9 5 4 N o .  11

THE JOURNAL OF
PHYSICAL CHEMISTRY

(Registered in U. S. Patent Office)

A. Bondi: Free Volumes and Free Rotation in Simple Liquids and Liquid Saturated Hydrocarbons..................................  929
D . H . Templeton and Giles F. Carter: The Crystal Structures of Yttrium Trichloride and Similar Compounds............ 940
James E . Shewmaker, Carl E . Vogler and E . Roger W ashburn: Spreading of Hydrocarbons and Related Compounds

on W ater................................................................................................................................................................................................................. 945
I. M . Issa and S. A. A w ad: The Amphoteric Properties of Tellurium Dioxide................................................................................. 948
Thomas C. Franklin and Ray D . Southern: The Competitive Adsorption from Aqueous Solutions of Hydrogen and

Nitriles on Platinized Platinum.....................................................................................................................................................................  951
Lester H . Arond and H . Peter Frank: Molecular Weight Distribution and Molecular Size of a Native Dextran............  953
H . Rubin and F. C. Collins: Concentration Overpotential at Reversible Electrodes..................................................................  958
William P. Banks, Bernard O. Heston and Forrest F. Blankenship: Formula and Pressure-Temperature Relation­

ships of the Hydrate of Dichlorofluoromethane...................................................................................................................................... 962
K u rtH . Stern and Jack K . Carlton: Electrode Potentials in Fused Systems. I. Sodium Hydroxide..................................  965
Helga Boedtker and Paul Doty-: A  Study of Gelatin Molecules, Aggregates and G els.................................................................... 968
Harry P . Gregor, Oscar R . Abolafia and Melvin H . Gottlieb: Ion-Exchange Resins. X . Magnesium-Potassium

Exchange with a Polystyrenesulfonic Acid Cation-exchange Resin......................................................................................... ’ . 984
John D . Ferry, Malcolm L. Williams and Donald M . S te m : Slow Relaxation Mechanisms in Concentrated Polymer

Solutions................................................................................................................................................................................................................. 987
John E. Eldridge and John D . Ferry: Studies of the Cross-linking Process in Gelatin Gels. III. Dependence of

Melting Point on Concentration and Molecular W eight....................................................................................................................  992
Karl A . Sense, M . J. Snyder and R . B. Filbert, J r .: The Vapor Pressure of Zirconium Fluoride..............................................  995
Hilton A. Smith, R . L. Combs and J. M . Googin: Vapor Pressure Studies Involving Solutions in Light and Heavy 

Waters. I . The Apparatus and the Determination of Vapor Pressures at 30° of Solutions of Sodium and
Potassium Chlorides in Ordinary W ater.................................................................................................................................................... 997

Robert L. Combs, J. M . Googin and H . A. Sm ith: Vapor Pressure Studies Involving Solutions in Light and Heavy
Waters. _ II. The Vapor Pressure of Heavy Water and the Separation Factor of the Mixed W aters............... .. 1000

Noel S. Bayliss and Eion G. M cR ae: Solvent Effects in Organic Spectra: Dipole Forces and the Franck-Condon
Principle.................................................................................................................................................................................................................  1 0 0 2

Noel S. Bayliss and Eion G. McRae : Solvent Effects in the Spectra of Acetone, Crotonaldehyde, Nitromethane and
Nitrobenzene........................................................................................................................................................................................................  1006

J. H . Singleton and G . D . Halsey, Jr.. The Solution of Argon in Layers of Krypton.......................................................... .. 1011
Douglas Atack and O. K . R ice : Thermodynamics of Vapor-Phase Mixtures of Iodine and Benzene, with Application

to the Rate of Recombination of Iodine A tom s....................................................................................................................................... 1017
A. L. Berlad: Flame Quenching by a Variable-width Rectangular-Channel Burner as a Function of Pressure for

Various Propane-Oxygen-Nitrogen M ixtures........................................................................................................................................  1023
A . M . Mankowich: Micellar Molecular Weights of Selected Surface Active Agents............................................................... 1027
Joseph D . Danforth: The Effect of Alkali and Alkaline Earth M etal Ions on the Activity of Cracking Catalysts..............  1030
James S. Johnson, Kurt A . Kraus and George Scatchard: Distribution of Charged Polymers at Equilibrium in a

Centrifugal Field................................................................................................................................................................................................  1034
Andrew E. Potter, Jr., and H . L. Ritter: The Vapor Pressure of Acetic Acid and Acetic-d3 Acid-d. The Liquid

Density of Aeetic-d3 Acid-d..................  1040
L. M . Mukher je e : The Standard Potential of Silver-Silver Chloride Electrode in Ethanol.................................................... 1042
A. A . Orning and E. Sterling: Oxygen Transfer between Carbon Dioxide and Carbon Monoxide in the Presence of

Carbon.................................................................................V .V .................1 ....................................................................................................... 1044
R . E . Nightingale, A . R . Downie, D . L. Rotenb<5igJ.Bfycfe C&Wfbi’ct, Jki hjid R. A. Ogg, J r .: The Preparation and

Infrared Spectra of the Oxides of Nitrogen.. . I . '.1 .1 ’. !  1 ¿ ¡ i  J ¿ { .J .................................................................................. 1047

• • *. • • 
F T T H B — r

The Journal of Physical Chemistry is being published monthly in 1954 
Notes and Communications to the Editor will be considered for 

publication in T h is  Jo u r n a l



T H E  J O U R N A L  O F  P H Y S I C A L  C H E M I S T R Y
(Registered in U. 8. Patent Office)

A l l e n  D .  B l is s

R . P . B e l l  
E . J . B o w e n  
G . E . B o y d  
M i l t o n  B u r t o n

W . A l b e r t  N o y e s , Jr ., E d it o r

A s s i s t a n t  E d it o r s A r t h u r  C . B o n d

E d i t o r ia l  B o a r d

R . E .  C o n n i c k  
P a u l  M .  D o t y  
J . W .  K e n n e d y

S . C . L in d

H . W .  M e l v i l l e

W . 0 .  M i l l i g a n

E . A .  M o e l w y n - H u g h e s

Published monthly by the American Chemical Society at 
20th and Northampton Sts., Easton, Pa.

Entered as second-class matter at the Post Office at Easton, 
Pennsylvania.

The J ou rn al o f P h ysica l C hem istry is devoted to the pub­
lication of selected symposia in the broad field of physical 
chemistry and to other contributed papers.

Manuscripts originating in the British Isles, Europe and 
Africa should be sent to F . C. Tompkins, The Faraday 
Society, 6 Gray’s Inn Square, London W . C. 1, 
England.

Manuscripts originating elsewhere should be sent to W . 
Albert Noyes, Jr., Department of Chemistry, University 
of Rochester, Rochester 3, N . Y .

Correspondence regarding accepted copy, proofs and reprints 
should be directed to Assistant Editor, Allen D . Bliss, 
Department of Chemistry, Simmons College, 300 The 
Fenway, Boston 15, Mass.

Business Office: American Chemical Society, 1155 Sixteenth 
St., N . W ., Washington 6, D . C.

Advertising Office: Reinhold Publishing Corporation, 430 
Park Avenue, New York 22, N . Y .

Articles must be submitted in duplicate, typed and double 
spaced. They should have at the beginning a brief Ab­
stract, in no case exceeding 300 words. Original drawings 
should accompany the manuscript. Lettering at the sides 
of graphs (black on white or blue) may be pencilled in, and 
will be typeset. Figures and tables should be held to a 
minimum consistent with adequate presentation of infor­
mation. Photographs will not be printed on glossy paper 
except by special arrangement. All footnotes ana refer­
ences to the literature should be numbered consecutively 
and placed in the manuscript at the proper places. Initials 
of authors referred to in citations should be given. Nomen­
clature should conform to that used in C hem ical A bstracts, 
mathematical characters marked for italic, Greek letters 
carefully made or annotated, and subscripts and superscripts 
clearly shown. Articles should be written as briefly as pos­
sible consistent with clarity and shou,J — :J 
background unnecessary for specialists.

Symposium papers should be sent in all cases to Secre­
taries of Divisions sponsoring the symposium, who will be 
responsible for their transmittal to the Editor. The Secre­
tary of the Division by agreement with the Editor will 
specify a time after which symposium papers cannot be 
accepted. The Editor reserves the right to refuse to pub­
lish symposium articles, for valid scientific reasons. Each  
symposium paper m ay not exceed four printed pages (about 
sixteen double spaced typewritten pages) in length except 
by prior arrangement with the Editor.

Remittances and orders for subscriptions and for single 
copies, notices of changes of address and new professional 
connections, and claims for missing numbers should be sent 
to the American Chemical Society, 1155 Sixteenth St.,
N . W ., Washington 6, D . C. Changes of address for the 
J ourn al o f  P h ysica l C hem istry must be received on or before 
the 30th of the preceding month.

Claims for missing numbers will not be allowed (1) if 
received more than sixty days from date of issue (because of 
delivery hazards, no claims can be honored from subscribers 
in Central Europe, Asia, or Pacific Islands other than 
Hawaii), (2) if loss was due to failure of notice of change of 
address to be received before the date specified in the pre­
ceding paragraph, or (3) if the reason for the claim is “ miss­
ing from files.”

Subscription Rates: to members of the American Chemi­
cal Society, $8.00 for 1 year, $15.00 for 2 years, $22.00 for 3 
years; to non-members, $10.00 for 1 year, $18.00 for 2  years, 
$26.00 for 3 years. Postage free to countries in the Pan 
American Union; Canada, $0.40; all other countries, $1.20. 
Single copies, current volume, $1.25; foreign postage, $0.15; 
Canadian postage $0.05. Back issue rates (starting with 
Vol. 56): non-member, $1.50 per issue, foreign postage $0.15, 
Canadian postage $0.05; $12.50 per volume, foreign postage 
$1.20, Canadian postage $0.40; special rates for A .C .S . 
members supplied on request.

The American Chemical Society and the Editors of the 
J ourn al o f  P h ysica l C hem istry assume no responsibility for 
the statements and opinions advanced by contributors to 
T his Journal.

The American Chemical Society also publishes J ou rn al o f  
the A m erican  C hem ical S ociety, C hem ical A bstracts, In du strial

»

and E n gin eerin g C hem istry, C hem ical and E n gin eerin g N ew s, 
A n alytica l C hem istry, and Journal o f  A gricu ltu ral and Food  
C hem istry. Rates on request.

• • • . # * • • •(Cêntm 'ued  fir»m  £ r*t*jxi46t • • • * * •
N O T E  : George L. Beyer : Light Sca&teMBg äuÄag ttEe¥oima1îoii ôf Ôefe,tin*ôêfe ......................................................... 1050
N O T E : W . Primak and L. A . QuarteHnän ! TheBurface'Tension of Pbtas’s i u m ____‘.........................................................  1051
N O T E : Tom  D.Brotherton and R obbinC. Anderson: Spark-Ignition Energies in Hydrogen-Bromine M ixtures...........  1052
N O T E : Virginia Griffing, Martha Ann Cargyle, Louis Corvese and Denise E b y : Temperature Coefficients of Vis­

cosity of Some Halogen Substituted Organic Compounds.................................................................................................................. 1054



THE JOURNAL OF
PHYSICAL CHEMISTRY

(Registered in U. S. Patent Office) (Copyright, 1954, by the American Chemical Society)

V olume 58 NOVEMBER 16, 1954 N um ber  11

FREE VOLUMES AND FREE ROTATION IN SIMPLE LIQUIDS AND LIQUID
SATURATED HYDROCARBONS1

B y  A. B o n d i

Shell Development Company, Emeryville, California
Received September 8, 1953

The term “ free volume” has been applied indiscriminately to several essentially different concepts. In order to avoid the 
resulting confusion each of these is here separately defined and a terminology is proposed. The difference between the ob­
served volume and the volume at 0 °K . has been renamed the expansion volume V e- The empty space in a liquid V — V w 
(where F „ =  van der Waals volume of the molecule, calculated from thermal collision cross-sections and from X -ray diffraction 
patterns of crystals) is called the empty volume Vt. The volume swept out by the center of gravity of the thermally vibrat­
ing molecule (called “free volume” by the proponents of the cage model theory of liquids) has been renamed the fluctuation 
volume T). Rigorously, the fluctuation volume can only be calculated from the thermodynamic properties of a liquid. It 
is shown in this paper that an approximate fluctuation volume '¡>  can be calculated by the simple relation \)a =  (4 x /3 ) -  
( Vt/A),3 when A  is the surface area per mole of molecules. The relation of 1"o to other approximate calculations of X  is 
illustrated with data on monatomic and diatomic liquids. The upper and lower bounds of validity of T)o are established as 
approximately the melting point and the atmospheric boiling point of simple liquids by comparison of the observed entropy 
of vaporization with that calculated from Do. For polyatomic systems an ideal entropy of vaporization S i  is defined 
as R  In (Fgas/Uo). The excess entropy of vaporization A S’,  =  [ASV (obsd.) — A SJ]p/t is then a measure of restriction 
of external molecular rotation in the liquid. Comparison of the empty volume available in the liquid with that required to 
permit external rotation of methylene chains suggests that the normal paraffins may rotate freely around their long axis at 
any temperature above their melting point. Rotation around their short axis, however, is severely restricted over most of 
the liquid range. The degree of restriction, defined as (R =  [ ( it /‘VjL^wN K — V„] Vi, (where L  and w are the length and width, 
respectively, of the molecule in question), could be correlated for a large number of representative normal, isomeric and cy­
clic paraffins with ASh. The physical reality of this excess entropy of vaporization has been established by comparison 
with the “excess” heat capacity Cv (liquid) — Cy (gas). For a number of long chain paraffins both sets of data give the 
same number of degrees of freedom restricted in the liquid state. The exceedingly high degree of restriction of the long 
and especially the long branched chain hydrocarbons at low temperatures, manifest in AS‘ v values of up to 60 e.u. at the 
melting point, is directly reflected in the entropy of fusion. A  correction of the Hirschfelder-Stevenson-Eyring entropy of 
fusion formula for the restricted rotation effects is proposed and examined.

1.1 Introduction.—The common use of the
free volume theories2-4 of liquids in the calculation 
of the equilibrium and the transport properties of 
liquids has been retarded by two basic uncertainties, 
namely, the degree of approximation involved in 
the theory itself, and the mode of computation of 
the “ free volume” from the known physical prop­
erties of liquids. The first of these uncertainties 
recently has been clarified by Kirkwood,6 who 
showed that the free volume theory can be consid­
ered as a first approximation to a rigorous molec-

(1) Presented before the Division cf Physical and Inorganic Chemis­
try, Meeting of the American Chemical Society, September, 1953.

(2) J. H. Hildebrand and R. L. Scott. “ Solubility of Non-Electro­
lytes,” Reinhold Publ. Corp., New York, N. Y ., 1951, p. 70-76.

(3) (a) J. O. Hirschfelder, D. P. Stevenson and H. Eyring, J. Chem. 
Phys.y 5, 896 (1937); (b) J. F. Kincaid and H. Eyring, ibid., 6, 620 
(1938).

(4) J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc. 
{London), A 1 63 , 53 (1937); A 1 65 , 1 (1938).

ular theory of the liquid state. It is the purpose 
of this paper to deal with a method of its computa­
tion and to delineate the area of applicability of the 
free volume concept to calculations of the proper­
ties of liquids.

Since it is not always entirely clear which of the 
various free volume functions has to be employed 
in a given case, it appeared worthwhile to restate 
the definitions of the different free volumes, to in­
troduce a nomenclature and to illustrate their 
physical significance in terms of their numerical 
values for simple substances in Part I. Part II 
will deal with the application of the method to the 
calculation of some of the equilibrium properties of 
hydrocarbons.

I. Free Volumes of Simple Liquids
1.2 Nomenclature.—The following definitions 

are proposed for free volumes: (1) The empty(5) J. G. Kirkwood, J. Chem. Phye., 18, 830 (1950).

929
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FL/r 03 =  0 .523F l/ F w.
Fig. 1.— Ratic of the solid-like fluctuation volume Vs  to 

the fluctuation volume Vo as a function of the degree of 
expansion.

volume (per mole) Vf = Ft — Fw, where Ft =  
macroscopic volume (cm.3/mole) at temperature 
T, Vw = volume per mole (or gram atoms) of 
substance as calculated from the “ van der Waals” 
dimensions obtained by X-ray diffraction methods 
or from gas kinetic collision cross sections. Typical 
data on Fw are given in Table I.

(2) The expansion volume6 (per mole) F e =  
Ft — Fo, where F0 = volume (cm.3/mole) of sub­
stance at 0°K. (in the crystalline state).

(3) The fluctuation volume6 (per mole) V  = 
N & v v , where v v  is the volume swept out by the cen­
ter of gravity of the molecule as a result of its ther­
mal vibration. (This fluctuation volume has been 
called “ Free Volume” by Eyring and by Lennard- 
Jones.3a'4) The new name has been proposed in or­
der to reduce the possibility of confusion with the 
empty volume.

T a b l e  I

V o l u m e  P r o p e r tie s  of  S e v e r a l  Sim p l e  S u b s t a n c e s

( A l l  in  C m .3/ M o l e )
Sub­

stance T,  °K . Ft Voa Fw& V k °

A 84 2 8 .1 2 3 .4 1 7 .4 1 2 .5
8 7 d 2 8 .5

n 2 6 3 . £ 3 1 .9 2 7 .4 1 3 .2 5 1 2 .6 5
7 7 .4 J 3 4 .8

C H 4 9 0 .5 3 5 .0 3 0 .6 5 1 6 .8 1 7 .2
112“* 3 8 .0

CCL, 293 9 6 .5 7 4 .6 61 5 7 '
° Zero point volumes from ref. 11 and from W . Biltz and 

A . Sapper, Z. ancrq. allgem. Chem., 203, 277 (1932). Other 
data from “ Lancolt-Bòrnstein Tabellen.”  6van der Waals 
radii from ref. 10. c Collision diameters from J. A . Beattie 
and W . H . Stockmayer in Taylor-Glasstone “ Treatise on 
Physical Chemistry,”  D . Van Nostrand C o., Inc., New 
York, N . Y . ,  1951, and J. 0 .  Hirschfelder, R . B . Bird and 
E . L . Spotz, Chem. Revs., 44, 205 (1949). d Boiling tem­
perature. 5 Average of values ranging from 50.3 to 64 de­
pending upon the method of determination of the collision 
diameter.

2.0 The Fluctuation Volume.—Several methods 
have been proposed in the past to calculate the 
fluctuation volume.2'3 They were either restricted

to spherical molecules311 or required the knowledge of 
physical properties which are not always available.315 
It is here proposed to estimate the fluctuation vol­
ume from the density and the van der Waals vol­
ume on the basis of the assumption that all of the 
empty volume is accessible to the thermal motions 
of the molecules in the liquid state.

With this assumption one can easily see that as 
long as the “ free path”  is small compared with the 
molecule diameter, the fluctuation volume Vo is 
given by

Vo =  y ( j ) 3 X  V A (3)

where A =  area per mole of molecules. It is ap­
parent that 2Vf/A is the average amplitude Y of the 
thermal oscillations of the molecules in the liquid, 
since the empty space per unit surface area of a 
molecule defines the radius of the cage within which 
it moves. For the case of atoms equation 3 be­
comes7

Vo =  Ff3/2 7 F W2 (3a)

while for polyatomic molecules both Fw and A 
have to be calculated from the known bond dis­
tances and from van der Waals radii. The justifi­
cation for the assumption of communal accessibil­
ity of the empty volume in liquids has been given 
by Eyring3a and by others.4 The fluctuation vol­
ume of a liquid, where the atoms have fixed lattice 
positions and therefore provide only solid-like ac­
cessibility of the empty volume to the thermal vi­
brations of the atoms, has been calculated by 
Hirschfelder and co-workers.8 A comparison of 
this “ solid-like”  fluctuation volume Vs with Vo, 
as a function of the degree of expansion Ft/ F w is 
shown in Fig. 1. The vast majority of liquids com­
posed of spherical molecules is already at the melt­
ing point expanded to Ft/F w ~  2 whence Vs/V 0 ~
I . The assumption of communal accessibility of the 
empty volume is therefore important only for liquid 
metals for which F t / F w is often quite small.

The exact determination of V0 requires the knowl­
edge of Fw, the van der Waals volume. For mona­
tomic substances Fw is identical with the gas ki­
netic collision volume Fk = (71-/6) r0WA where r0 = 
collision diameter obtained from gas viscosity, 
second virial coefficients, etc. For polyatomic 
molecules the calculations were based on Pauling’s 
bond distances and van der Waals radii, and for 
liquid metals on his metallic radii (derived from X - 
ray diffraction pattern of the metals in the crys­
talline state). The densities are from recent data 
collections. All of these data, especially the X-ray 
derived van der Waals radii, are undoubtedly only 
approximations. This must be taken into consid­
eration in the evaluation of the V0 data. The 
relative magnitudes of the volume parameters em­
ployed are apparent from the data of Table I.

2.1 Comparison with Other Fluctuation Volume 
Data.— A comparison of the fluctuation volumes 
calculated by different methods is given in Tables 
II and III. Here Vi is the fluctuation volume cal­
culated from vapor pressure data,2'3b V2 that de-

(7) An expression similar to (3a) had been proposed by Kittel but 
containing Ft  instead of Fw-

(8) R. J. Buehler, R. H. Wentorf, C. F. Curtiss and J. O. Hirschfelder,
J. Chem. Phys., 19, 60 (1951).(6) These expressions have been coined by Prof. Joel H. Hildebrand.
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rived from sound velocity,3’0 and V3 is that com­
puted from p-v-t data.3a We find generally good 
agreement between Vo and Vi. The other two are 
usually somewhat smaller.

T a b l e  II

E m p t y  V olu m es  a n d  F l u c t u a t io n  V o lu m es  o p  Sim ple

L iq u id s

Substance T Ft Fw Ff Vo *01° V 2“
Argon 84 28.1 12.5 15.6 0.80 0.223

87 28.5 16.0 .97 0.85 .261
Xenon 165 43 21 22 .90 1.3
N2 63.3 31.9 13.25 18.65 0.405 .352
CEU 90.5 35.0 17.0 18.0 .59 0.53 ,18e
c f 4 145 45.0 24.0 21.0 .435 0.41
CCI4 293 96.5 55.0 41.5 .42 0.24 .28°

a Defining equations for fluctuation volumes

Vi = Fgaa exp{ — ASV/R] = (RT/p) e x p {—AHv/RT}
V 2 =  Ft («*7«l)‘ =  F, (xRT!M)'/>/ui>
V i =  (4x y /3  F2)(F /3 /a )3

where p =  vapor pressure, AH ,  =  heat of vaporization, 
Mg, ml =  sound velocity of vapor and of liquid resp., x  — 
CB/ C „  ,3 =  compressibihty, a =  thermal expansion co­
efficient, 7  =  geometrical packing factor. 6 Sound ve­
locity data from A . Van Itterbeek, et al., Physica, 15, 624 
1949). 0 Sound velocity data from L . Bergmann, “ Der 
Ultraschall,”  Zürich, 1949.

T a b l e  III

E m p ty  V olu m es  an d  F l u c t u a t io n  V olu m es  o p  L iq u id  
M e ta ls  (C m .3/ M o l e )

T,
Metal °K. VTa Fw6 Ff w V id w

Hg 300 14.81 8.52 6.29 19.13 0.0Sf  to 0.014
.152

573 15.60 7.08 .19 .24 to
.45

Zn 693 9.45 5.68 3.77 .06 .04 0.025
1179 10.0 4.32 .093 .2

Cd 603 14.0 8.43 5.57 .09 .04 0.025
873 14.5 6.07 .12 .103

Ga 1250 12.60 6.22 6.38 .25 .30 (0.15-0 .2)*
a Density data from ‘ ‘Liquid Metals Handbook,”  U . S.

A E C , 1952. b Calculated from metallic radii, L . Pauling, 
“ Nature of the Chemical Bonds,”  Cornell University Press, 
Ithaca, N . Y ., p . 409 -10 . c Calculated from Do =  F 3f/ 
2 7 F 2W. d Calculated from vapor pressure data by Ditch- 
burn and Gilmoure, Rev. M od. Phys., 13 ,310  (1941). * Cal­
culated from sound velocity data by O. J. Kleppa, J. 
Chem. Phys., 17, 668 (1949); 18, 1331 (1950). 1 Range 
represents scatter of vapor pressure data in the literature. 
9 Uncertain due to rather long range extrapolation.

This result suggests that the numerical value of 
V0 is identical with the fluctuation volume appear­
ing in the cage model theory, since in the defining 
equation of Vi

ASvzp/R =  hi (Fgas/Vl) (4)

where AiS'vap =  entropy of vaporization, the right 
hand side represents the logarithm of the ratio of 
the partition function of the gas to the partition 
function proposed by the cage model theory for the 
liquid. We shall therefore define the region of 
usefulness of V0 in terms of the region, where for 
spherically shaped molecules it is numerically iden­
tical with Vi. An analysis of the differences be­
tween the various fluctuation volumes of simple 
substances is beyond the scope of this paper.

2.2 Fluctuation Volume and Intermolecular 
Forces.— The degree of expansion of a liquid, the 
ratio F t/F w, and therefore Ff as well as Vo, are de­
termined by the three variables r0, the collision

diameter (or the van der Waals dimensions), e0, the 
potential of average force between a pair of mole­
cules, and the absolute temperature T. On the 
basis of various equations of state that have been 
proposed for liquids, the ratio V0/F w should be a 
unique function of t^/kT at low pressures (such 
thatpFT <<RT).

The experimental points of Fig. 2, a plot of V0/  
Fw vs. to/JcT (from gas kinetic data) appear to 
straddle a single line, indeed. The relation of this 
line to the equations of state of Lennard-Jones and 
Devonshire and of the appropriately modified 
Hirschfelder, Stevenson and Eyring equation9 is 
indicated by comparison wi th curves 2 and 5. 
Curves 3 and 4 have been calculated from the ther­
mal vibration amplitude of a molecule in the field 
of its neighbors, such that

V i  =  V A( x / 6 ) r o 3[ ( J  zejhTy' -  l ]  ” 3 ( 5 )

where z =  number of nearest neighbors, ea =  at­
tractive component of the Lennard-Jones potential 
function. The empirical measure of the fluctua­
tion volume, Vo, therefore appears to fit into the 
general pattern predicted by die existing theories 
of the liquid state. Its magnitude is in agreement 
with that predicted by the Lennard-Jones and 
Devonshire theory at values of eo/JcT >  1.3, i.e., at 
high densities. We shall see below that this con­
clusion holds quite generally.

Fig. 2.— Relation of fluctuation volume Do to molecule 
dimensions (F w )  and intermolecular potential e0, according 
to experiment (Curve 1), Lennard-Jones and Devonshire 
theory (Curve 2) for Z  =  10, Equation 5 with Z  =  10 (Curve 
3), with Z =  6 (Curve 4), and modified Hirschfelder, 
Stevenson and Eyring theory, with Z  =  6 (Curve 5).

3.1 The Change of Entropy with Volume.—
As long as no other change takes place, any iso-

(9) Namely *101 =  N a  X roHCze/kT)- 1/ 2] ~z; and for *02 one obtains: 
*02 =  Vt(-\/2KkT/3zea) 3/ 2, if the sound velocity in aliquid is given as 
ul =  (32ea/ v / 2wi)1/ 2. k =  C p /C v
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thermal change in the fluctuation volume of a liquid 
is accompanied by a change in entropy

1S2 -  &  =  R  In (V o m / V m )  (6)

where the numbers 1 and 2 refer to the initial and 
the final state, respectively. We have seen above 
that for the case D0(d =  D0,D0(2) =  Fgas (the evapora­
tion), AS =  AiSvap. The close proximity of the 
values of D0 and Di for most of the examples cited 
in Tables II and III permits the inference that the 
entropy of vaporization of simple liquids can indeed 
be calculated for D0 with fair accuracy. The error 
is given by R m(Di/Do), and hence is but 1.4 e.u. if 
D0 differs from Di by as much as a factor of two.

If the process involved is the compression of the 
liquid by the amount AV then we have

AS =  AT(dS/c>y)T =  R  In (Dow/Docc)

Since (d jS '/d Ir 'T = (c)P/d7')v, the validity of this 
rule can be checked easily by means of the available 
p-v-f data of suitable liquids. Typical results are 
given on Table IV.

T a b l e  I V

E n t r o p y  of  C o m p r e ssio n  i n  S im p l e  L iq u id s

Substance
P,

T, °K . kg. cm.-2
AS,“
e.u.

A&obs,
e.u.

A SK 
e.u.

Neopentane 398 250-500 0 .8 3 1.10* 0 .2 7
Carbon disulfide 293 1-500 0 .4 6 0 .89° .43
i-Pentane 298 1-500 1 .0 1 .52 “ .52
“ Calculated from fluctuation volume data by means of 

equation 6 . b Calculated from data by Van W ijk and 
Seeder, Physica, 7, 40 (1940). 'Calculated from data by 
P. W . Bridgman, “ The Physics of High Pressure,”  G . Bell 
and Sons, 1949.

Deviations of the observed entropy change from 
the value computed by means of equation (6) are 
usually ascribed to hindered molecular rotation in 
the case of evaporation and to configuration changes 
in the case of compression of the liquid. The mean­
ing of these deviations will be discussed in detail 
in Part II.

3.2 The Limits of Applicability of the Fluctua­
tion Volume.—The fluctuation volume, D0, has 
inherent lower and upper limits of applicability. 
The lower limit is that volume at which the motion 
of a molecule is so restricted that its thermal oscil­
lations do not sweep out all of the available empty 
volume. In many instances this point will be 
identical with the melting point. Those spherically 
symmetrical molecules which rotate relatively 
freely in the solid state may be exceptional and 
their thermodynamic properties might be described 
by the fluctuation volume down to the first order 
transition temperature at which rotation ceases.

The upper bound of the fluctuation volume con­
cept is at that degree of expansion at which v/r03 ^ 2 
(equivalent to F /V w ^ 12/ it) because at that point 
a molecule can pass through the cage formed by its 
nearest neighbors without activation energy.8 It 
is conceivable that the “ rigidity”  of the cage 
formed by the nearest neighbors becomes insuffi- 
ficient to permit description of the average thermal 
motions by the fluctuation volume at a much lower 
degree of expansion. One might guess that such 
be the case at a temperature where e0/kT ~  1. 
Empirically it is found that D0 ceases to predict 
the entropy of vaporization correctly at Ft/ F w ~

2.3 ±  0.1 (equivalent to v/ra?‘ ~  1.2 ±  0.05), a 
point usually just above the atmospheric boiling 
temperature.

In principle one should expect that beyond zi/r03 
=  2 the entropy of vaporization is given by ASV =  
R In (Fg/Ff). This supposition cannot be tested 
very well because the liquid is usually within a few 
degrees of its critical temperature at that degree of 
expansion. From the few available entropy of 
vaporization data in this range one computes a 
reference free volume of the order of 0.5Ff at Ft/F w 
~  12/ 71. It can be shown that the entropy of va­
porization of low molecular weight g_ases_out of 
their solutions is indeed dependent on Ff if F /F w is 
of the order of 12/7r, where F and Ff are the partial 
molal volume and empty volume of the dissolved 
gas, respectively.

One may say, therefore, that the (empirical) fluc­
tuation volume Do describes the location of the 
center of gravity of the molecules in a liquid ade­
quately between the freezing point and the atmos­
pheric boiling point. The empty volume appears 
to describe the location of the center of gravity of 
molecules in a fluid at volumes in excess of the criti­
cal. The range between the atmospheric boiling 
point and the critical temperature is probably not 
describable by a simple cage model theory of the 
liquid stage.
II. Free Volumes and Free Rotation of Saturated 

Hydrocarbons
4.1 Van der Waals Volume of Hydrocarbons.—

The van der Waals volume of polyatomic sub­
stances is only rarely expressible in terms of thermal 
collision diameters. It must, instead, be computed 
from the X-ray diffraction patterns, i.e., from the 
bond distances, bond angles and van der Waals 
radii.10 In the case of hydrocarbons even the lat­
ter course does not lead to unambiguous answers, 
since there is some latitude in the choice of van 
der Waals radii compatible with known crystal 
structure and densities.

The over-all radius of the methyl group having 
been given by Pauling as 2.0 A., the hydrogen ra­
dius as 1.20 A., the carbon radius was selected such 
that the van der Waals volume of methane be iden­
tical with the gas kinetic collision volume, namely, as
1.7 A. Table V contains the resulting group incre-

T a b l e  V

V o l u m e  F o r m u l a s  fo r  « -P a r a f f in s  ( A ll  in  C m . 3/ M o l e ) 
N  =  Number of carbon atoms per chain

(1) van der Waals volume (using r(H ) =  1.2 Ä ., r(C) =
1.7 Ä .)

F w(C H 3): 13.5 cm .3, F W(C H 2): 10.2 cm .3, 7 W(C H ):

6.8 cm3, 7 W(— C— ): 3.3 cm .3
I

V w =  6.6 +  10.2V
(2) Zero point volume (at 0 °K .)  (from ref. 11)

Fo =  12.89 +  13.685V
(3) Volume at 20° (from Calingaert, et a l , Ind. Eng. Chem., 

33, 103 (1941))
F 293 =  30.392 +  16.375V +  7 4 .4 4 /V 2

ments for Fw, while Table VI presents a comparison 
of Fw with the various gas kinetic collision volumes.

(10) L. Pauling, “ Nature of the Chemical Bond,“ Cornell Univer­
sity Press, Ithaca, N. Y ., 1940.
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The agreement between Fw and TV extends over 
a far greater range than one had any reason to ex­
pect for asymmetric molecules (for n-pentane the 
axial ratio is about 1.7). The agreement between 
Fw and the kinetic volume computed from Len- 
nard-Jones; approximation ro =  0.833 W *  (A) 
(where V0 =  critical molal volume) up to cetane 
simply means that the critical volume is a nearly 
constant multiple of Fw for the saturated hydrocar­
bons.

T a b l e  V I

COMPARISON OF THE CALCULATED VAN DER WAALS VOLUME
o f  H y d r o c a r b o n s , V w, w it h  th e  C o ll isio n  V o l u m e s  
C a l c u l a t e d  fr o m  G a s  V is c o s it y  Vy{y), fr o m  C r it ic a l  
V o l u m e  Fk(vc), a n d  fr o m  S e c o n d  V ir ia l  C o e f f ic ie n t s

Fk(B) (A ll in  Cm .3/ M ole)
Fw Fk(,)° Fk(vo)° Fiub)'

CH« 17.0 17 .2 18.3 17.1
C2H 6 2 7 .0 27 .1 2 6 .2 3 9 .2
C3H 8 3 7 .2 4 0 .7 5 5 .3
n-C4Hio 4 7 .4 4 8 .0 73 .1
n- C5H 12 5 7 .6 6 0 .6 5 7 .0
7fc-C6Hi4 6 7 .8 6 5 .5 6 8 .0
?2--CsHi8 8 8 .2 130.6 8 9 .0
7I-C9H 20 9 8 .4 180.2 101.0

170.0 230"* 187 .2 '
Cyclohexane 6 1 .2 7 1 .0 57

° '6 From data of J. O . Hirschfelder, R . B . Bird and E . L.
Spotz, Chem. Revs., 44, 205 (1949), except where noted. 
“ From data of J. A . Beattie and W . H . Stockmayer, in 
Taylor-Glasstone, “ Treatise on Physical Chemistry,”
D . Van Nostrand C o ., Inc., New York, N . Y . ,  1951. 
d From diffusion constant data of R . S. Bradley, et al., Proc. 
Roy. Soc. {London), A198, 226, 239 (1949); A206, 65 (1951). 
* From critical volume data in M . P . Doss, “ Physical Con­
stants of the Principal Hydrocarbons,”  N . Y . ,  1943.

4.2 The Empty Volume and the Zero-point 
Volume of Hydrocarbons.— The empty volume 
Ff of the saturated hydrocarbons at their atmos­
pheric boiling points constitutes about 50% of 
their molal volume at that temperature. Only for 
methane it is a somewhat larger fraction (56%) as is 
apparent from the data of Table VII. At their 
critical temperature Ft/F w varies from 4.9 for n- 
octane to 5.9 for methane on the one hand and to
5.8 for n-hexadecane on the other, hence Ff consti­
tutes about 80 to 84% of the critical molal volume. 
At room temperature Ff decreases from 48.5% for 
n-pentane to about 35% for (CH2)», while Fo/Fw 
varies from 1.8 for methane to 1.36 for cetane, and 
Ff/Fo correspondingly from 44 to 26.5%. The 
paraffin hydrocarbons are thus seen to be only ap­
proximately in corresponding states at their criti­
cal temperatures and at their atmospheric boiling 
points. At equal temperatures the degree of ex­
pansion is governed by the concentration of methyl 
groups in the system since the CH3-C H 3 and the 
CH3-C H 2 interaction potentials are significantly 
smaller than all other group interactions in these 
liquids. The comparison of the volume properties 
of isomeric and normal paraffins brings this out (see 
Tables VII and XI).

The peculiar alternation effect in the zero-point 
volume Fo as one ascends the n-paraffin series 
(Table VIII), already noted by Biltz11 as probably

(11) W . Biltz, et al., Z. physik. Chem., 151, 13 (1930).

T a b l e  V I I

V o l u m e  P r o p e r t ie s  o f  V a r io u s  P a r a f f in  H yd r o c a r b o n s

Substance
T,

°K .

Ft ,°
cm.3/
mole

Ff,
cm.3/
mole

Vi,f 
Ft

Vo,b
cm.3/
mole

Fe /
Ft

CH< 90.5 35 18.0 0.51 30.65 0.124
112“ 38 21.0 .55 .193
191d 98.6 81.6 .83

CsHe 184“ 55 ' 28 .49 40.0 .272
CiH8 231“ 76 38.8 .51 54.6 .282

298 89 51.8 .58 .387
n-CiHio 273“ 96 48.8 .506 66.4 .308

298 101 53.6 .53 .343
423d 258 210.6 .81

n-CcHit 293“ 116 58.4 .503 81.7 .297
309“ 118 60.4 .51 .307

neo-CsHu 283“ 120 62.4 .52
n-CeHi4 293 131.3 63.5 .48 94.6 .279

342“ 139.5 71.7 .515 .323
508d 367 299.2 .815

71-C7H16 293 146.2 68.2 .466 109.9 .258
371“ 162 84.0 .518 .321
540d 415 337 .81

n-CsHis 293 162 73.8 .456 120.8 .254
399“ 185.5 97.3 .525 .349
569d 448 360 .80

2,2,4-Trimethyl- 293 165 77.5 .47
pentane 372 184 96.5 .525

n-CsH2o 293 178 79.6 .447 136.1 .236
424 210 111.6 .531 .352

n-CieHsi 293 292 122.0 .417 (231.4) .211
559“ 391e 221.0 .565
734d 1025 855 .835

“ D ata from ref. e of Table V I. 6 D ata from ref. 11. 
“ Boiling point. d Critical temperature. “ G . W . Neder- 
bragt and J. W . M . Boelhouwer, Physica, 13, 305 (1947).

due to crystal structure alternations is almost ex­
actly compensated by the melting point expansion, 
as shown by the last two columns of Table VIII.

T a b l e  V III
R e l a t io n  o f  A l t e r n a t io n  E ff e c t s  t o  C r y s t a l l iz a t io n

Substance Vo“ A Fo +  AFf& A

Ci 30.65
9 .3 5

3 3 .3
11 .8

c 2 4 0 .0
14.6

4 5 .1

c 3 5 4 .6
1 1 .8

n-Ci 6 6 .4
15 .3

7 3 .3
16 .8

n- C6 8 1 .7
12 .9

90.1
1 6 .4

n-C# 9 4 .6
15.3

106.5
16 .8

n- C , 109 .9
10 .9

123.2
16 .8

n- C8 120.8
15.3

140

n-Ci 136.1
“ Zero point volumes from Biltz, et al.11 b Freezing point

contractions from H . Sackmann and F . Sauerwald, Z . physik. 
Chem., A 195, 295 (1950).

This result suggests very strongly that volume alter­
nations should not be found in the liquid state as 
one ascends the n-paraffin series. The expansion 
volume Fe =  F t — F0, which is occasionally 
found in the literature as measure of the free space 
in liquids,12 contains the alternation effect and is

(12) A. K. Doolittle, J. Appl. Phys., 22, 1031, 1471 (1951); 23, 236 
(1952).
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therefore hardly a good property to use for the cor­
relation with other properties of liquids.

The change of Ff with temperature is given by 
the (empirical) thermal expansion formula
V t(T )  =  Vt(T ‘ ) +  V d « i {T  -  T°) +  a2(T  -  T °)2] (7)

where a  are the conventional expansion coefficients, 
T° is a reference temperature. Since alt the domi­
nant factor, is related to the density p by the rela­
tion ai =  Ai/p, where Ah the temperature coeffi­
cient of density, is a function of the molecular 
weight only,13 it is apparent that the isomer with 
the lower density not only exhibits a larger empty 
volume Ff than the member of the normal paraffin 
series, but for it Ff also increases more rapidly with 
temperature.

The change of Ff with pressure is demonstrated 
by some of Bridgman’s recent data14 on Fig. 3,

lo g P
2 3 4 5 6

104 P  (atm .).
Fig. 3.— Relative reduction in free volume of ra-heptane by 

high pressures (from data by Bridgman).

where the fractional change in volume with pres­
sure AF(P) at room temperature relative to the 
free volume Ff at that temperature has been 
plotted vs. the pressure (P) and vs. log P. Neither 
curve exhibits any singularity at the point corre­
sponding to the zero point volume. The location of 
the freezing contraction is a function of tempera­
ture only and is unrelated to the location of the Fo 
intersection. The curves beyond the freezing 
point are direct continuations of the initial curves 
and can be added to them without break. The 
AF(P) vs. P curve demonstrates the continual de­
crease of compressibility with increasing degree of 
compression. However, even at 40,000 atmos­
pheres the compressibility of n-heptane is still of 
the order of 5 X 10~12, far above the 10~14 to be ex-

(13) M. R. Lipkm and S. S. Kurtz, Ind. Eng. Chem., Anal. Ed., 13, 
291 (1941).

(14) P. W. Bridgman, Proc. Am. Acad. Arts Sci., 77, 115 (1949).

pected if deformation of chemical bonds (or angles) 
were the source of compression. Extrapolation of 
the logarithmic curve predicts squeezing out of all 
of the empty volume at 65,000 atmospheres. The 
interval from the point corresponding to Fo to the 
intersection with the line AF(P>/Ff =  1 must rep­
resent sufficient deformation of the van der Waals 
interaction field to lead to the equivalent of com­
plete packing of the usually empty space. The 
smoothness of the volume vs. pressure curve is good 
evidence for the “ softness” of the low energy colli­
sion diameter upon which our calculations had been 
based.

5.1 The Fluctuation Volume.—A simple con­
sideration of the geometry of the average motion of 
a molecule in the average (uniform) field of force 
of its neighbors leads to the conclusion that the 
volume swept out by the center of gravity of a mole­
cule is of nearly spherical shape regardless how com­
plex the shape of the molecule and can therefore be 
adequately described by equation 3. The area per 
mole of saturated hydrocarbon molecules can be 
computed from the increments (in units of 109 
cm.Vmole): -C H 3 = 2.14, >CH 2 = 1.36, >CH  = 
0.58. The slightly negative contribution of the 
quaternary carbon atom can be neglected.

Typical fluctuation volume data of hydrocarbons 
have been accumulated in Table IX. For the lower 
members of the series there is reasonable agreement 
between Fo and Fi at temperatures below the at-

T a b l e  I X

F l u c t u a t io n  V o l u m e s  of  V a e io u s  P a r a f f in  H y d r o c a r ­
b o n s

Substance T, °K .

F»,
cm.3/
mole

V u
cm.Vmole

F s,
cm.3/mole

c h 4 9 0 .5 0 .5 9 0 .5 0 0.177*

C 2H s 148* 0 .71 1 . 01“
c 3h 8 2.31* 0 .8 4 1 .08 “

71-C4H10 273* 0 .8 7 1.16(7)*
I I ) 293 0 .8 7 0 .8 9 ' 0 .73 4 “

309* 0 .9 5 1 .09 “ 1 .07
neo-C5H 12 283* 0 .9 8 1 .38 “ 1 .35

1|; 293 0 .705 0 .3 9 / 0 .51 7 “
342* 1 .0 1 1 .03 “ (1 .3 9 )

7I-C7H 16 293 0 .53 0 .1 5 ' 0 .3 7 7 “
371* 1 . 1 1 0 .9 1 “ (1 .8 5 )

n-CsHig 293 0 .53 0 .07 6 / 0 .3 1 “
399* 1 .20 0 .86“ (2 .4 7 )

2,2,4-Trimethyl- 293 0 .5 8 0 .2 9 / 0 .42*
pentane 372 1 . 1 1 1 .31 “

n-CgHoo 293 0 .4 9 0 .0 4 3 ' 0 .2 6 “
1.36 0 .7 5 “

n-Gjg 11 293 0 .3 6 8 X  10 0 .0 9 5 “
559* 2 .1 4 0 .2 7 “

“ Heat of vaporization data from F . D . Rossini, et a l.
A PI Project 44, Tables Properties of Pure Hydrocarbons. 
* Sound velocity data from ref. 6, Table I II . 0 Sound 
velocity data from ref. c Table II . d Sound velocity data 
from "Landolt-Bornstein Tabellen.”  • Sound velocity 
data from N . Utter and R . Kling, Compt. rend., 227, 41 
(1948). /  Heat of vaporization data from N . S. Osborne 
and D . C . Ginnings, J . Res. Natl. Bur. Standards, 39, 453 
(1947). «Vapor pressure data from G . S. Parks and 
G . E . Moore, J . Chem. Phys., 17, 1151 (1949). h Boiling 
point.
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mospheric boiling point. At the boiling point and 
above Vo <  Vi for the spherical or nearly spherical 
molecules. Small adjustments in the van der 
Waals radii might make the agreement somewhat 
better, but could not detract from the fact that the 
cage model theory loses its applicability some­
where near the expansion characteristic of the 
boiling point in the case of these hydrocarbons.

The fluctuation volume data computed from 
sound velocity ( V 2) are smaller than Vo, just as we 
had seen with the simple substances (Table II). 
Because of the arbitrariness in the assignment of 
the packing factor one cannot make any good com­
parisons with Vs- The V 3 data of Table X  indi­
cate that (dV ;t/ d 7 ’)v is a small number. The ap­
proximation (dV/dT)v =  0, made implicitly in the 
use of Vo as expression for the fluctuation volume, 
is therefore not likely to be seriously in error.

T a b l e  X

C o m p a r is o n  o f  F l u c t u a t io n  V o l u m e s  a t  E q u a l  D e g r e e s  
o f  E x p a n s io n “

Ft/
Fw

T,
°K .

P ,b
atm.

V ,.
cm.3/
mele

Ft/
Fw

T,
°K .

p a
atm.

V i,
cm.3/
mole

n-Pentane 1.62 175 1 0.085 1.77 252 1 0.34
1.62 298 2200 .13 1.77 298 800 .35
1.62 346 3000 .11 1.77 346 1200 .€7

«-Octane 1.62 216 1 .08 1.77 293 1 .31
1.62 298 1100 .06 1.77 298 50 .25
1.62 346 2000 .075 1.77 346 700 .23

° Computed from data by P . W . Bridgman, Proc. Am . 
Acad. Arts Sci., 66, 185 (1931). 6 Pressure data given are 
only approximate interpolations, since the %J3 data were 
obtained from 1)3 »s. V t plots.

5.2 Effect of Molecule Sizes and of Molecular 
Structure.— Reflecting the trend already noted in 
the discussion of the empty volume, a glance down 
the data of Table IX  shows a steady decrease in 
fluctuation volume Vo at a given temperature with 
increasing molecular weight, reaching an asymp­
totic limiting value for (CEL)®, which can easily be 
estimated from the data given.

For chain molecules which are so long that their 
thermal motions are carried out segmentally, the 
physical meaning of the fluctuation volume is not 
easily visualized. Here the average amplitude of 
the thermal vibrations of the chain Y =  2Vt/A is 
perhaps a more directly recognizable measure of 
the molecular motions.

The careful Fourier analysis of the X-ray diffrac­
tion data of liquid heptane by Pierce16 provides an 
opportunity to compare the amplitude Y with the 
difference tt — h, where tt =  average side spacing 
at temperature T and r0 =  weighted average cross- 
sectional diameter of a polymethylene chain, taken 
as 4.3 A. Then one obtains

at - 5 0 °  at +  65°
Y , A. 1 .03  1.41
fT — 7*0, A . 1 .1  zb 0 .1 5  1 .45

a surprisingly close agreement.16 The oscillation 
amplitudes calculated from sound velocity are al­
ways somewhat smaller than Y, even if corrected 
for segmental motions of the long chain mole-

(15) W . C. Pierce, J. Chem. Phys., 3, 252 (1935).
(16) The data obtained by application of Bragg’s law to the X-ray 

diffraction patterns of liquids are undoubtedly incorrect and cannot 
be used for legitimate comparisons,

cules.17 The peculiar decrease of Vi with increas­
ing chain length of the n-paraffins, and especially 
the correspondingly growing discrepancy between 
Vo and V i will be discussed in detail in section 6.2. 
Suffice it to say here that the ratio of V o /V i 18 is a 
measure of the hindrance to external molecular ro­
tation in the liquid.

The ease of close packing of complex bodies is 
difficult to predict from first principles. As the mo­
lecular forces between methyl groups are smaller 
than those between methylene groups it is a fair 
guess—not always a correct one—that branching 
should increase V{. Since branching changes the 
magnitude of A only slightly (often raising it a bit) 
there should be a general parallelism between V 0 
and V t , which is found indeed.

Since both branching, especially at the center, 
and cyclization increase the spherical symmetry of 
the molecule, both of these forms of isomerization 
make for increasingly free rotation in the liquid 
even at low temperature, as is evident from the ra­
tio V o /V i  among the data of Table XI. Corre­
spondingly V{, Vo and V i increase with the number 
of methyl groups per molecule. A more detailed 
discussion of structural effects appears to be pre­
mature until more data have become available.

T a b l e  X I

E f f e c t  o f  B r a n c h in g  a n d  R in g  C l o s u r e  o n  E m p t y  
V o l u m e s  a n d  F l u c t u a t io n  V o l u m e s  ( C m . 3/ M o l e )

Substance T, °K . Ft Ff V o 1)2 D l
V o

D l
«-Hexane 293 131.3 63.3 0.733 0.517 0.39 1.9
2,2-Dimethyl-

butane 293 133 65.5 .726 .567 0.885 0 .8
Cyclohexane 293 108 46.8 .48 .27 .39 1.2

354“ 116 54.8 .8 1 .04 0 .8
«-Heptane 293 146.2 68.0 .53 .38 0.15 3.5
2,2-Dimethyl-

pentane 293 148.4 70.7 .62 .48 .39 1.6
Methylcyclohexane 293 129.7 57.5 .55 .28 .32 1.7

374° 141 68.8 .97 1.10 0.9
«-Octane 293 162.5 70.4 .53 .31 0.08 6 .6
2,2,4-Trimethyl- 293 165 73.4 .58 .42 .29 2 .0

pentane 372“ 184 92.4 1.11 1.31 0 .8
Hexamethylethane 374 173.8 80.2 0.77 0.82 .9

a Boiling point

5.3 Mixture Law for the Fluctuation Volume.—
A rule for the change of fluctuation volume on 
mixing can be derived from the defining equation 3. 
This rule can also be based on the assumption that 
the effective vibration amplitude is the average of 
the amplitudes of the components
F (i2) =  XiY (i) +  z -.F ®  or 'U(io)V, =  ZiD (i)l/:i +

(8)

where Xi are mole fractions of the components. Fig­
ure 4 shows that—at least for hydrocarbon mix­
tures—such a law is well obeyed. The mixture law 
V 12 =  VF‘ X V2X2 proposed by Hirschfelder, et al.,Sa 
does not give as satisfactory agreement with experi­
ment, as is evident from the plot of log V2 vs. x2 on 
Fig. 4.

While equation 8 can be expected to hold for 
ideal mixtures of low molecular weight compounds,

(17) A. Bondi, J. Chem. Phys., 19, 128 (1951).
(18) Called “free angle ratio" by Kincaid and Eyring.3b
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Xi.

Fig. 4.— Fluctuation volumes X32 and vibration amplitudes 
Y  of mixtures of neohexane and n-butylbenzene; xi =  
mole fraction of neohexane (sound velocity data from 
Utter and Kling).

replacement of the mole fraction by volume frac­
tions is likely to give better agreement with experi­
ment for mixtures of heterosized components, i.e., 
for mixtures, ~he entropy of mixing of which is 
given by the Kory-Huggins formula. The applica­
tion of the volume fraction additivity of the fluctu­
ation volume is illustrated by the curve for the sys­
tem n-heptane-n-hexadecane on Fig. 5.

6.1 The Problem of Free Rotation in the 
Liquid.— For an infinitely long methylene chain the 
ratio of the volume at onset of free rotation (around 
the long axis) to its own volume should be equal to 
the ratio of the area of the circle circumscribing 
the rectangle depicting the cross section of the n- 
parafBn chain to the area of this rectangle. Using 
the accepted values of the dimensions of the n- 
paraffin chain this ratio is 1.6. Experimentally 
observed values for the ratio of the molal volume at 
the melting point to the van der Waals volume Fw 
are for

n -C 5 n-C 6 n- C ? n- C 8 n -C is  n- C 25
1 .56  1 .61  1 .5 9 5  1 .63  1 .65  I .665

in all cases very close to the theoretical value re­
quired for free rotation around the long axis. Actu­
ally,* however, _ these molecules are not infinitely 
long-chains. Hence part of the free volume is 
spent for the space between the end groups. The 
resulting volume deficiency is easily gained by the 
statistical density fluctuations around any given 
molecules. These fluctuations of the communal 
free space are of the order of e-1/l times the average 
density and travel through the system with the 
velocity of sound, i.e., at a rate of 106 cm. sec.-1 =

Fig. 5.—-Thermal vibration amplitude (F 2) of mixtures 
of m-heptane and n-hexadecane; <¿>1 =  volume fraction of 
71-heptane (sound velocity data from Utter and Kling).

°  . . 1*1013 A. sec.-1. The angular velocity of rotation of 
the chain is

2 7TV =  (kT/iy/t (9)

where I  is the moment of inertia of the chain cross- 
section. For n-heptane 2 t v  = 0.67 X  1012 sec.-1, 
hence the circumferential velocity is about 16 X 
1012 A. sec.-1. Since only a fraction of a full den­
sity fluctuation is required to enable the rotation to 
take place, it is apparent that enough emptiness can 
be at required spots in time to permit free rotation 
for most of the molecules present. For tumbling 
rotation there is, of course, not nearly enough 
space. One may guess the fraction of molecules 
that has enough space to carry out such tumbling 
rotation as e~^K/s where AtSV is the excess en­
tropy of vaporization, defined in section 6.2. For 
n-heptane at 20° this fraction is 0.29 and at the 
boiling point 0.71. The circumferential velocity, of 
the tumbling motion is also about 1.9 X  1012 A ./ 
sec. However, the amount of extra volume needed 
is about two times more than the fluctuations from 
the communal use of free space will supply (even at 
the boiling point). Hence the deficiency in the 
tumbling population even at the boiling point. 
It is easy to see that this deficiency must increase as 
the chains increase in length, although it may be 
somewhat alleviated by the tendency of the longer 
chains to coil up.

6.2 Restricted Rotation of Higher Molecular 
Weight Hydrocarbons in the Liquid State.—
,The restriction of rotation of long chain compounds 
around their short axis must make an increasingly 
important contribution to their physical properties 
as the chain length is increased. A simple measure 
of the degree of restriction to be expected is the ratio 
of the empty volume required for free rotation 
around the short axis Ff(rot) to the available empty 
volume Vf at the temperature and pressure under 
consideration. For sake of simplicity one might 
set

V'f(i'ot) =  ~ IA o fij, -  V „  (10)

where L = length, w = width of molecule. The 
maximum degree of restriction (R = Ff(rot)/Vf dif­
fers somewhat from the similar expression proposed 
by Halford,19 fVA(47r/3)r3max/FT, where rmax = 
maximum distance of any point from the center of

(19) R. S. Halford, J . Chem. P h y a 8, 496 (1940).
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Fig. 6.-— Free energy of the equilibrium: chains parallel stretched out <=i chains coiled randomly, in several re-paraffins
according to Equation 8.

gravity of the molecule. The latter expression 
does not take into account the wide variation of 
empty volume between different liquids nor of the 
differences in swept volume between branched and 
straight chains of equal lengths.

The length L of the flexible chains must now be 
determined. The most probable configuration of 
chain molecules in the gaseous state can be calcu­
lated if one knows bond lengths, bond angles and 
the magnitude and shape of the potential restricting 
rotation around the bonds.20 The coiling is coun­
teracted in the condensed phases by the preference 
for parallel arrangement of the chains owing to the 
anisotropy of polarizability, which determines the 
magnitude of attractive forces between molecules. 
The increase in potential energy of the system as one 
changes from parallel to random arrangement of 
the chain molecules can be estimated from London’s 
theory21 and Muller’s data22 to be of the order of 
y 4 of the energy of vaporization. The gain in en­
tropy due to coiling of the molecules, on the other 
hand, is given by the well known formula of the 
kinetic theory of rubber elasticity as AS =  R(L2/ 
< L 2> ), where L =  length of stretched out mole­
cules, < L 2>  =  average square end-to-end distance 
of the coiled molecules. Hence the equilibrium be­
tween coiled and parallel stretched molecules can 
be estimated by

AF(coiling) A //v L 2 . .
R T  ~  4R T  < L 2>  U  '

Using Taylor’s formulas for the calculation of 
< L 2>, AF has been computed as function of temper­
ature for several normal paraffins. The results are 
shown in Fig. 6. For the n-paraffins up to Cio at 
low temperatures one finds but a very small degree 
of coiling even in the gaseous state. The long- 
chain molecules, up to C4j, begin to coil up in 
their own melts23 to an appreciable extent only at 
temperatures in excess of 200°.

We are therefore justified in using the simple 
stretched out length of the n-paraffins over most of

(20) F. W. Taylor, J. Chem. Phys., 16, 257 (1948).
(21) F. London, T h i s  J o u r n a l , 46 305 (1942).
(22) A. Müller, Proc. Roy. Soc. {London), A154, 624 (1936).
(23) In dilute solutions, where AHv applies to the solvent, these 

molecules are appreciably coiled at much lower temperatures. This 
subject will be discussed elsewhere.

the tem perature range o f interest, viz., L  =  1.27 X  
( N  — 1) +  2 r (C H 3), w here r (C H 3) o=  van  der 
W aals radius o f  the m ethy l grou p  (2 .0A . a ccord in g  
to  P au lin g10). U nder con d ition s w here co ilin g  is 
prevalent, the m axim um  sw ept vo lu m e is V (ro t) =  
( t / 6 )N l  <  L 2 > * /« .

The entropy of vaporization of a condensed 
phase is determined by the increase in volume ac­
companying the process of vaporization and by con­
figurational contributions arising from the loss of 
order and from the acquisition of rotational degrees 
of freedom frozen in or restricted in the condensed 
phase. By comparison of the observed entropy of 
vaporization of a liquid with its “ ideal”  entropy one 
can therefore obtain the contribution of restricted 
rotation to the entropy of vaporization at any given 
vapor volume. The “ ideal”  entropy of vaporiza­
tion can be defined as

AS? = R MFgasAUo) = R In (RT/px0) 
where Do is computed from density and X-ray dif­
fraction data as described above.24 Then an “ ex­
cess”  entropy of vaporization can be defined as

SK =  [A S v (sample) — A S*]7,/r (12)

If the proposed concept of the degree of restric­
tion (R is correct then there should be a simple cor­
relation between AS*V and (R. The curve of Fig. 7 
shows that the hydrocarbons, for which data are 
available, fit very well into such a correlation. It is 
interesting to note that, at least at low tempera­
tures, the maximum degree of restricted rotation 
imposed by geometry upon hydrocarbons in the 
liquid is far greater than that imposed by hydrogen 
bonds in the typically “ associated”  liquids, water or 
methyl alcohol; only glycerol with A $ v = 11.5 at 
55° approaches the large values obtained with some 
of the long chain hydrocarbons. The excess en­
tropy of vaporization of perhydrofluorene turned 
out to be far too low when (R was computed from 
the dimensions of a planar molecule. Assumption of

(24) If one does not have the requisite data for the calculation of '(Jo 
one may use A5V of mercury, a monatomic liquid of relatively ideal 
behavior in place of AS* at the same value of p/T, as recently pro­
posed by Brown.25 Using the vapor pressure and heat of vaporiza­
tion data of mercury by Busey and Giauque26 one finds A<SV(Hg) and 
AS* to agree generally to within 2 e.u.

(25) O. L. I. Brown, J. Am. Chem. Soc., 74, 6096 (1952).
(26) R. H. Busey and W. F. Giauque, ibid., 75, 806 (1953).
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Fig. 7.— Relation between degree of restriction (R and 
the excess entropy of vaporization of various saturated 
hydrocarbons calculated from data in part from R . W . 
Schiessler, et al., A P I Project 42, synthesis and properties of 
higher molecular weight hydrocarbons.

a “ chair”  configuration brought perhydrofluorene 
right into the general correlation curve of Fig. 7. 
A Fisher-Hirschfelder model of this hydrocarbon 
demonstrated that it can indeed exist only in bent, 
chair-like configurations.

Which and how many degrees of freedom of the 
flexible molecules are restricted at any given value 
of (ft might be estimated from a comparison of A $ v 
with ACV, the difference in heat capacity at constant 
volume between the liquid and the ideal gas state. 
The latter can be calculated from statistical data 
by means of the method of Pitzer27'28 and CVCliq) is 
obtained from the measured values of Cp and the 
sound velocity, etc., to determine Cp/Cv■ The 
data of Table X II have been obtained in this way. 
The last column, the rotational contribution to Cv 
was obtained by subtracting 3 units for the solid­
like contribution of the potential energy to Cv, 
which is exhibited even by argon and mercury.3b 
The restriction of rotation of the large molecules is 
probably best understood in terms of the rotation of 
individual methylene groups. The heat capacity 
contribution of this mode is about 2.6 units per 
methylene group and the entropy contribution 
about 6.1 e.u. per methylene group at 25°. In the 
case of cetane at 25° one estimates from both data 
equally about 2.6 restricted methylene groups per 
molecule and for the tridecylmethane about 8 to 10

(27) K. S. Pitzer, J. Chem. Phys., 8, 711 (1940).
(28) G. C. Pimentel and W. B. Person, J. Am. Chem. Soc., 75, 528 

(1953).

such groups. The constancy of the ratio ASK/ 
ACV(rot) for this series of paraffin chain compounds 
may be taken as an independent confirmation of 
the physical meaning of ASjv and of the method of 
its determination.

T a b l e  X I I

C o m p a r iso n  of E x c e s s  E n t r o p y  of  V a p o r iz a t io n  AS \  
w it h  t h e  E x c e s s  H e a t  C a p a c it y  a t  C o n s t a n t  V o l u m e  

A Cv =  Cv (liquid)17 — Cv (gas)4
ACv

Do. ACv, (rot),“
cm.3/  ASiv, cal./°K . cal./°K .

Substance T, °K . mole e.u. mole mole

Long chain compounds at room temperature

ra-Heptane 298 0 .6 5 2 .9 4 .0 s 1 .0
n-Hexadecane 298 .36 16.0 9 .7 e 6 .7
Tri-(K-decyl)-

methane 298 .27 5 4 .3 2 3 .6e/ 2 0 .6

Short chain compounds at low temperatures

Methane 9 0 .5 0 .5 9 0 .3 3 .2 0 0 .2 0
Propane 100 .20 ( 7 A ) b (5 .1 )” (2 . l ) c

150 .37 3 .6 (5 .4 )e (2 .4 )e
n-Pentane 200 .37 7 .9 (4 .5 )* (1 .5 )*

250 .55 1 .5 (3 .3 ) " (0 .3 )*
298 .87 0 3 .0 0

a ACy(rot) =  ACV — 3 .0 . 6 From rather far extrapolated 
vapor pressure data. c Cp — CT was obtained from (dE/ 
àV )T (àV /àT )p, where (àE / àV )t was approximated as 
AEvap/FT. * Cp/Cv was calculated from extrapolated 
sound velocity data. e Gaseous heat capacity calculated 
by Pitzer’s method. /  Liquid heat capacity from F . B . 
Fischl, et al., J . Am . Chem. Soc., 67, 2075 (1945). a M ost 
liquid heat capacity data from Timmermans, “ Physical Con­
stants of Organic Substances.”  4 M ost gaseous heat ca­
pacity data from A PI Project 44.

At low temperatures where the internal rotations 
of the chains are practically frozen into torsional os­
cillations, restricted external rotation of the entire 
molecule would be responsible for the excess entropy 
of vaporization and for the excess heat capacity, 
leading to a ratio A ^v/A(7v(rot) which varies ac­
cording to the molecular weight and geometry of 
the substance in question and may be very differ­
ent from the ratio observed where internal rotation 
is restricted by external restraints. The data for 
n-pentane and propane at low temperatures confirm 
this supposition.

Restriction of rotation must have a strong effect 
on the entropy of fusion A(Sf. Hirschfelder, Steven­
son and Eyring3a showed that for small rigid mole­
cules

ASï = R -f- (Sr — Se) (13)
where Sr = rotational contribution to the entropy 
and <Se =  entropy contribution of oscillations in the 
solid corresponding to the rotations in the liquid. 
If the rotations in the liquid are not free, the en­
tropy of fusion must be smaller, most likely by the 
amount of A $ v at the fusion temperature, or

ASf = R +  (Sr -  Se) -  ASK (14)

The data for benzene, shown in Table XIII, are 
in reasonable agreement with this equation. The 
calculation of Sr of flexible molecules must take into 
consideration the rotation around the skeletal 
bonds. This can be done most easily by the 
method of Pitzer.27’28 In the absence of spectro­
scopic data regarding the rotational oscillations of
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the molecule and its component parts in the crystal 
one can only guess the value of Se. The corre­
sponding data are collected in Table X III. But 
even without the speculative estimate of the details 
it is apparent from a comparison of the entropy of 
fusion per methylene group of the n-paraffins (~ 3  
e.u.) with that of the exceedingly restricted tri-(n- 
decyl)-methane ( ~ 1.8 e.u. per methylene group) 
how strongly restriction cf external rotation in 
the liquid state influences the entropy of fusion.

T a b l e  X I I I

C a l c u l a t io n  op  t h e  E n t b o p y  op F u s io n  of  V a e io u s  
H yd e o c a e b o n s

-Sr. Se, AS’ v,
ASi, e.u.

Ob­
Substance Model e.u. e.u. e.u. Calcd.° served

Benzene Rigid 20.6'' 1 2 .6C 1 .2d 7 .8 8.43
rotator 2 0 .6b 1 0 .8C 2 .2 d 9 .6 8.43

Ethane Rigid
rotator

13.7“ 7 .5 / Small 8.20 7.60°

7i-Heptane Flexible
rotator

29.2'* 8.6* 4* 18.6 18.39

7i-Hexadecane Flexible
rotator

8 6 .4h 28.8* 1 6 .5l 43.1 44.3

Tri-(n-decyl)-
methane

Flexible
rotator

181.6** 6 2 .4m 60w 61.2 60.27p

° B y means of equation 14. b (Calculated) from data by  
R . C . Lord and D . J. Andrews, T h is  Jo u r n a l , 4 1 , 149 
(1937). c Calculated from Raman frequencies of crystal 
given by I . Ichishima and S. Mizushima, J . Chern. Phys., 
18, 1686 (1960). The two sets of values are given corre­
sponding to somewhat different assignments of frequencies 
to torsional oscillations in the crystal. d Calculated from 
data cited in Timmermans, ref. g, Table X I I .  e Calculated 
from moments of inertia cited by Herzberg, “ Infrared and 
Raman Spectra,”  p. 437. 1 An average frequency of 50 
cm .-1 was used for the three torsional oscillations of the 
molecule. g Estimated from data by Timmermans, ref. 
g in Table X I I .  h Calculated by the method of Pitzer (for 
all but the Fo(T) and the vibrational contributions) using 
the recent data by Pimentel. * Calculated for one torsional 
oscillation of the entire molecule (50) cm .-1 , and for (n  — 1) 
torsional oscillations of the methyl and methylene groups 
(275 cm .-1 ) according to Herzberg, ref. e, p . 343). 1 Cal­
culated from the vapor pressure data of Parks and Moore, 
ref. g in Table I X .  m Calculated for three torsional oscil­
lations of the three decyl groups (50 c m .-1 ) and (n — 1) 
torsional oscillations of the methyl and methylene groups 
(275 cm .-1 ). "Calculated from vapor pressure data of 
Bradley, ei al., ref. d of Table V I. “ From A P I Project 
44 Tables on the Properties of Hydrocarbons. p From 
r e f . /o f  Table X I I .

Conclusions
Central to the calculation of the empty volume as 

well as of the fluctuation volume of any liquid is the 
determination of the van der Waals volume, i.e., 
the volume from which other but the reference mol­
ecule are excluded in thermal collisions. This is 
most easily done for atoms or spherical molecules, 
since their thermal collision cross sections and crys­
tal X-ray diffraction data are easily evaluated. 
The dimensions of more complicated molecules are 
rarely defined unequivocally. The saturated hy­
drocarbons are particularly suitable since they con­
sist of simple repeating units, the dimensions of 
which could be selected from among the various 
available data by combining those which are con­
sistent with the X-ray diffraction data and the 
thermal gas kinetic collision cross-sections of the

lowest members of the series. The numerical 
equality of the fluctuation volume data computed 
from the same dimensions with the fluctuation 
volume data calculated from the entropy of vapor­
ization of the lower members of the series must be 
considered as further confirmation of the correct­
ness of the choice of the van der Waals volumes of 
these hydrocarbons.

At lower temperatures, especially for the higher 
hydrocarbons, there is no agreement between 
Vo and the fluctuation volume calculated from va­
por pressure, sound velocity or compressibility, 
although the latter usually deviate less than the 
former from “ actual”  fluctuation volume Vo- One 
must therefore conclude that the fluctuation volume 
data of more complicated molecules estimated by 
these indirect methods must always be viewed with 
suspicion even if consistent with each other unless 
they are also consistent with density and related 
information.

Calculation of the exact van der Waals volume 
of the paraffin molecules leads to the conclusion 
that the normal paraffins have sufficient free vol­
ume in the liquid state to rotate around their long 
axis throughout the liquid range, beginning at the 
melting point. Different views suggesting this 
kind of rotation of the n-paraffin to be restricted 
are based on larger values for the van der Waals 
volume than have been used here.29

Rotation around the small axis, on the other 
hand, proves to be severely restricted, the more so 
the longer the molecule and the greater its length/ 
diameter ratio. Comparison of the entropy gain 
due to coiling with the potential energy gain of the 
system due to the random instead of parallel ar­
rangement of the methylene chains leads to the con­
clusion that in most of the temperature range of 
interest (0 to 200°) the n-paraffins from C7 to C4o 
exist in the liquid state primarily in the plane, 
stretched out form. Consequently the maximum 
degree of restriction could be expressed in terms 
of the ratio of the amount cf empty volume re­
quired to permit complete rotation of the stretched 
out molecule to the actual amount of free volume 
at any given temperature. The correlation be­
tween the degree of restriction, as defined, and the 
excess entropy of vaporization proved to be quite 
general, i.e., independent of the geometry of the 
saturated hydrocarbons. The excess entropy of 
vaporization was also found to be a measure of the 
amount by which the entropy of fusion of hydro­
carbons is reduced by the restriction of rotation in 
the liquid state.
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(29) R. J. Moore, P. Gibbs and H. Eyring, T h i s  J o u r n a l , 57, 172 
(1953).

N o t e .— After completion of this manuscript a series of papers by 
Bertil Jacobson (Acta Ckim. Scared., 6 , 1485 (1952); 7, 51, 58, 705 
(1953)) came to the author’s attention which derived the average am­
plitude of thermal oscillations from density data in a manner similar to 
that proposed in this report.
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T h e crystal structure of yttriu m  trichloride has been determ ined from  single crystal X -ra y  diffraction data. I t  is found 
to  h ave  a  structure like th a t of alum inum  chloride; monoclinic, space group C2/m , w ith lattice  dimensions a =  6.92 A ., 
b =  11.94, c  =  6.44, and 0 =  111.0 °. Atom ic param eters have been determ ined b y  Fourier methods. T h e structure can 
be described as a  slightly  distorted sodium chloride ty p e  w ith tw o-thirds of th e m etal atom s om itted. L a ttice  dim ensions 
determined from  powder data  are reported for dysprosium  trichloride, holm ium  trichloride, erbium  trichloride, th ulium  tri­
chloride, ytterbium  trichloride, lutetium  trichloride, thallium  trichloride and indium  trichloride, all of which have this sam e 
structure.

Introduction
Our knowledge of the crystal chemistry of rare 

earth compounds is extensive for the elements 
near lanthanum, but quite sparse for those higher 
in the rare earth series. Because of the regular 
gradation of ionic radius in these elements, it is pos­
sible to learn the effects of ionic size on structures 
with minimum interference from other factors. 
They are also of interest because of the similarity 
between their structures and those of corresponding 
compounds of the new synthetic actinide elements. 
For these reasons we have been studying structures 
of a number of these compounds. This paper de­
scribes the structures of some trichlorides.

Bommer and Hohmann1 observed from powder 
diagrams that trichlorides of the rare earth ele­
ments from lanthanum to gadolinium are isostruc- 
tural, that those of terbium and dysprosium have a 
second structure, and that those of the elements 
holmium to lutetium, as well as a second form of 
dysprosium trichloride, are isostructural with yt­
trium trichloride. Zachariasen2 solved the struc­
ture of uranium trichloride and showed that it is 
the same as that of lanthanum chloride and its iso- 
morphs. The terbium trichloride structure is still 
unknown. Because our supply of yttrium is much 
greater than of these rare earths, we chose the yt­
trium compound for single crystal work to solve the 
third structure. The resulting data allowed the 
interpretation of powder data for the corresponding 
rare earth chlorides as well as thallium and indium 
trichlorides.

Experimental
Yttrium  T richloride.— P olycrystallin e yttriu m  trich lo­

ride was prepared by passing dry hydrogen chloride gas over 
a few m illigram s o: pure yttriu m  oxide in a  platinum  bo at at 
550° for six hours. T o  obtain single crystals, this product 
was heated a  few  degrees above the m elting point, estim ated 
as 680°, and cooled over a period of one to  tw o hours. Since 
yttriu m  trichloride is extrem ely deliquescent, the platinum  
boat still inside the original fused quartz tube was qu ickly  
transferred to  a  dry-box. T h e  atm osphere of this box was 
argon dried w ith  m olten sodium . T h e fused mass was 
broken up into tin y  anhedral fragm ents or cleavage flakes. 
Selected fragm ents were sealed in glass capillaries as diffrac­
tion specimens. A fter m any trials, a few  suitable single 
crystals more or less spherical in shape were obtained. T h e 
cleavage flakes were discarded because of the strong v aria ­
tion in X -ra y  absorption for different reflections. Powder 
specimens were transferred to  capillaries in the same dry-box.

O ther T richlorides.— Sam ples of trichlorides of m any of 
the rare earths and of thallium  and indium  were prepared

(1) H. Bommer and E. Hohmann, Z. anorg. allgem. Chem., 248, 373 
(1941).

(2) W. H. Zachariasen, J. Chem- Phys., 16, 254 (1948).

from  the corresponding oxides b y  the m ethod described 
above for y ttriu m  trichloride. M ost of these preparations 
were carried out b y  D r . C . W . K o ch . O ur best sam ple of 
indium  trichloride was prepared b y  M r. E .  S . C la rk  b y  the 
reaction of chlorine gas w ith indium  m etal a t 200°.

X-Ray M eth o d s.— Equi-inclination W eissenberg photo­
graphs were taken for rotation about each of the three 
principal axes w ith Cu K a  radiation. T h e calculations re­
ported here are based on a  set of observations w ith  [100] as 
the rotation axis. M ultiple-film  technique and visual com ­
parison were used to  estim ate the intensities.

T h e  data  from  each W eissenberg layer were normalized 
to  give the best fit w ith the calculated intensities. In  this 
w a y  the absorption effect o f the glass capillary, w hich is 
greater a t greater angles of inclination, is taken p a rtly  into 
account. Since the capillary was not exactly  coaxial w ith 
the cam era, some error rem ains. T his capillary absorption 
w as found to  cause the third layer to  be w eaker b y  about 
a  factor of three relative to  the zero layer, in agreem ent w ith 
approxim ate calculations based on the thickness o f the 
re la tively  poor capillary.

U nit cell dimensions for yttriu m  trichloride were obtained 
from  the W eissenberg photographs and checked w ith  the 
powder patterns. For the other com pounds, unit cell di­
mensions were obtained from  powder p atterns, indexed w ith 
the aid of the single crystal d ata . T h e powder patterns 
were obtained in cameras of radius 4.5 cm . w ith C u  K a  (A =  
1.5418 Â .)  and C r K a  (X =  2.2909 A .)  radiation. D a ta  for 
y ttriu m  and lutetium  trichlorides are listed in T ables I V  and 
V , respectively, in the Appendix.

Crystal Structure of Yttrium Trichloride
Unit Cell and Space Group.— Yttrium trichloride 

was found to be monoclinic with unit cell dimen­
sions: a =  6.92 ±  0.02 Â., b =  11.94 ±  0.04 A., 
c =  6.44 ±  0.02 A., d =  111.0 ±  0.5°. Diffrac­
tion was observed only if h +  k = 2n, with no ad­
ditional systematic extinctions. Thus the space 
group is C2/m, Cm or C2. A satisfactory struc­
ture was found for C2/m, and atomic packing re­
quires that deviations from this symmetry be small. 
Therefore, Cm and C2 were not considered further.

The density measured by flotation in mixtures of 
bromoform and n-butyl phthalate is 2.55 g./cm .3. 
Calculated from the unit cell dimensions with four 
molecules of yttrium trichloride per unit cell the 
density is 2.61 g./cm .3.

Atomic Positions.— If it is assumed that the 
distances between yttrium atoms are as great as 
possible, only two reasonable arrangements of these 
atoms are found that are consistent with any of the 
three possible space groups. One of these, with two 
atoms in the ac face, leads to disagreement with the 
observed intensities. The other, with all four yt­
trium atoms in the ab face at y =  l/ 6, ‘i/s, 4/t and 
V 6, and x =  0 or ' / 2, is satisfactory. The fact that 
060 and 0,12,0 are so strong compared to other OfcO 
reflections suggests that the chlorine atoms are also
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in layers at intervals of l/§ of the b axis. It is easy 
to find such an arrangement, with conventional 
ionic radii, as described elsewhere.3 We were not 
able to find any other reasonable arrangement that 
differed significantly from this one. Structure fac­
tors calculated for this trial structure are in rather 
good agreement with the observed ones. The atomic 
positions were refined by three-dimensional Fourier 
calculations which resulted in few changes of sign. 
The electron density was sampled by appropriate 
plane and line sections to locate the maxima. The 
final maxima, after addition of backshift correc­
tions, correspond to the following atomic coordin­
ates

Space group C2/m
(0, 0, 0; Vs, >A, 0) +

Y  in 4(g): ±  (0,t/,0) with y  =  0.166;
Cl in 4(i): ±  (x,0,z) with x  — 0.211, z = 0.247;
Cl in 8(j): ±  (x,y,z;  x ,y ,z) with x  =  0.229, y  =  0.179 

and z = 0.760

The observed values of |F| and those calculated 
for atomic positions not greatly different from these 
are tabulated in Table III which is found in the Ap­
pendix.

The backshift corrections for termination of the 
series were 0.000, —0.003, +0.001, —0.009, +0.001 
and —0.001 in the order in which the atomic par­
ameters are listed above. The standard deviations 
of the parameters due to random errors in the ob­
served intensities, calculated from F 0 — F c by the 
method of Cruikshank,4 are 0.001, 0.003, 0.004, 
0.003, 0.002 and 0.004 in the same order.6

Discussion of the Structure.—The chloride ions 
are arranged approximately in cubic close packing. 
The yttrium ions are located in octahedral holes 
between alternate pairs of close packed layers of 
chloride ions. The coordination octahedra are 
linked by shared edges into pseudo-hexagonal sheets 
parallel to (001), of the type found also in the 
chromic chloride6 and ferric chloride7 type struc­
tures. If the anion close packing were perfect the 
structure could be considered as sodium chloride 
type with two-thirds of the cations omitted as 
shown in Fig. 1. The ideal structure illustrated in 
this figure corresponds to a monoclinic unit cell with 
the dimensions: a =  6.67 A., b =  11.67 A., c =  
6.67 A., £ = 109.5°, if the volume is assumed to 
be the same as that of the unit cell observed for 
yttrium trichloride.

The six chloride neighbors of each yttrium ion 
are two each at the distances 2.58, 2.63 and 2.69o t f
A. The chloride-chloride distances within the co­
ordination octahedron are 3.45 (2), 3.46 (1), 3.71 
(2), 3.83 (2), 3.85 (2), 3.86 (2) and 3.91 (1). The 
numbers in parentheses are the number of times 
each distance occurs. The three shortest distances 
correspond to the shared edges of the coordination 
octahedra, as is to be expected for an ionic struc­
ture.8 The chloride-chloride distances between

(3 ) G . F . C a rte r , P h .D .  T h e s is , U n iv e r s it y  o f  C a lifo rn ia , 195 2 .
(4 ) D . W . J . C ru ik sh a n k , Acta Cryst., 2 ,  65  (1 9 4 9 ).
(5 ) T h e se  v a lu e s  w o u ld  b e  r e d u c e d  s l ig h t ly  i f  a  te m p e r a tu r e  fa c t o r  

w e re  in c lu d e d  in  t h e  c a lc u la t io n  o f  Fc.
(6 ) N . W o o s te r ,  Z. Krist., 7 4 ,  3 6 3  (1 9 3 0 ) .
(7 )  N . W o o s te r ,  ibid., 8 3 , 3 5  (1 9 3 2 ) .
(8 )  L . P a u lin g , “ T h e  N a t u r e  o f  th e  C h e m ic a l  B o n d ,”  C o r n e ll  U n i­

v e r s it y  P ress , I t h a c a ,  N . Y . ,  194 5 , p . 400 .

Fig. 1.—Idealized trichloride structure, Bhowing relation 
to sodium chloride structure. The broken lines outline 
two of the monoclinic unit cells; several atoms are missing 
from one of them.

la y e r s  a re  3 .6 9 , 3 .8 6 , 3 .8 7  a n d  4 .1 6  A .  B e t w e e n  o c ­
t a h e d r a  in  t h e  s a m e  la y e r  t h e y  a re  4 .2 7  a n d  4 .4 2 . 
T h e s e  d is ta n c e s  s h o w  h o w  w i t h i n  th e  la y e r  th e  a n ­
io n s  t e n d  t o  c r o w d  a r o u n d  t h e  c a tio n s . A l l 0 th e s e  
d is ta n c e s  h a v e  p r o b a b le  e r r o r s  o f a b o u t  0 .0 3  A .

T h e  c le a v a g e  is o b s e r v e d  t o  b e  p a r a lle l  t o  (0 0 1 ) ,  as 
is t o  b e  e x p e c te d  f o r  th is  la y e r  s t r u c t u r e .

Isostructural Compounds
In s p e c t io n  o f t h e  p o w d e r  d if f r a c t io n  p a t t e r n s  

in d ic a t e d  t h a t  th e  s t r u c t u r e  o f y t t r i u m  t r ic h lo r id e  
is s im ila r  to  t h e  s t r u c t u r e s  o f th e  t r ic h lo r id e s  of 
d y s p r o s iu m , h o lm iu m , e r b iu m , t h u l i u m ,  y t t e r b i u m ,  
lu t e t iu m , i n d i u m  a n d  t h a l l iu m .  T h e  la t t ic e  c o n ­
s ta n ts  f o u n d  f o r  th e s e  c o m p o u n d s  a r e  lis te d  i n  T a b l e  
I .  I n  m o s t  cases th e s e  d im e n s io n s  m a y  b e  in

T a b l e  I
L a t t i c e  D i m e n s i o n s  o f  M o n o c l i n i c  T r i c h l o r i d e s

a, Â. b. Â. c, Â. ß V, Â.»
YC1, 6.92 11.94 6.44 111.0° 497
DyCl, 6.91 11.97 6.40 111.2 494
H0 CI3 6.85 11.85 6.39 110.8 485
ErClj 6.80 11.79 6.39 110.7 479
TmCU 6.75 11.73 6.39 110.6 474
YbCb 6.73 11.65 6.38 110.4 468
LuCls 6.72 11.60 6.39 110.4 467
TICU 6.54 11.33 6.32 110.2 440
InCU 6.41 11.10 6.31 109.8 422
AICI30 5.93 10.24 6.17 108 357
° Ketelaar, MacGillavry and Renes, reference 9.

e r r o r  b y  a  fe w  h u n d r e d t h s  o f a n  a n g s t r o m  u n i t  b e ­
ca u se  t h e y  a re  b a s e d  o n  lin e s  a t  r e la t iv e ly  s m a ll  a n ­
g le s . I n  t h e  cases o f  t h e  lu t e t iu m  a n d  i n d i u m  c o m ­
p o u n d s , f o r  w h ic h  b e t t e r  p a t t e r n s  w e re  o b ta in e d ,
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the errors are believed to be less than 0.01 and 0.005o
A., respectively. The accuracy is difficult to judge 
because of the large number of coincidences or 
near coincidences of powder lines.

The data for the lutetium compound are listed 
in Table V of the Appendix. In this case the cat­
ions are rather dominant in determining the in­
tensities, and powder lines are observed in general 
only if k =  6n and h +  l ^  4m +  2 or if k =  6n +  
3 and h +  l ^  4m. The 00/ reflections are stronger 
than they should be in a random powder, but just 
these reflections are favored if cleavage flakes tend 
to be oriented parallel to the walls of the capillary.

Ketelaar, MacGillavry and Renes9 have deter­
mined the struc ture of aluminum chloride and found 
it to be the same as the structure we describe here. 
Because we were misled by the earlier incorrect re­
port10 of the aluminum chloride structure, the more 
recent work escaped our attention until after our 
parameters were determined (except for the back­
shift correction). The parameters, compared in 
Table II, are as similar as can be expected consid­
ering the difference in cell dimensions. In the yt­
trium case the metal atoms are dominant in deter­
mining the intensities while in the aluminum case 
they are relatively unimportant. This effect is so 
great that there is no obvious resemblance between 
the respective powder patterns.

T a b l e  II
A t o m i c  C o o r d i n a t e s  i n  Y t t r i u m  T r i c h l o r i d e  a n d  

A l u m i n u m  C h l o r i d e

Y O U A1C1.»

y (M) 0.166 0.167
z (4C1) .211 .226
2  (4C1) .247 .219
x  (8C1) .229 .250
y (8C1) .179 .175
2 (8C1) .760 .781

» Ketelaar, MacGillavry and Renes, reference 9.

Comparison of the interatomic distances in the 
two crystals is interesting. For aluminum chloride
the cation-anion distances are 2.29, 2.33 and 2.32 ° . .A., considerably less than for the yttrium compound.
The octahedron edges, of course, are also less, being
3.11 and 3.16 A for the shared edges and 3.34, 3.28, 
3.34, 3.33 and 3.34 A. for the unshared edges. The 
interlayer distances are 3.80, 3.79, 3.90 and 3.80 A., 
hardly less on the average than for yttrium chloride. 
The distances between octahedra of the same layer 
are 3.58 and 3.33 A. These distances are listed in 
the same order as the corresponding distances for 
yttrium chloride listed above. The obvious features 
of these data are that for the aluminum compound 
the anions within a layer are much closer together 
and are also more perfectly packed, though the 
shared edges remain shorter than the others, and 
that the distances between layers are almost inde­
pendent of the cation size.

It is surprising that aluminum chloride and yt­
trium trichloride are isostructural, while scandium 
chloride has the rhombohedral ferric chloride-type

(9 ) J . A .  A . K e te la a r , C . H . M a c G i l la v r y  a n d  P . A . R e n e s , Rec. trav. 
chim. Pays-Bas, 6 6 , 5D1 (1 9 4 7 ).

(1 0 )  J . A .  A . K e te la a r , Z. Krist., 9 0 , 2 3 7  (1 9 3 5 ) .

s t r u c t u r e .11 H o w e v e r ,  t h e  la t t e r  s t r u c t u r e  in v o lv e s  
t h e  s a m e  k i n d  o f o c t a h e d r a l  la y e r s , a n d  t h e  o n l y  
d iffe re n c e  i n  t h e  s t r u c t u r e s  is  in  t h e  s t a c k in g  o f 
th e s e  la y e r s . A ls o ,  i t  is  p o s s ib le  t h a t  p o l y m o r ­
p h is m  o c c u rs , s in c e  i t  h a s  b e e n  o b s e r v e d  in  t h e  case 
o f d y s p r o s iu m  t r i c h lo r i d e .1

T h e r e  is  a  t r e n d  in  t h e  r e la t iv e  v a lu e s  o f t h e  ce ll 
d im e n s io n s  o f th e s e  t r ic h lo r id e s  as t h e  c e ll v o lu m e  
in c re a s e s . T h e  a n g le  ¡3 in c re a s e s , a n d  a a n d  b i n ­
cre a se  a t  a  g re a te r  ra te  t h a n  c. T h u s  t h e  in t e r ­
a t o m ic  d is ta n c e s  p r o b a b ly  v a r y  s m o o t h ly  b e tw e e n  
t h e  e x tre m e s  re p re s e n te d  b y  t h e  a lu m i n u m  a n d  
y t t r i u m  c o m p o u n d s .

O n  t h e  b a s is  o f th e s e  re s u lts , o n e  w o u ld  s a y  t h a t  
th e  y t t r i u m  io n  is s l ig h t ly  la r g e r  t h a n  t h e  d y s p r o ­
s iu m  io n , w h e re a s  i n  t h e  o x y c h lo r id e 12 a n d  o x id e 13 
i t  is  b e tw e e n  d y s p r o s iu m  a n d  h o lm iu m , a n d  in  th e  
f lu o r id e 14 i t  is  b e tw e e n  h o lm iu m  a n d  e r b iu m . T h i s  
v a r ia t i o n  in  r e la t iv e  r a d i i  a m o u n t s  to  o n l y  a b o u t  
0 .0 3  A .  T h e  d im e n s io n s  o b s e r v e d  f o r  t h a l l iu m  
t r ic h lo r id e  a n d  i n d i u m  t r ic h lo r id e  c o r re s p o n d  t o  
c a t io n ic  r a d i i 16 o f a b o u t  0 .7 7  a n d  0 .7 2  A . ,  re s p e c ­
t i v e ly ,  c o m p a r e d  w i t h  0 .8 9  a n d  0 .8 0  w h ic h  c a n  b e  
e s t im a te d  f r o m  d a ta  f o r  t h e  o x id e s ,13 a n d  0 .7 3  f o r  
in d i u m  b y  c o m p a r is o n  o f in d i u m  a n d  s c a n d iu m  
h y d r o x id e s .16 T h i s  v a r ia t i o n  i l lu s t r a t e s  t h e  d if ­
f ic u l t y  o f  a s s ig n in g  u n iq u e  r a d i i  t o  th e  t r a n s i t io n  
e le m e n ts .

W e  t h a n k  D r .  K o c h  f o r  p r e p a r in g  m a n y  o f t h e  
c o m p o u n d s  a n d  f o r  h e lp  i n  t h e  c h e m ic a l p r o c e d u r e s , 
M r .  C l a r k  f o r  p r e p a r in g  th e  in d i u m  c h lo r id e , M r s .  
C a r o l  H .  D a u b e n  f o r  p e r f o r m in g  s o m e  o f t h e  c o m ­
p u t a t io n s  a n d  c h e c k in g  m a n y  o th e rs  a n d  f o r  m u c h  
h e lp  in  p r e p a r in g  t h e  m a n u s c r ip t ,  M r s .  H e le n a  W .  
R u b e n  f o r  t a k in g  m o s t  o f  t h e  p o w d e r  p h o t o g r a p h s , 
a n d  P ro fe s s o r  L e o  B r e w e r  f o r  t h e  u s e  o f h is  d r y - b o x .  
T h i s  re s e a rc h  w a s  d o n e  u n d e r  th e  a u s p ic e s  o f th e
U .  S . A t o m i c  E n e r g y  C o m m is s io n .

Appendix
I n  T a b l e  I I I  a re  lis te d  s t r u c t u r e  fa c to rs  d e r iv e d  

f r o m  W e is s e n b e r g  p h o t o g r a p h s  o f t h e  z e ro , f irs t , 
s e c o n d  a n d  t h i r d  la y e r s  f o r  r o t a t io n  a b o u t  t h e  a 
a x is . T h e s e  v a lu e s , la b e le d  “ F  o b s d . ,”  w e r e  n o r m ­
a liz e d  as d e s c rib e d  a b o v e .

T h e  “ F  c a lc d .”  v a lu e s  w e r e  c a lc u la te d  b y  u s in g  
t h e  f o l lo w in g  e q u a t io n  ( f o r  v a lu e s  o f  hkl p e r m it t e d  
b y  t h e  sp a c e  g r o u p )
F =  / Y+3 c o s  2tt(0.167/c) +  far [cos 2tt(0.215h +  0.24«) 

+  cos 2R0.762/1 +  0.1761c +  0.2391)
+  cos 2tt(0.762/i -  0.1761c +  0.2391)]

w h e r e  / y +3 is t h e  s c a tte r in g  p o w e r  o f th e  y t t r i u m  
io n  e s t im a te d  in  a n  a r b i t r a r y  w a y  f r o m  t h e  T h o m a s -  
F e r m i  s c a t t e r in g  fa c to rs  f o r  t h e  y t t r i u m  a t o m  fiste d  
in  “ I n t e r n a t io n a le  T a b e l l e n ,” 17 a n d  / c f  ' is  t h e  H a r -

(1 1 ) W . K le m m  a n d  E . K ro s e , Z. anorg. Chem., 253, 2 1 8  (1 9 4 7 ).
(1 2 ) D . H . T e m p le t o n  a n d  C . H . D a u b e n , J. Am. Chem. Soc., 7 5 , 

4 5 6 0  (1 9 5 3 ).
(1 3 ) V . M .  G o ld s c h m id t ,  F . U lr ich , T .  B a rth  a n d  G . L u n d e , Struk- 

turbericht, 1, 261 (1 9 3 1 ).
(1 4 ) A . Z a lk in  a n d  D . H . T e m p le t o n , J. Am. Chem. Soc., 7 5 , 2 4 5 3  

(1 9 5 3 ).
(1 5 ) T h e s e  ra d ii c o r re s p o n d  t o  a  s ca le  o n  w h ic h  A l  + + + =  0 .5 1 , 

S c  + + + =  0 .7 2  a n d  Y  + + + =  0 .9 0  A .
(1 6 ) K . S c h u b e r t  a n d  A . S e itz , Z. anorg. Chem., 256, 2 2 6  (1 9 4 8 ).
(1 7 ) “ I n te r n a t io n a le  T a b e lle n  zu r  B e s t im m u n g  v o n  K r is ta lls t r u k - 

tu r e n ,”  V o l .  I I ,  E d w a r d s  B r o th e r s , A n n  A r b o r ,  M ic h ig a n , 194 4 , p . 5 7 1 -  
57 2 .
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T a b l e  III 207 +24.5 0 310 +  4.8 7.7
C a l c u l a t e d  a n d O b s e r v e d  S t r u c t u r e F a c t o r s  o p 220 — 11.3 14.9 311 +21.5 14.8

Y t t r i u m  T r i c h l o r i d e 221 -2 0 .0 24.7 311 +  14.3 0
hkl

.-------------- F-
C a lc d . Obsd.' hkl C a lc d .

F------------•
O b s d . 22Î -  6.6 7.7 312 +  17.8 19.5

001 +37.1 37.1 136 -2 4 .9 12.9 222 -1 5 .7 17.7 312 +22.6 24.9
002 -  8.7 10.3 136 -1 1 .9 13.6 222 -1 6  0 23 313 +  11.8 15.6
003 +21.1 21.2 137 -3 5 .4 12.7 223 -  7.4 0 313 +  13.0 10.4
004 +47.5 43.5 150 +  17.4 24.2 223 -2 0 .6 22.2 314 +  4.4 0
005 +26.9 22.3 151 +  18.4 22.3 224 -  6.4 0 314 +  3.6 0
006 -  8.9 0 151 +  8.7 10 224 -1 0 .5 0 315 +  6.6 0
007 +  9 0 152 +  10.2 11.6 225 -1 1 .4 0 315 +  9.3 0
020 -2 0 .3 30.8 152 +  8.5 11.2 225 -  3.8 0 316 +  16.4 0
021 -1 7 .1 19.1 153 +  6.9 0 226 — 11.0 0 317 +  10.5 0
022 -1 2 .1 12.7 153 +  15.4 17.3 226 -  9.5 0 330 -2 7 .5 32.1
023 -1 1 .6 13.8 154 +  10.6 0 227 -1 4 .6 0 331 -  0.9 0
024 -1 2 .6 13.8 154 +  15.5 12.8 228 -  8.2 0 331 -5 3 .9 58.9
025 -1 1 .7 11.1 155 +  12.7 0 240 -1 7 .2 26.4 332 -1 8 .0 20.5
026 -  8 0 155 +  12.1 0 241 -1 8 .1 22.8 332 -2 4 .3 37.8
040 -  9.5 9.6 156 +  9.0 0 241 -  8.2 11.1 333 -4 1 .1 41.6041 -1 4 .4 19.1 156 +  4.2 0 242 -  9.1 0
042 -2 1 .1 22.3 170 +  14.1 15.2 242 -  8.8 9.7 333 +  0.1 0

043 -1 2 11.1 171 +  5.2 0 243 -  6.3 0 334 — 24.7 24.7

044 -  8.2 0 171 +  19.2 31.7 243 -1 7 .0 17.8 334 -1 9 .2 15.5
045 -  9.6 11.7 172 -  8.4 12.4 244 -1 1 .8 13.9 335 — 1.9 0
060 +55.8 71.1 172 +  9.8 11.6 244 -1 5 .0 16 335 -4 0 .2 28.5
061 +27.9 31.8 173 +  16.0 16.1 245 -1 2 .0 0 336 -  5.9 0
062 -  2.3 0 173 +  4.4 0 245 -  5.9 0 336 -2 3 .6 16.4
063 +  18.0 17 174 +  11.3 0 246 -  6.8 0 337 -  1.1 0
064 +41.9 34 174 +  10.7 0 246 -  5.7 0 350 +  3.4 0
065 +24.7 15.4 175 +  4.1 0 260 -  1.4 0 351 +  5.6 0
080 -1 7 .1 19.1 175 +  11.7 0 261 +20.5 25.7 351 +  17.4 22.6
081 -1 1 .9 11.7 176 +  8.0 0 261 +24.3 33.6 352 +  17.1 22.6
082 -  5.3 0 190 -2 0 .6 20.2 262 +44.6 48.8 352 +21.3 23.7
083 -  8.3 0 191 -4 2 .3 45.5 262 +47.9 47.2 353 +  15.2 18.5
084 -1 4 .0 12.7 191 -  0.9 0 263 +25.1 24.1 353 +  7.8 0

0, 10, 0 -  1.4 0 192 -2 2 .9 21.5 263 +23.2 25 354 +  4.5 0
0, 10, 1 -  9.5 13.8 192 -1 8 .6 21 264 -  1.0 0 354 +  0.8 0
0, 10, 2 -1 8 .0 18 193 +  1.5 0 264 -  0.7 0 355 +  2.2 0
0, 10, 3 -  9.9 0 193 -3 9 .3 30.9 265 +  9.6 0 355 +  10.1 16.4
0, 12, 0 +36.5 24.4 194 -1 1 .8 0 265 +  14.2 12.7 356 +  10.9 0
0, 12, 1 +  19.2 15.9 194 -2 1 .6 12.5 266 +32.8 13.5 356 +  16.0 15.5
0, 12, 2 -  1.0 0 195 -3 4 .3 17.5 266 +35.8 17.1 357 +  7.3 0

110 +20.6 25 195 +  1.5 0 267 +22.7 9.5 370 +  4.5 0
111 +  14.8 17.4 196 -1 1 .2 0 280 -  4.6 0 371 +22.7 17.2
111 +  18.3 20.9 1, n ,o +  12.0 12.5 281 -1 5 .5 19.1 371 +  5.9 0
112 +  11.4 13.8 1,11,1 +  15.8 14.7 281 -  4.6 0 372 +  15.0 16.7
112 +  10.8 8.6 1 , H ,  1 +  3.3 0 282 -1 6 .2 16.4 372 +  16.1 21.3
113 +  14.3 17.7 1, H , 2 +  9.9 0 282 -1 6 .4 17 373 +  5.8 0
113 +  12 10.3 1,11,2 +  4.9 0 283 -  6.3 0 373 +  15.5 21.4
114 +  12.4 0 1, 11, 3 +  14.3 0 283 -1 7 .3 15 374 +  3.1 0
114 +  15.1 11.8 1,11,3 +  13.8 0 284 -  2.7 0 374 +  5.3 0
115 +  9.2 0 1, 13,0 +  9.3 0 284 -  5.3 0 375 +  4.3 0
115 +  11.6 0 1, 13,1 +  18.6 11.5 285 -1 3 .0 0 390 -2 1 .1 24.5
116 +  8 0 200 +  7.6 8.6 2, 10, 0 -1 7 .3 18 391 -  0.2 0
116 +  6.4 0 201 +24.8 29.8 2, 10, 1 -1 2 .7 0 391 -3 8 .4 41.7
117 +  8.3 0 does not 2, 10,1 -  7.0 0 392 -1 3 .3 0
130 -3 0 .1 41.7 20Ï +28.8 appear on film 2,10,2 -  2.1 0 392 -1 9 .9 18.5
131 -6 5 .3 69.4 202 +54.2 63.2 2, 10, 2 -  1.7 0 393 -3 4 .1 21.9
131 -  8.9 11.9 202 +63.4 57.4 2, 10, 3 -  5.2 0 393 -1 4 .2 0
132 -3 1 .0 37.8 203 +28.3 37.7 2, 10,3 -  6.8 0 394 -2 0 .7 23.5
132 -2 5 .1 29.6 203 +30.6 23 2, 10, 4 -1 6 .5 15.6 394 -1 4 .7 16.4
133 +  2.0 0 204 -  1.8 0 2, 10,5 -  7.3 0 395 -3 3 .5 18
133 -5 4 .4 48.7 204 -  0.8 0 2, 12, 0 -  0.4 0 3,11,0 +  1.1 0
134 -1 5 .0 15.5 205 +  7.3 0 2, 12,1 +  17.4 22.9 3, H ,  1 +  0.9 0
134 -1 8 .8 22.2 205 +  14.3 14.4 2, 12,2 +33.6 21.5 3, 11, 1 +  15.0 0
135 -3 9 .3 34 206 +35.7 23.2 2, 12,2 +34.3 22.1 3, 11,2 +  13.5 0
135 -  1.9 0 206 +38.2 24.2 2, 12, 3 +20. D 12.5 3, 11,2 +  16.7 0
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tree scattering factor for the chloride ion.17 No 
temperature factor is included in these data.

In Table IV are listed the powder intensity data 
for yttrium trichloride. The intensities were calcu­
lated according to the formula

I F*p X 1 -f- cos220 
sin20 cos d

where F  is the structure factor, p  is the permutation 
factor and d is the Bragg angle. In Table V are 
listed the powder data for lutetium trichloride. The 
intensities of all the isostructural rare earth trichlo­
rides are very similar to those of lutetium trichlo­
ride.

T a b l e  V

T a b l e  I V

O b s e r v e d  a n d  C a l c u l a t e d  P o w d e r  P a t t e r n  I n t e n s i t i e s

f o r  Y t t r i u m  T r i c h l o r i d e  

Cu Ka Radiation“
s in 2 0 Ihkl Calci. Obsd. Caled. Obsd.

001 0.0134 - 0.0165 172 ► VS020 .0137 52
110 .0184 .0205 98 W
111 .0239 .0234 54 w
021 .0331 .0331 34 vw
111 .0458 .0455 18 vw
201 .0515 ► .0514 30 ► m130 .0518 65
200 .0570 - .0567 2 1
131 .0572 5

• vw
112 .0622 7
002 .0658 2
040 .0667 2
221 .0681 2
220 .0736 6
202 .0788 .0787 88
131 .0792 196

q
8

022 .0824 7
041 .0831 .0845 10 w
201 .0953 H
132 .0956 .0948 23 m
222 .0955 9,
112 .1061 4
221 .1120 .1100 12 w
3lT .1159 5
241 .1182 2
150 .1184 9
240 . 1237 .1215 8 vvw
151 .1240 2
310 . 1323 1 '
312 .1323 13
042 .1325 . 1350 11 mw-br113 .1335 3
203 .1391 11
132 .1395 , 23
242 . 1456 . 1449 2
151 .1459 7 ► w
003 .1480 5
331 . 1492 . 1502 64

»060 . 1500 33
223 .1558 8
241 .1621 6
152 .1623 1
023 . 1646 3
332 .1656 11
330 . 1657 . 1671 14
061 .1665 15 ms
202 .1666 28
133 .1668 56
“ (CuKa, X = 1.5418 A.).

P o w d e r  D i f f r a c t i o n  D a t a  f o r  L u t e t i u m  T r i c h l o r i d e  

Cr Ka Radiation“
hkl Caled.“
001 0.0366 1
020 .0390 J
130 .1204 Ì
201 .1208 J
202 .1816 1
131 .1817 J
201 .2176 j
132 .2186 J
132 .3159 j
203 .3161 j
003 .3295
33Ï .3493 Ì
060 .3508 J
202 .3760 \
133 .3774 J
330 .3856 ]
332 .3862 1
061 .3874 J
26Ï .4712
400 .5296 1
262 .5324 /
403 .5675 j
261 .5684 /
004 .5860
203 .6077 \
134 .6094 /
263 .6669

e i
Obsd. Obsd.&

0.0371 ms

.1209 ms

.1818 8

.2182 m

.3159 m-

.3305 w

.3503 8

.3782 m

.3879 m

.4723 w

.5331 w

.5684 vw

.5858 ms

.6087 m

.6674 w-
063 .6803
404 .7266
262 .7268
134 .8038
205 .8046
532 .8186
461 .8198
190 .8224
533 .8802
460 .8804
191 .8833
530 .9152
005 .9153
333 .9338
335 .9363
064 .9366
263 .9583
405 .9588

.6803 w

.7279 m

.8047 w-

.8202 w

.8822 m

.9153e m-

.9366e ms(or)

.9581e w

“ X = 2.2909 A. 6 s = strong, m = medium, w =  weak, 
v = very, br = broad. “ Observed value for Kai multi­
plied by 1.0011.
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Nov., 1954 Spreading of Hydrocarbons on Water

The tendencies of several alkyl benzenes, isoôctane and tetralin to spread on water have been investigated by two methods. 
Surface and interfacial tensions have been measured a.nd the corresponding initial spreading coefficients have been calculated. 
With the exception of the tetralin, all of the materials have positive spreading coefficients. Spreading pressures for the 
spreading liquids have been measured with the hydrophile balance. The spreading pressures and initial spreading coef­
ficients are nearly the same for these liquids. Evidence is presented which indicates that the spreading ability acquired by 
aged tetralin is due chiefly to the formation of tetralin hydroperoxide.

The relative abilities of different liquids to spread 
on water as duplex films may be predicted from ini­
tial spreading coefficients which are related to sur­
face and interfacial tensions by an equation formu­
lated by Harkins.2 Harkins considered that du­
plex films must be at least two molecules in thick­
ness and probably are three or more molecules in 
thickness. He stated that the lower hydrocarbons 
may spread on water as duplex films which later 
change to non-duplex films or monolayers. Lang­
muir3 considered that monolayers containing long 
hydrocarbon chains behaved essentially as duplex 
films. It appears that unless a monolayer acts as a 
duplex film the concept of spreading coefficient, de­
pending upon interfacial tension, is without signifi­
cance for lens and monolayer type of spreading. 
Miller4 concluded that the spreading pressures for 
liquids which spread from lenses as monolayers 
should differ from initial spreading coefficients by 
the forces necessary to orientate and pack molecules 
in the films.

The possibilities suggested by these viewpoints 
have made it seem worthwhile to carry out an ex­
perimental study of the spreading behavior of hy­
drocarbons including alkyl benzenes having differ­
ent length and complexity of side chains.

One of the hydrocarbons, tetralin (1,2,3,4-tetra- 
hydronaphthalene), was observed to be non-spread­
ing in the pure form. A considerable spreading abil­
ity was acquired by tetralin which was allowed to 
age for some time after purification. Robertson and 
Waters5 have studied the autoxidation of tetralin 
and the decomposition of tetralin hydroperoxide. 
They have identified many of the products of these 
reactions and have determined the relative amounts 
in which some of them are formed. The chief prod­
ucts are tetralin hydroperoxide, a-tetralone and a- 
tetralol. It was decided to determine the surface 
activity of each of these materials in the pure form 
and in solution in tetralin and to determine which 
is the chief contributor to the spreading ability of 
aged tetralin. The kinetics of the oxidation has been 
further studied by Woodward and Mesrobian.6

Materials.—The hydrocarbons, ethylbenzene, normal 
and isopropylbenzenes, n-, sec- and f-butylbenzenes, and

(1 )  E . I. d u  P o n t  d e  N e m o u rs  a n d  C o m p a n y  F e l lo w  1 9 4 9 -1 9 5 0 ; 
S ta n d a r d  O il C o m p a n y  (In d ia n a )  F e l lo w  1 9 5 0 -1 9 5 1 ; p r e s e n t  a d d re s s : 
S ta n d a r d  O il D e v e lo p m e n t  C o . ,  L in d e n , N .  J.

(2 ) W .  D .  H a rk in s , J. Chem. Phys., 9, 5 5 2  (1 9 4 1 ) .
(3 ) I . L a n g m u ir , ibid., 1 , 7 5 6  (1 9 3 3 ) .
(4 ) N . F . M ille r , T h i s  J o u r n a l , 45, 1 02 5  (1 9 4 1 ) .
(5 ) A . R o b e r t s o n  a n d  W . A . W a te rs , J. Chem. Soc., 157 4 , 1 5 7 8  

(1 9 4 8 ).
(6 ) A . E . W o o d w a r d  a n d  R .  B . M e s r o b ia n , J. Am. Chem Soc., 75,

6 18 9  (1 9 5 3 ) .

isooctane (2,2,4-trimethylpentane) were of the best grade 
obtainable from Eastman Kodak Co. When necessary 
they were purified by fractional distillations until satisfac­
tory agreement was obtained with recently published values 
for density, refractive index and surface tension, or until 
constant values unchanged by further purification were ob­
tained. An analytical grade of benzene was recrystallized 
until nine-tenths of the liquid solidified within the range 5 . 5 4  
to 5.52°. A technical grade of tetralin was purified by 
treatment with sodium followed by repeated fractional 
distillations until satisfactory constants were obtained. 
Interfacial tensions with water probably provide the best 
indication of purity for such materials at least as far as sur­
face active impurities are concerned. These values have 
not been previously determined for more than half of the 
hydrocarbons investigated and agreement with those that 
have been recorded was not as close as with the other con­
stants. It was our practice to extract sui-face active im­
purities from the hydrocarbons with water until interfacial 
tensions were reproducible and constant. Measured con­
stants are recorded in Table I.

Carefully redistilled water with a surface tension of 72.10 
+  0.04 dynes/cm. at 25.0° was used in all critical parts of 
the work.

Tetralin hydroperoxide was synthesized by the method 
of Hock and Susemihl7 from purified tetralin. The final 
product, after several recrystallizations from petroleum ether 
(30-60°), melted at 56.0°. The freshly purified hydroper­
oxide showed no surface activity when placed on pure water. 
The white, dry and nearly odorless crystals were stored 
in an atmosphere of nitrogen in a laboratory desk. After 
several months, during which time they were exposed only 
intermittently to diffuse light, they became yellow, sticky 
and very surface active. Because of this change it was 
necessary to recrystallize the material shortly before using.

a-Tetralone was synthesized from 7 -phenylbutyric acid 
as described in “ Organic Syntheses. ” 8 The material was 
a pale yellow oil having an odor resembling that of pepper­
mint, and boiling at 104° under 2 mm. of mercury pressure. 
Its refractive index was 1.5669 and its density 1.0919 g ./ 
cm . 3 at 25.0°. Its spreading pressure, measured with a 
hydrophile balance, was 14.0 dynes per cm. This value 
did not change during a month of aging, in a laboratory 
desk, even though the oil darkened slightly.

The a-tetralol was prepared from a-tetralone by the Meer- 
wein—Ponndorf—Verley method of reduction. The a- 
tetralol produced was a light yellow oil which distilled at 
107° under two mm. of mercury pressure. Its spreading 
pressure was 19.4 dynes/cm. while its refractive index and 
density at 25.0° were 1.5613 and 1.0750 g./cm .3, respec­
tively. It darkened slightly upon aging for several weeks, 
in a laboratory desk, but showed no measurable change in 
surface activity during this time.

Methods.—The surface and interfacial tensions necessary 
for the calculation of spreading coefficients were measured 
by capillary rise methods. The instruments and methods 
of operation have been described.9 Spreading pressures 
were measured with a hydrophile balance mounted in a con­
stant temperature cabinet. The barriers were moved 
along the tray of this balance by means of a motor driven 
mechanism mounted outside the cabinet. A small iron rod

(7 )  H .  H o c k  a n d  W . S u se m ih l, Ber., 6 6 , 61  (1 9 3 3 ) .
(8 )  E .  L . M a r t in  a n d  L . F .  F ie se r , “ O rg a n ic  S y n th e se s ,“  C o ll .  Y o i .  

I I ,  J o h n  W ile y  a n d  S o n s , I n c . ,  N e w  Y o r k ,  N .  Y . ,  p . 56 9 .
(9 )  L .  F . T ra n su e , E . R .  W a s h b u rn  a n d  F . H . K a h le r , J. Am. Chem. 

Soc., 64, 2 7 4  (1 9 4 2 ) .
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T a b l e  I
P r o p e r t i e s  M e a s u r e d  a t  25.0°

M a te r ia l
D e n s ity ,
g . / c m . 3

R e fr a c t iv e
in d e x ,

ni>

S u r fa ce
te n s io n ,

d y n e a /e m .

In te r fa c ia l
te n s io n ,

d y n e s /c m .

S p re a d in g
co e ff ic ie n t ,
d y n e s /c m .

S p re a d in g
p ressu re ,

d y n e s /c m .

Benzene 0.8734 1.4979 28.23 34.0 9.9 9.8
Toluene9 .8623 27.94 3 5 . 7 8.5 8.8
Ethylbenzene .8625 1.4931 28.43 3 7 . 4 6.2 6.0
n-Propylbenzene .8579 1.4895 28.49 38.5 5.1 5.1
Isopropylbenzene .8577 1.4889 27.71 38.7 5.7 6.0
n-Butylbenzene .8560 1.4873 28.73 39.6 3.8 3.6
sec-Butylbenzene 8577 1.4877 28.20 39.2 4.7 4.7
f-Butylbenzene .8627 1.4902 27.63 39.3 5.2 5.3
Isooctane .6880 1.3890 18.44 49.3 4.4 4.4
Tetralin .9659 1.5393 36.02 38.6 - 2 .5 0.0

with a pointed hydrophobic tip was permanently mounted 
to the tray to serve as a reference point in filling the tray so 
that depth of liquid might be reproduced. The experimental 
techniques have been described.10

Dean and Li11 recognized the possibility that sorption of 
vapors from the spreading liquid by the surrounding stearic 
acid monolayer might interfere with the direct measure­
ment of spreading pressure of volatile liquids with the hy- 
drophile balance. They concluded, however, that the 
area of monolayer exposed to saturated vapor is too small 
to produce a detectable change in spreading pressure. The 
criterion would seem to be whether or not all the spreading 
liquid becomes compressed into a lens by the expanded 
monolayer. In this investigation care was taken to avoid 
such excessive compression.

Results.— Many measurements, twenty to thirty 
or more, of surface tension and interfacial tension 
were made on each of from three to eight different 
portions of the most carefully purified sample of 
each material. Between measurements the relative 
positions of the surfaces or interfaces were altered. 
This was done in several ways, by tilting the instru­
ment, by altering the pressure on the liquid in the 
wide tube, or by altering the amount of liquid in the 
instrument. For the interfacial tensions the water 
and organic liquids were mutually saturated. The 
mutual solubility of the hydrocarbons and water 
was so slight that the densities of the pure liquids 
and of the liquids saturated with water did not dif­
fer by more than 0.0003 g./cm .3 The individual de­
terminations of surface tension did not differ from 
the recorded average values by more than 0.05 
dyne/cm. The deviations were somewhat larger 
with interfacial tensions but the great majority of 
the individual measurements agreed with the re­
corded average within 0.1 dyne/cm. Average values 
are recorded in Table I.

Different samples, even of the same liquid, did 
not always display the same pattern of spreading. 
Sometimes the added liquid seemed to spread as a 
layer of uniform thickness until stopped by the film 
pressure built up in the surrounding stearic acid 
monolayer. These broad lenses or layers would 
sometimes break up into many small lenses 
separated from each other by an invisible film. 
Some samples of each liquid studied, except tetra- 
lin, formed a lens, or a cluster of small lenses, sur­
rounded by a very thin film which made no visible 
angle of contact along its outer boundary with the 
surrounding stearic acid. There was no measur­
able difference in the spreading pressures which

(1 0 )  E . R .  W a s h b u rn  a n d  C . P . K e im , J. Am. Chem. Soc., 6 2 , 1747 
(1 9 4 0 ).

(1 1 )  R .  B . D e a n  a n d  F . S. L i, ibid., 7 2 , 3 97 9  (1 9 5 0 ).

could be identified with the pattern of spreading 
shown by samples of the same material of equal 
purity. The deviations among a great many indi­
vidual determinations of spreading pressures from 
the recorded averages were not greater than 0.2 
dyne/cm. These values were obtained by adding 
dry hydrocarbons to the stearic acid film covered 
water surface. The values obtained with hydro­
carbons saturated with water were not measurably 
different.

The spreading pressures as measured with the 
hydrophile balance are direct measures of the tend­
encies of the hydrocarbons to spread on water in 
contact with air. Exactly, they are the minimum 
film pressures necessary to prevent the hydrocar­
bons from spreading from a lens as a thin layer. 
This is shown by the following development. The 
initial spreading coefficient for a hydrocarbon, b upon 
water, a, according to Harkins,2 is represented by

<Sb/a =  7a —  (7b +  7a'b') (1 )
In a similar manner the tendency for a hydrocarbon 
to spread upon water initially covered with a mono- 
layer of stearic acid a* is given by the relation

Sb/a* =  7a* —  (7b  +  7a'b') (2 )
and spreading will occur if this difference is greater 
than zero. The surface tension of the film covered 
water ya* may be represented by

7a* =  7a —  IT (3 )
where w is the film pressure. A combination of 
these equations results in

<Sb/a* = S b /a  — it (4)
which indicates that the spreading of the hydrocar­
bon as a duplex film will stop when the film pressure 
of the stearic acid becomes equal to the initial 
spreading coefficient of the hydrocarbon.

These spreading pressures should not be confused 
with the equilibrium film pressures of Harkins2 
although in some cases they are not much different 
in magnitude. Harkins’ equilibrium film pressures 
were measured in an atmosphere saturated with 
vapors of the spreading liquid, a condition not easily 
attained when the organic liquid is added to an 
open surface of water. The spreading pressures 
are definite quantities easily reproducible to within 
a few tenths of a dyne per centimeter. The fact 
that the measured spreading pressures for the hy­
drocarbons studied in this investigation agree 
closely with initial spreading coefficients may indi­
cate that these liquids spread on an open water
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surface as films which are either polymolecular in 
thickness or if monomolecular they are at least du­
plex in character. That is, they possess independ­
ent liquid-air and liquid-water boundary tensions. 
In any case the findings of this research neither 
confirm nor do they contradict the conclusion of 
Miller4 that the spreading pressure is greater than 
the initial spreading coefficient. Several of the 
liquids studied by Miller gave differences which are 
no larger than the experimental error.

The difference between the spreading pressures of 
benzene and toluene is 1.0 while for toluene and 
ethylbenzene the difference is 2.8, almost three 
times as large. For ethylbenzene and n-propyl- 
benzene the difference is 0.9 while for n-propylben- 
zene to n-butylbenzene a larger difference, 1.5, is 
again noted. This alternation of relative change 
in spreading pressure is so much larger than experi­
mental error that it seems significant. The values 
for ethylbenzene and isopropylbenzene are identi­
cal and more nearly like that of the compact ¿-bu- 
tylbenzene than any of the other alkyl benzenes. 
It is possible that these relationships are determined 
by ease and efficiency of packing the molecules in 
the surface layer or in the film. A fairly straight 
line is obtained when spreading pressures of the 
straight chain alkyl benzenes are plotted vs. number 
of carbon atoms in the chain. This line, when ex­
trapolated, indicates that alkyl benzenes with 
straight chains containing more than seven carbon 
atoms should not spread upon water.

A phenomenon which may be related to packing 
or molecular arrangement was encountered. When 
small amounts of benzene, toluene or isooctane were 
dropped on a stearic acid monolayer under an ini­
tial pressure somewhat less than the spreading 
pressure of the added liquid the pressure would in­
crease instantly to the spreading pressure and re­
main there until the added liquid had nearly dis­
appeared by evaporation. With the alkyl benzenes 
from ethylbenzene through the butylbenzenes the 
behavior was different. Shortly after the additions 
of these liquids, and while a large proportion of the 
added liquid still remained as a lens surrounded by 
a large film, the pressure began to decrease slowly 
but steadily. Simultaneously with this decrease 
the lenses of the alkyl benzenes began to break up 
into smaller lenses, slowly at first, then more rapidly 
as the pressure decreased. Subdivision and surface 
activity were very pronounced but could be greatly 
reduced or stopped altogether by stirring of the 
lens with a fine, freshly cleaned, glass rod or plati­
num wire or by adding new drops of spreading liq­
uid. The stirring was associated with an increase 
of surface pressure to substantially the same value 
as that observed immediately after the initial addi­
tion of the drop. This rise was very rapid, often 
being complete after two or three gentle strokes of 
the rod through the lens. Sometimes more vigor­
ous agitation was necessary to cause a return to the 
initial high value. If allowed to remain undis­
turbed the pressure would again decrease and stir­
ring or the addition of fresh liquid would again 
bring it back to the original value. With the less 
volatile liquids several such pressure rises could be

produced during the existence of a single addition 
of spreading liquid.

When drops of freshly purified tetralin were 
placed on a water surface covered with a continuous 
film of stearic acid under as low a film pressure as it 
was possible to measure with a hydrophile balance 
there was no detectable increase in film pressure due 
to the added tetralin. Upon aging in contact with 
a limited amount of air and exposed to laboratory 
light for a few days the tetralin developed a slight 
spreading pressure, too small to be measured with 
the film balance but indicated by the appearance 
of a drop of the liquid on the film covered water sur­
face. The lens was much flatter than with freshly 
purified tetralin. Upon further aging measurable 
spreading pressures developed which, in a period of 
120 days, appeared to reach a limiting value of 
about 21 dynes per cm. The rate of increase was 
greatly increased by placing the clear glass con­
tainer of the tetralin in direct sunlight and greatly 
decreased by keeping the tetralin in a dark place. A 
sample of freshly purified tetralin, from which air 
was displaced with nitrogen, was sealed in a glass 
tube in a nitrogen atmosphere. No spreading ability 
was acquired in a month’s time although the tube 
and contents were exposed to direct sunlight when 
possible during the month. Preliminary measure­
ments were made with aging at 40 and 55°. Al­
though spreading ability increased somewhat more 
rapidly at the elevated temperatures than at room 
temperature, the increases were small. This may 
indicate that a photochemical reaction, nearly in­
dependent of temperature, is important.

The spreading behavior during the life of a drop 
deserves some mention. When a sample of aged 
tetralin was added to a water surface covered with a 
stearic acid film under low initial pressure, the drop 
would spread rapidly to a maximum pressure, de­
pending on the age of the sample, then the pressure 
would decrease until it became essentially the initial 
film pressure. The maximum pressure was usually 
reached within 10 or 15 seconds after the addition 
of the drop while 15 minutes might be necessary for 
the return to the initial low pressure. Agitation of 
the tetralin layer during the slow decrease had little 
or no influence on the spreading pressure. The 
added tetralin drop contracted into a deep lens with 
almost no spreading ability. It seemed that water 
had extracted or destroyed the material which 
caused the aged tetralin to spread.

Solutions of different concentrations of each of 
the oxidation products of tetralin were prepared in 
tetralin. The spreading pressures were measured 
immediately after the preparation and again after 
the solutions had aged for different periods of time. 
The results of typical experiments are recorded in 
Table II. The pure tetralin, the values for which 
are recorded in the first horizontal line of Table II, 
was stored in a 25-ml. glass-stoppered flask with 
greater exposure to more air than the solutions 
which were in small weighing bottles. This prob­
ably accounts for the relatively rapid increase in 
spreading pressure shown by the initially pure tet­
ralin.

The tetralin hydroperoxide causes the greatest 
increase in spreading ability while the a-tetralone
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Solute, tetralin
C o n c n .,  
w t. %  

p e ro x id e
I n it ia l
v a lu e s D a y s  —► 16

V a lu e s
25

0.000 0.0 6.8 10.4
.104 0.7 5.6 8.2
.227 1.3 6.6 9.2
.456 2.7 8.5 10.8
.570 3.4 8.6 11.1

1.399 7.7
5.160 14.6

wt. %
Solute, a-
I n it ia l

-tetralone
29 07

s o lu te v a lu e s d a y s d a y s

0.208 0.3 13.3 19.6
.832 .3 12.7 18.8

2.756 1.5 12.4 18.9
3.554 2.5 11.4 18.4
6.009 3.2 11.8 18.3

13.44 6.1 11.1 17.4

has the least influence. The spreading abilities of 
all the solutions increase with age and seem to ap­
proach a common limiting value of somewhat above 
20 dynes/cm. under the conditions of the experi­
ments. The fact that the more concentrated solu­
tions of a-tetralone show a slower rate of increase 
in spreading pressure than the more dilute solutions 
suggests that this material, especially in high con­
centrations, may retard the formation of com­
pounds which increase the spreading ability of tet­
ralin as it ages.

It is possible to determine the concentration of a- 
tetralone in tetralin by a study of light absorption 
with a spectrcphotometer. The optimum wave 
length is 330 m,u. The solutions closely follow 
Beer’s law. This analysis was used to provide 
further indication of the relative influence of the 
different materials on the spreading of aged tetralin. 
A sample of aged tetralin which had a spreading

hydroperoxide

o b t d .  a f te r  th e  in d ica te d  n o . o f  d a y s , d y n e s /c m .
35 60 94 119

13.0 17.6 20.7 20.9
10.4 15.9 19.6 20.2
11.1 16.3 19.6 20.2
12.9 17.5 20.0 20.3
13.3 17.6 20.1 20.3

Solute, a-tetralol
W t . % In it ia l 21 58
s o lu te values days days
2.124 4.4 9.8 15.8
4.538 10.2 11.7 15.8
6.196 12.5 13.1 15.6
9.108 13.7 14.2 16.3

10.19 14.1 14.2 15.9

pressure of 6.2 dynes/cm. was found to contain 0.19 
wt. %  a-tetralone. Robertson and Waters6 ob­
served that the concentration of a-tetralol formed 
by the decomposition of the hydroperoxide in tet­
ralin was about one third less than the concentra­
tion of a-tetralone formed at the same time. 'This 
would indicate a concentration of about 0.14 wt. %  
a-tetralol in the aged tetralin sample. From graphs 
of spreading pressure vs. concentration it was deter­
mined that the 0.19 wt. %  a-tetralone corresponds 
to a spreading pressure of 0.2 dyne/cm. while the 
0.14 wt. %  a-tetralol corresponds to 0.4 dynes/cm. 
If these spreading pressures are additive the sum, 
0.6 dyne/cm., leaves 5.6 dynes/cm. as the con­
tribution of the hydroperoxide to the spreading 
pressure of 6.2 dynes/cm. for the original sample. 
Thus it seems that the hydroperoxide is the major 
contributor to the spreading ability possessed by 
aged tetralin.

THE AMPHOTERIC PROPERTIES OF TELLURIUM DIOXIDE
By I. M. Issa and S. A. Awad

Physical and Inorganic Chemistry Dept., Faculty of Science, Cairo University, Giza, Cairo, Egypt
Received December 14, 1953

Tellurium dioxide behaves as an ampholyte with an isoeleotrio point, corresponding to the minimum solubility, occurring 
at pH 3.8. The solubility of Te02 in the various solutions used is small, amounting in maximum to 1.02 X 10~2 mole/1., 
in 1 N HC1 at 25°. The solubility of the dioxide does not, accordingly, affect appreciably the pH of the solutions except 
above pH 7. Frcm solubility and pH measurements KJ of tellurous acid was calculated to be 1.4-4.3 X 10~5 and Kb' 
to be 3.1 X 10-“ .

It is fairly wed established that an ampholyte pos­
sesses equal opportunities to dissociate, within the 
isoelectric zone, either as an acid or as a base. Out­
side that zone any one of the two processes may 
prevail, the acid dissociation above the isoelectric 
point and the basic dissociation below it. Above 
the isoelectric point the acid remains practically 
undissociated until a pH of the same magnitude as 
its pA, value is reached when it loses its identity 
owing to the incidence of acid-base reaction. Simi­

larly, below that point the base remains undissoci­
ated until a pH equal to pX ca of the corresponding 
conjugate acid which is equal to pA w — pfu,.

The pH, at which complete precipitation of tellu­
rium dioxide takes place, corresponding to its iso­
electric point was found by Haissinsky and Cot- 
tin1 to lie at pH 4.2. This latter value appears 
thus to contradict the above picture interrelating 
the isoelectric point with the dissociation constant

(1 ) M .  H a is s in s k y  a n d  M . C o t t in ,  Anal. Chim. Acta, 3, 2 2 6  (1 9 4 9 ).
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o f t e llu r o u s  a c id , as t h e  f o r m e r  lie s  a t  a  h ig h e r  p H  
t h a n  t h e  pKa o f t h is  a c id  w h ic h  a m o u n t s  a c c o r d in g  
t o  B l a n c 2 t o  2 .6 9 9 .

W e  t r i e d  th e r e fo r e  to  f in d  o u t  t h e  ca u s e  o f th is  
c o n t r a d ic t io n  b y  r e d e t e r m in in g  t h e  p o s it io n  o f  t h e  
is o e le c tr ic  p o in t  a n d  t h e  d is s o c ia t io n  c o n s ta n ts  o f 
te llu r o u s  a c id  f r o m  s o lu b i l i t y  m e a s u re m e n ts .

Experimental
Preparation of Tellurium Dioxide.—A sample of TeOi 

was prepared from powdered tellurium following the pro­
cedure recommended by Schumann3 and which is supposed 
to yield a pure product containing not less than 99.84% 
Te02 but the purity may rise up to 99.96%.

Solubility of Tellurium Dioxide in Hydrochloric Acid 
and in Buffer Solutions.—Hydrochloric acid solutions of 
various concentrations ranging from 1-10 ~i N were pre­
pared from the constant boiling acid by accurate dilution. 
Their pH values were determined using the quinhydrone 
electrode. Clark and Lubs buffer solutions4 covering the 
pH range 1-10 were prepared as recommended by the au­
thors and their pH values measured by the hydrogen elec­
trode. Samples of the oxide were introduced together with 
150 ml. of the hydrochloric acid or buffer solutions into well- 
steamed flasks having a capacity of 250 ml. each. These 
were sealed off, placed in a thermostat adjusted at 25° and 
shaken strongly for a period of 170 hours which was found 
to be quite sufficient for the attainment of saturation.3 
After that period the solutions were left to stand at 25° for 
a sufficient time to allow any suspended particles to settle 
down. The tellurium content of the saturated solutions 
was potentiometrically determined by the aid of potassium 
permanganate in weakly alkaline solutions.6 This method 
was found suitable for the accurate determination of small 
amounts of tellurium (IV). Portions of the solutions were po­
tentiometrically titrated with 9.9 X 10-3 or 9.9 X 10-4 
N KMn04 after adjusting the alkalinity of the solutions

T a b l e  I

S o l u b i l i t y o f  T e l l u r i u m  D i o x i d e  i n  

A c i d  S o l u t i o n s

H y d r o c h l o r i c

h c i , O rig in a l p H  a t S o lu b il ity ,
N p H s a tu r a t io n m o le /1 . X  10

1 0.092 0.092 102
0.5 0.41 0.41 39.1
0.1 1.11 1.11 7.70
0.05 1.38 1.38 4.207
0.01 2.05 2.05 1.638
0.005 2.47 2.47 0.99
0.001 3.17 3.17 0.2574
0.0005 3.40 3.40 0.1485
0.0001 4.07 4.07 0.1326
water 6.5 6.45 0.375

T a b l e  II
S o l u b i l i t y  o p  T e l l u r i u m  D i o x i d e  i n  B u f f e r  S o l u t i o n s

O rig in a l p H  at S o lu b i l ity ,
p H s a tu r a t io n m o le /L  X  1 0 4

l . n l . n 7.70
2.39 2.39 2.03
3.05 3.05 0.544
4.2 1 4.2 j 0.297
4.96 4.93 0.544
6.03 5.99 0.9405
7.07 7.02 1.46
8.0 7.93 3.613
9.0 8.9
9.95 9.6

(2 )  E .  B la n c ,  J. chim. phys., 1 8 , 2 8  (1 9 2 0 ) .
(3 )  R .  S ch u m a n n , J. Am. Chem. Soc., 47, 3 5 6  (1 9 2 5 ) .
(4 )  W .  M .  C la r k  a n d  H . A . L u b s , J .  Biochem., 2 5 ,  4 7 9  (1 9 1 6 ), 

c it e d  in  H . T .  S. B r it t o n , “ H y d r o g e n  I o n a ,”  V o l . I ,  3 r d  E d .,  C h a p m a n  
a n d  H a ll, L o n d o n ,  1 9 4 2 , p p .  3 0 1 -3 1 0 .

(5 )  I .  M .  I s s a  a n d  S . A .  A w a d , Analyst, 7 8 ,  4 8 7  (1 9 5 3 ) .

to 0.08 N in respect to NaOH. In order to prove that the 
saturated solutions were free from dispersed Te02) solu­
tions in 0.1 and 1 N HC1 were subjected to ultrafiltration 
using a high pressure filtering apparatus supplied by the 
Membrangsellschaft, gottingen and cellophane filters im­
permeable to Congo red. The pressure used was 5 atmos­
pheres and three drops were obtained per minute. The 
concentration of Te02 in the filtrates did not deviate from 
its concentration in the original solutions.

The pH values of the HC1 and buffer solutions before and 
after saturation with Te02 were also redetermined with the 
aid of a glass electrode using a Marconi-EKO pH-meter ac­
curate to ±0.02 pH unit. The potentiometer was cali­
brated by the aid of well-checked buffer solutions. The 
results are shown in Tables I and II.

Results and Discussion
T a b le s  I  a n d  I I  c o n t a in  t y p ic a l  p H  a n d  s o lu b i l i t y  

d a t a  i n  th e  h y d r o c h lo r ic  a c id  (1  t o  1 0 - 4  N )  a n d  
b u ffe r  s o lu t io n s  ( p H  1 t o  1 0 ). F r o m  th e s e  re s u lts  
i t  is a p p a r e n t  t h a t  t h e  s o lu b i l i t y  o f t e l lu r iu m  d io x id e  
d o e s n o t  a ffe c t t h e  p H  o f s o lu t io n s  r a n g in g  f r o m  0 . 1 -
4 .2 . A b o v e  t h is  la t t e r  p H  t i l l  t h e  n e u t r a l  p o in t  th e  
o x id e  le v e ls  d o w n , a lt h o u g h  o n l y  t o  a  s m a ll  e x te n t , 
t h e  p H  o f t h e  s o lu t io n . A b o v e  p H  7  t h e  le v e ll in g  
d o w n  o f p H  b e c o m e s  s o m e w h a t  a p p a r e n t  a n d  
b e c o m e s  o n ly  p r o n o u n c e d  a b o v e  p H  9 . T h e  
s m a lln e s s  o f t h e  m a g n it u d e  o f t h e  le v e ll in g  d o w n  
e ffe ct in  s o lu t io n s  o f p H  ~  4 , u p  t o  p H  7  is a p p a r ­
e n t ly  d u e  t o  t h e  s m a lln e s s  o f  t h e  s o lu b i l i t y  o f  T e 0 2 
i n  th e s e  s o lu t io n s  (c o m p a r e  T a b l e  I I ) .

O n  p l o t t in g  t h e  s o lu b i l i t y  o f  T e 0 2 in  h y d r o c h lo r ic  
a c id  a n d  i n  b u ffe r  s o lu t io n s  a g a in s t  t h e i r  p H  v a l ­
u e s , b e fo re  o r  a f te r  s a t u r a t io n  w i t h  T e 0 2, t h e  c u r v e s  
s h o w n  i n  F ig s .  1 a n d  2 , r e s p e c t iv e ly ,  w e r e  o b ta in e d . 
F r o m  th e s e  c u r v e s  i t  is a p p a r e n t  t h a t  t h e  s o lu b i l i t y  
passes t h r o u g h  a  m i n i m u m  w i t h i n  t h e  p H  r a n g e
3 . 5 -4 .2 .  T h e  p o in t  o f m i n i m u m  s o lu b i l i t y  c o r r e ­
s p o n d in g  t o  t h e  is o e le c tr ic  p o in t  as o b t a in e d  b y  e x ­
t e n d in g  t h e  t w o  b ra n c h e s  o f t h e  V -s h a p e d  c u r v e s  
o c c u rs  a t  - ~ p H  3 .8 . T h i s  p o in t  a l t h o u g h  c o r re ­
s p o n d in g  t o  a  lo w e r  p H  t h a n  4 .2  d u e  t o  H a is s in s k y  
a n d  C o t t i n 1 y e t  i t  c o n f irm s  t h e  lo c a t io n  o f th e  is o ­
e le c tr ic  z o n e  in  th e  re g io n  o f p H  4 .

p H .  
Fig. 1.
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The Dissociation Constants of Tellurous Acid.—
T h e  a b o v e  d a t a  c a n  b e  m a d e  u se  o f in  d e t e r m in in g  
K J  a n d  K b w h ic h  re p re s e n t  th e  m a g n it u d e  o f th e  
a c id  a n d  b a s ic  d is s o c ia t io n  c o n s ta n ts  o f te llu r o u s  
a c id , u s in g  r e la t io n s  d u e  to  K r e b s  a n d  S p e a k m a n .6 
T h u s

log (S/S° -  1) = pH -  PKa' (1)
a n d

log (S/S° -  1) =  (piw  -  PKb') -  pH (2)
I n  th e s e  e q u a tio n s  S re p re s e n ts  t h e  s o lu b i l i t y  a t  

t h e  r e s p e c tiv e  p H  a t  s a t u r a t io n  a n d  S° t h e  s o lu b i l i t y  
in  s t r o n g ly  a c id  s o lu tio n s . T h e  la t t e r  v a lu e  w h ic h  
c o u ld  b e  e v a lu a t e d  b y  p lo t t in g  lo g  S a g a in s t  p H  
a n d  e x t r a p o la t in g  t o  p H  0 , a n d  b e t t e r  b y  th e  
m e t h o d  o f le a s t s q u a re s  u s in g  d a t a  o b t a in e d  a t  p H
4 .2 , 4 .9 3 , 5 .9 9  a n d  7 .0 2  w a s  f o u n d  t o  a m o u n t  to
3 .2  X  1 0 -6  m o le / l it e r . I n  T a b le s  I l i a  a n d  I l l b  
a re  lis te d  t h e  lo g  (S/S° —  1 ) v a lu e s  t o g e t h e r  w i t h  
p K J  a n d  p A V  v a lu e s  c a lc u la te d  b y  t h e  u se  o f re ­
la t io n s  1 a n d  2 . B y  p lo t t in g  th e  lo g  (S/S° —  1) 
v a lu e s  a g a in s t  p H  a  Y -s h a p e d  c u r v e  (see F i g .  3 ) 
a p p r o x im a t e ly  s im ila r  t o  th e  S —  p H  p lo ts  (F ig s .  1 
a n d  2 )  is o b ta in e d  w h ic h  a lso  passes t h r o u g h  a  m i n i ­
m u m  a t  th e  is o e le c tr ic  p o in t ,  viz., a t  p H  3 .8 . F r o m  
th e  re s u lts  s h o w n  i n  T a b l e  I l i a  t h e  m o s t  p r o b a b le  
v a lu e s  f o r  pK J  a re  th o s e  c o m p u t e d  a t  p H  7 a n d  8, 
as th e s e  la t t e r  p H  v a lu e s  a re  f a r  r e m o v e d  f r o m  th e  
is o e le c tr ic  p o in t .  T h e s e  c o r re s p o n d  t o  K J  v a lu e s  
r a n g in g  f r o m  1 .4 -4 .3  X  1 0 - 6 . S i m i la r l y  f r o m  th e  
re s u lts  s h o w n  i n  T a b l e  I l l b  t h e  m o s t  p r o b a b le  
v a lu e s  o f p A V  a re  th o s e  o b ta in e d  a t  0 .0 5  t o  0 .5  N  
H C 1  w i t h i n  w h ic h  ra n g e  th e  c o m p o u n d  d is s o c ia te s  
as a m o n o a c id  b a s e  (see b e lo w ).  T h e s e  c o r re s p o n d  
to  K b 'v a l u e s  a m o u n t in g  t o  ~ 3 . 1  X  1 0 ~ n .

T h e s e  v a lu e s  d o  n o t  re p re s e n t, h o w e v e r ,  t h e  t r u e  
d is s o c ia t io n  c o n s ta n ts  u n le s s  th e  a c id  is  m o n o b a s ic  
o r  t h e  b a s e  m o n o a c id . F o r  a  p o ly b a s ic  a c id  o r  a

(6) H . A . Krebs and J . C. Speakman, J. Chtm. Soc., 593 (1945).

p o ly a c id  b a se  t h e y  re p re s e n t  th e  m e a n  v a lu e s  o f t h e  
d if fe re n t  d is s o c ia t io n  c o n s ta n ts  u n le s s  t h e  f irs t  c o n -
s t a n t  is t h e  p r e d o m in a t in g  o n e  a n d  t h e  o t h e r  c o n ­
s ta n ts  a re  s m a ll  in  c o m p a r is o n . T h e  v a lu e s  o f K J  
o b t a in e d  a b o v e  a r e  h o w e v e r  m u c h  s m a lle r  t h a n  t h a t
r e p o r t e d  b y B l a n c , 2 a m o u n t in g  t o  2  X  10 - 3

T a b l e  I I I a

B u f f e r  S o l u t i o n s

p H  a t  
s a tu r a t io n

lo g
(S/S° -  1) p X a '

2.39 1.79
3.05 1.20
4.2 0.92
4.93 1.20 3.73
5.99 1.45 4.54
7.02 1.65 5.37
7.93 2.09 5.84

T a b l e  I I I b  

HC1 S o l u t i o n s

H C 1,
N

p H  a t  l o g  
s a tu r a t io n  (S/S° — 1) p K b '

1 0.092 3.50 10.41
0.5 0.41 3.09 10.5
0.1 1.11 2.38 10.51
0.05 1.38 2.11 10.51
0.01 2.05 1.70 10.25
0.005 2.47 1.48 10.05

K J  a ls o  c a n  b e  c a lc u la te d  f r o m  t h e  r e la t io n
[H+l = V K aK-,/Kb (3)

in  w h ic h  [ H + ]  c o rre s p o n d s  t o  t h e  H +  io n  a c t i v i t y  
a t  t h e  is o e le c tr ic  p o in t .7

T a k i n g  [ H + ]  =  1 .5  X  1 0 “ 4, K w =  1 0 ~ 14 a n d  
Kb =  10 ~ 12 8 t h e  v a lu e  o f K J  as c a lc u la te d  f r o m  re ­
la t io n  3 a m o u n t s  t o  2 .5 1  X  1 0 -6  w h ic h  is c o m p a r a ­
b le  w i t h  t h e  v a lu e s  o b ta in e d  a b o v e  f r o m  s o lu b i l i t y  
m e a s u re m e n ts , a n d  a p p ly in g  t h e  re la t io n s  o f K r e b s  
a n d  S p e a k m a n .6

S c h u m a n n 3 f r o m  s o lu b i l i t y  m e a s u re m e n ts  c o n ­
c lu d e d  f r o m  t h e  c o n s t a n c y  o f t h e  A / [ H + ]  v a lu e s  
t h a t  T e O i  b e h a v e s  as a  m o n o a c id  b a s e  w i t h i n  t h e

(7 ) C it e d  in  H . T .  S . B r it to n , re f.  4, p . 21 5 , 21 6 .
(8 ) W .  M .  L a tim e r , “ O x id a t io n  P o t e n t ia ls ,”  2 n d  e d it io n ,  P r e n t i c e -  

H a ll,  I n c . ,  N e w  Y o r k ,  N . Y . ,  195 2 , p . 86.
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acid range 0.1-0.73 N  HCIO*. Kasarnowsky9 on the other hand considered tellurous acid as a weak base which he represented as Te(OH)4 and gave for K b  the value 10-46. It must, however, be taken into consideration that a weak polyacid base like a weak polybasic acid must dissociate in steps, the first of which, as in the case under consideration can be represented as
Te(OH)4 -  H20  — >  TeChHOH •— > Te02H+ +  OH~
The findings of Schumann were substantiated by the following data from which it is apparent that »S/[H~] is approximately constant between 0.05- 0.5 N  HC1, thus

(9) J . K a s a r n o w s k y , Z. physik. Chem., 109, 2 8 7  (1 9 2 4 ),

[h q S, m o le /1 . S / [ H  + ] X  10»

0.8091 10.20 X 10~3 12.6
.3892 3.91 X 10-3 10.02
.0776 0.77 X 10“ 3 9.92
.0417 0.42 X 10“ 3 10.08
.0090 0.164 X 10~3 18.2

The value of K b '  amounting to 3.1 X 10-11 as computed from the data shown in Table Illb  is undoubtedly higher than that given by Latimer.8 However, by determining K b '  from the results ob­tained by Schumann3 and applying our S °  value,3.2 X 10~6 mole/1., the values obtained varied from2.4-2.8 X 10_n which compares well with our K b value.

THE COMPETITIVE ADSORPTION FROM AQUEOUS SOLUTIONS OF 
HYDROGEN AND NITRILES ON PLATINIZED PLATINUM

B y  Thomas C. Franklin* and R a y  D. Sothern

Contribution from the Department of Chemistry of the University of Richmond, Richmond, Virginia
Received December 17, 196S

The adsorption of a series of nitriles on the hydrogen electrode has been investigated coulometrically. The amount of 
hydrogen adsorbed and the potential of the electrode were determined for various concentrations of nitrile. The adsorption 
of the nitrile was found to follow the Freundlich equation. The potential of the cell is proportional to the logarithm of the 
amount of adsorbed hydrogen. A comparison of the poisoning effect of various nitriles indicated that the poisoning ability 
is primarily related to the size of the molecule.

Since it is known that the presence of poisons such as arsenic, mercury and sulfur compounds causes the hydrogen electrode to become erratic, an investigation has been initiated into the adsorp­tion of foreign materials on the hydrogen electrode and their effect upon the potential of the electrode. Poisons as strong as those just mentioned almost completely replace the hydrogen adsorbed on the electrode; therefore a series of weaker poisons, the nitriles, was selected for this study.The system used in these experiments consisted of platinum black as the adsorbent, 2 N  sulfuric acid as the solvent, and hydrogen and the nitrile as competitive adsorbates.The competitive equilibria may be expressed as shown in the equations
H2 (soln.) +  H20  (ads.) = 2H (ads.) +  H20  (soln.)

RCN (soln.) +  H20  (ads.) = RCN (ads.) +  H20  (soln.)

The quantity of water in solution as well as the amount of dissolved H2 may be assumed to be constant. The amount of nitrile in solution is considered to be the amount added. Of the three remaining quantities: H, RCN and H20  adsorbed, only the first lends itself to direct measurement, this by a coulometric method. A similar investiga­tion has been made on the adsorption of acetic acid by Oikawa and Mukaibo.1
Experimental

Equipment and Reagents.—The apparatus consisted of a 
small platinized platinum wire, immersed in a solution of 
2 N sulfuric acid. This solution was connected by a satu­

* Chemistry Department, Baylor University, Waco, Texas.
(1) M. Oikawa and T. Mukaibo, J. Electrochem. Soc. Japan, 20,

568 (1952).

rated ammonium sulfate-agar bridge to a saturated calomel 
half-cell, which served as a non-polarizable electrode. The 
cell was connected through switches to a Sargent Model 
X X I Polarograph and to a Fisher Type S Potentiometer.

The electrodes were made by cutting 20 gage platinum 
wire into 2 cm. lengths which were then sealed into glass 
tubing. These electrodes were then platinized for three 
minutes in a 3% solution of chloroplatinic acid containing 
a trace of lead acetate, using an applied potential of 3 volts. 
The electrodes were then washed briefly in distilled water 
and in concentrated sulfuric acid and were aged several 
hours in 2 A  sulfuric acid. Just prior to use these electrodes 
were anodically polarized at oxygen evolution for 20 to 30 
minutes.

To determine the effect of pressure, a more elaborate cell 
was required. This cell consisted of two 200-ml. round 
bottom flasks as electrode compartments connected by 
means of a salt bridge compartment. The hydrogen half­
cell was connected through a ballast tank to a water aspira­
tor. A mercury manometer was used to measure the pres­
sure.

The temperature of the cell was controlled by using a 
Sargent Model S-84805 constant temperature bath.

The nitriles used were the best grade available from the 
Eastman Kodak Company.2

Procedure.—Hydrogen was bubbled over the electrode 
until a steady potential was attained, as indicated by the po­
tentiometer. The flow of hydrogen was stopped and 
sufficient time was allowed for equilibrium to be established 
between the hydrogen dissolved in solution and that ad­
sorbed on the electrode. The adsorbed hydrogen was then 
removed by electrolytic oxidation with the pen recorder of 
the polarograph recording a current-time curve for this 
oxidation. The number of coulombs passed was deter­
mined from the area under this curve.

A measured quantity of poison was then added and the 
process repeated. The decrease in area under the curve 
was taken as a measure of the amount of poison adsorbed. 
This procedure was repeated for each poison studied at 
several different concentrations of poison.

(2 ) I n  o r d e r  t o  ch e c k  f o r  th e  p o s s ib le  e f fe c t  o f  im p u r it ie s  M r .  P h il ip  
O g le s b y  m a d e  a  ser ies  o f  ru n s , f ir s t  o n  th e  c o m m e r c ia l ly  a v a ila b le  
n itr ile , th e n  o n  th e  r e d is t i l le d  n itr ile . T h e r e  w a s  n o  d iffe re n ce  in  th e  
resu lts .
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The areas under the curves were measured by a planime- 
ter, the quantity of electricity measured being between 6 and 
2000 microcoulombs.

In order to obtain reproducible results the current-time 
curves were taken with the voltage increasing over a short 
span, 0.6 v., rather than at a constant applied potential.

This voltage span, chosen from previously run current- 
voltage curves, was chosen to take in the oxidation peak of 
hydrogen without taking in subsequent oxidation processes.

Data and Results
The data can be put into two groups: (1) The effect of the nitrile on the amount of hydrogen adjacent to the electrode. (2) The resultant effect on the potential of the hydrogen electrode.Figure 1 shows the effect of propionitrile on the

1 +  log mg. propionitrile.
Fig. 1.—-The adsorption isotherm for propionitrile.

amount of hydrogen adjacent to the electrode. Plotted along one axis is the logarithm of the milli­grams of propionitrile in 140 milliliters of solvent. Along the other axis is plotted the logarithm (A0 — A )/A 0. A o  is the area under the current time curve when H2 alone is adsorbed. A  is the area under the current-time curve when both H2 and the nitrile are adsorbed. Ao — A  therefore corresponds to the amount of hydrogen displaced by the nitrile. A0 is a measure of the adsorbing area of the elec­trode. Therefore (A0 — A )/A 0 can be pictured as representing the amount of nitrile adsorbed per unit area of adsorbent. This graph then corres­ponds to a log-log plot of the Freundlich equation and the resultant straight line confirms the applic­ability of the Freundlich equation.The other phase of the problem was the measure­ment of the resultant effect on the potential of the

Fig. 2.—Variation of potential with amount of adsorbed 
hydrogen (acetonitrile).

hydrogen electrode. Figure 2 indicates a linear relationship between the logarithm of the amount of hydrogen adsorbed (as measured by the area under the current time curve) and the e.m.f. of the cell. As will be noticed there is a good deal of scatter to the data. All of the e.m.f. data exhibited the same sort of scatter. This scatter is probably due to failure of the system to reach final equilib­rium since potential measurements were made with hydrogen bubbling over the electrode.3The Nernst equation for the hydrogen electrode shows a linear relationship between the e.m.f. and the logarithm of the pressure of the hydrogen. Therefore it follows that there should be a linear relationship between the amount of adsorbed hydrogen and the pressure. This relationship was found to be true and is shown in Fig. 3.

Fig. 3.—Variation of amount of adsorbed hydrogen with 
pressure.

Similar experiments were run on butyro-, n -  capro-, isocapro- and phenylacetonitriles and the results were similar to those just described.In trying to draw some correlation between molec­ular structure and poisoning, a plot (Fig. 4) was

Mmoles nitrile added to produce same degree of poisoning. 
Fig. 4.—Effect of molecular weight on poisoning ability.

made of molecular weight against millimoles of nitrile added to produce the same degree of poison­ing as taken from graphs similar to Fig. 1. In view of the scatter of the original data the regularity of the curve was a great surprise and indicates that
(3 )  T h a t  th is  e x p la n a t io n  is  tru e  is  s h o w n  b y  a  ser ies  o f  r e c e n t  ru n s  

b y  M r . P h il lip  O g le s b y  in  th is  L a b o r a t o r y .  H e  m e a su re d  th e  e .m .f .  
in  a  h y d r o g e n  s a tu ra te d  s o lu t io n  w ith  n o  h y d r o g e n  b u b b lin g  o v e r  th e  
e le c t r o d e .  T h e se  ru n s  s h o w e d  t h e  sa m e  t y p e  re la tio n s h ip  w ith  p r a c ­
t ic a l ly  n o  s c a tte r . T h e  s lo p e  o f  h is  g ra p h s  w a s  0 .0 5 9  in  a g r e e m e n t  w ith  
th e  th e o r e t ic a l  s lo p e  fo r  th e  N e rn s t  e q u a t io n .
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size is probably the primary factor in the nitrile series in blocking the electrode surface.In summary it can be said that: (1) The effect of the nitriles on the potential of the hydrogen elec­trode seems to be due to a displacement of the hydrogen adsorbed on the surface. The potential of the hydrogen electrode is governed by the con­centration of adsorbed hydrogen not by the pressure

of hydrogen above the solution. (2) The displace­ment ability of the nitrile seems to be primarily a function of its size.We wish to take this opportunity to express our thanks to the Research Corporation for the finan­cial assistance which they are furnishing for this project and to Mr. Samuel L. Cooke, Jr., for his aid in preparing this article for publication.

MOLECULAR WEIGHT, MOLECULAR WEIGHT DISTRIBUTION AND 
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Native dextran, as produced by a subculture of Leuconostoc mesenteroides NRRL B-512, was separated into a number of 
fractions. The fractions were characterized as to their molecular weight and size by means of light scattering and intrinsic 
viscosity in aqueous solutions, and their degree of branching, in terms of 1-6/non 1-6 linkages, by periodate oxidations. The 
molecular weights ranged from 12 to 600 million. The intrinsic viscosities were fairly low due to the high degree of branch­
ing. Flory’s viscosity theory did not satisfactorily explain the experimental data. This discrepancy is probably due to the 
highly branched nature of the dextran molecules and the molecular inhomogeneity of the fractions. Using a recent theo­
retical development by Benoit, the molecular inhomogeneity of the fractions and the deviation of their radii of gyration 
from the radius of a hypothetical linear molecule of the same molecular weight were estimated from the angular dependence 
of scattered light.

The polyglucose dextran can be produced by 
L eu con osto c  m esen tero id es  using sucrose as starting material. We felt that it would be of interest to investigate the molecular weight and molecular weight distribution of this polymer more inten­sively than has been done in the past.1 The struc­tures, however, of several types of dextran have been the subject of previous study.2 Therefore, it also seemed worthwhile to attempt a correlation of the structure (degree of branching) of native dex- trans and its fractions with their molecular weight and size.

Experimental
Fractionation.— A sample of native dextran produced by 

the so-called whole culture method with Leuconostoc mesen­
teroides (NRRL B-512) was obtained from the Dextran 
Corporation. The dextran is produced by massive inocu­
lation of a medium containing approximately 10% sucrose 
plus cornsteep liquor and mineral salts as nutrients. The 
population of Leuconostoc reaches a maximum of about 1 
billion per milliliter. The culture is kept as sterile as pos­
sible in order to keep out other organisms as for instance 
molds. An approximately 1% solution (pH 7.6), which 
proved to be quite hazy, was used in the fractionation.

The solution was centrifuged (approximately 20,000 X 
gravity) for 50, 90 and 145 minutes. A pellet-like sediment 
of 2.4% (based on total solids) was obtained, independent of 
the time of centrifugation. This sediment, apparently an 
insoluble carbohydrate polymer, was not further investi­
gated (the very low Kjeldahl, N ^ 0.12%3 ruled out the 
possibility of a proteinic composition). The centrifuged 
solution was used for fractionation. It proved to be ex­
tremely difficult to fractionate along conventional lines. 
Evidently the molecular weights are so large that there are 
only very small differences in the solubility of the various 
species. However, it was possible to prepare five main 
fractions by carefully adding methanol and varying the 
temperature. These fractions were further divided into 10

(1 ) F . R .  S e n ti a n d  N . N . H e ilm a n , R e p o r t  o f  W o r k in g  C o n fe r e n c e  
o n  D e x tr a n , J u ly ,  195 1 .

(2 )  I .  L e v i ,  W . L . H a w k in s  a n d  H . H ib b e r t ,  J. Am. Chem. Soc., 64, 
1 95 9  (1 9 4 2 ).

(3 )  P e r fo r m e d  in  th e  la b o r a t o r y  o f  th e  D e x tr a n  C o r p o r a t io n .

subfractions. In Table I the precipitation conditions for 
the 5 main fractions are given.

T a b l e  I
P r e c i p i t a t i o n  C o n d i t i o n s  o f  t h e  F i v e  M a i n  F r a c t i o n s

F r a c t io n  M e t h a n o l  (v o i .  % )

A 42.5
B 42.5
C 42.5
D 42.6
E 43.3

mp., °C. Yield, %
36.6 20.0
35.5 15.6
34.6 13.4
32.3 24.3

5.0 20.8

In addition to fractions A-E, fraction 11 was separated by 
concentrating the supernatant of fraction E and adding a 
very large excess of methanol. Fraction 12 was obtained 
by evaporation of the final supernatant. The latter two 
fractions seem to be of an irregular character: 11 is very 
small and shows an extremely large intrinsic viscosity 
(Table II)4; 12 seems to contain essentially low molecular 
weight contaminants. The original native dextran con­
tained 0.028% N, 0.14% of reducing sugars in terms of glu­
cose, and lost approximately 10% on dialysis through Vis- 
king cellulose casing. Some of the low molecular weight 
comtaminants were probably occluded in fractions 1-10. 
The actual yields of the fractions are given in Table II 
(second column). In the third column the weight fractions 
are adjusted for losses and for the neglect of the centrifuged 
sediment and of fractions 11 and 12.

(B) Viscosity.—Viscosities of aqueous solutions were 
measured in an Ubbelohde dilution viscosimeter at 32.7°. 
In all cases 4 or 5 dilutions were made and y,p/c was ex­
trapolated to c —r 0. The intrinsic viscosities are given in 
Table II.

(C) Light Scattering.—Optical clarification of the poly­
mer solutions proved to be difficult. The customary meth­
ods of filtration and centrifugation both failed. (Filtration 
using Selas 04 and ultrafine glassinter resulted in clogging 
of the filters; centrifugation led to partial molecular sedi­
mentation of the very large molecules in the comparatively 
high centrifugal field.) The following procedure was found 
to be satisfactory: clear water was prepared by distillation 
and consecutive double filtration (Selas 04 filter). Com­
paratively concentrated dextran solutions were used as 
master solutions and were filtered (medium glassinter) in 
small increments directly into the clear water. The dilu-

(4 ) T h e  re a so n  f o r  th is  ir r e g u la r ity  is  u n k n o w n .
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T a b l e  I I

R e s u l t s  o f  F r a c t i o n a t i o n , I n t r i n s i c  V i s c o s i t y , L i g h t  S c a t t e r i n g  a n d  P e r i o d a t e  T i t r a t i o n

F r a c t io n
Y ie ld ,

%
A d ju s t e d  
y ie ld , %

lil,cm.8 g . 1
(Kc/ ßo)e=o 

X  10® Mvr X  I 0 - ’ B X  10s
(«?)'/>,

A.
1 -6

n o n  1 -6

l 9.0 9.6 198 1.7 60 1.0 2930 6
2 11.8 12.7 180 3.35 30 2.7 2520
3 10.5 11.2 170 4.0 25 1.8 2445
4 4.4 4.7 140 10.0 10 2.0 1835
5 7.9 8.5 143 10.5 9.5 1.8 1770 18
6 6.8 7.3 130 16.3 6.1 4.2 1360
7 3.3 3.5 115 18.8 5.3 3.0 1255
8 4.7 5.1 118 22.8 4.4 3.5 1080
9 17.5 18.7 105 32.5 3.05 4.2 850
10 17.5 18.7 86 79.0 1.20 570 35

11
12

Total

Parent polymer

0.4 . . .  318 
3.0

96.8 100
+ 2 .4  (sediment, removed by centrifugation) 

151 7.0 14.3 1.5 2720 15
15.5“

“ Calculated by combination of the molecular weight of the fractions, neglecting 11 and 12.
tions were ordinarily 50-100-fold; hence, the dust concen­
tration was negligible. Concentrations were followed 
gravimetrically as well as interferometrically (refractive in­
dex increment dn/dc = 0.151 at 546 him). A Phoenix B.S. 
photometer5 6 equipped with a cylindrical cell having 2 flat 
faces® was used. The incident light was vertically polar­
ized; in all cases parallel readings at 436 and 546 m/i were

Sin2 0 /2  +  1000c.
Fig. 1.—Reciprocal intensity plot for fraction 1; O, 436 mft; 

• , 546 m/i.
(5 )  B . A . B r ic e ,  M .  H a lv e r  a n d  R .  S p e ise r , J. Opt. Soc. Am., 40, 7 6 8  

(1 9 5 0 )
(6 ) L . P . W itn a u e r  a n d  H . J . S ch e rr , Rev. Sci. Instr., 2 3 , 99 (1 9 5 2 ).

taken. Depolarization was determined at 90°. The an­
gular dependence of scattered light was measured between 
20 and 135° with particular emphasis on the low angles. 
Reciprocal intensity plots (kc/Re. vs. sin2 0/2 +  kc) were 
drawn.7 Recently a correction factor for the angular de­
pendence has been proposed which is caused by the reflection 
of the incident beam.8 This correction is immaterial for 
our solutions because the angular dependence has essen­
tially been measured in the forward scattering range (20- 
90°). Only in the case of fractions 9 and 10 which are of a 
comparatively small size has the angular range been ex­
tended to 135°. As a typical example, the plot for fraction 
1 is given in Fig. 1. The final results are tabulated in Table
II.

(D) Periodate Oxidations.11—Oxidations were made on 
fractions 1,5 and 10, and on the original sample. Fraction 1 
was sufficiently pure due to repeated precipitations in the 
course of fractionation. Fractions 5 and 10 and the parent 
polymer were purified by dialysis. The results are given in 
terms of 1-6/non 1-6 linkages in Table II.

(E) Cumulative Methanol Precipitation.—The precipita­
tion was conducted at 32.7° in conically shaped tubes. 
Increments of water-diluted methanol were added to a known 
volume of solution by means of a microburet. Some of the 
results are given in Table III.

T a b l e  III
M e t h a n o l  P r e c i p i t a t i o n

Vol. %
MeOH 40.20 40.31 40.40 40.60 40.84 41.10

Wt. % Haze 30.2 46.0 62.4 72.5 76.0
precip. point

Results
All experimental results are summarized in Ta­ble II. A cumulative molecular weight distribu­tion function has been established in the usual man­ner based on the yields and molecular weights of the different fractions (Fig. 2).10Because of the lack of sharpness of the fractions (resulting from the experimental difficulty of the fractionation), the distribution function must be considered rather crude. Qualitatively, however, it can be seen that native dextran is very inhomogene­ous and, hence, that the distribution is extremely
(7 )  B . H . Z im m , J. Chem. Phys., 16 , 1099  (1 9 4 8 ).
(8 ) H . S h e ffe r  a n d  J. C . H y d e , Can. J. Chem., 3 0 , 8 1 7  (1 9 5 2 ).
(9 ) A . J ea n es  a n d  C . O . W ilh a m , J. Am. Chem. Soc., 72, 2 6 5 5  

(1 9 5 0 ).
(1 0 ) A s  m e n t io n e d  a b o v e ,  th e  s e d im e n t  a n d  f ra c t io n s  11 a n d  12  w ere  

n o t  ta k e n  in t o  a c c o u n t .
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7 7.5 8 8.5
log M.

Fig. 2.—Cumulative molecular weight distribution of native 
dextran.

w id e s p r e a d .  A l s o  in c lu d e d  in  T a b l e  I I  is  t h e  h y p o ­
t h e t i c a l  m o le c u la r  w e ig h t  o f  t h e  o r ig in a l  p o ly m e r  a s  
i t  r e s u l t s  f r o m  t h e  c o m b i n a t i o n  o f  t h e  m o le c u la r  
w e ig h t s  o f  f r a c t i o n s  1 -1 0 .  A g r e e m e n t  b e t w e e n  t h e  
c a l c u la t e d  a n d  t h e  e x p e r im e n t a l  m o le c u la r  w e ig h t  is  
f a i r ly  g o o d .  T h e  s t e e p n e s s  o f  t h e  c u m u la t iv e  
p r e c ip i t a t io n  ( T a b l e  I I I )  i l lu s t r a t e s  a g a in  t h e  d i f ­
f i c u l t y  o f  s e p a r a t in g  d i f f e r e n t  s p e c ie s ,  i.e., t h e  e x ­
t r e m e ly  s m a ll  d e p e n d e n c e  o f  s o lu b i l i t y  o n  m o l e c u ­
la r  w e ig h t  in  t h e  e x t r e m e ly  h ig h  m o le c u la r  w e ig h t  
r a n g e .

T h e  m o le c u la r  w e ig h t s  a re  o b t a in e d  u s in g  t h e  
c u s t o m a r y  d o u b le  e x t r a p o la t io n  o f  c —*■ 0  a n d  s in 29 / 2 
-►  0  ( F ig .  1 ) . T h o s e  v a lu e s ,  p a r t i c u la r ly  t h o s e  o f  
t h e  t o p  f r a c t i o n s ,  a r e  s o m e w h a t  u n c e r t a in  ( ±  1 5 % ) .

R e s u l t s  a t  t h e  t w o  w a v e  le n g t h s  a r e  in  g o o d  a g r e e ­
m e n t  ( ± 5 % )  a n d  a r e  t h e r e f o r e  a v e r a g e d .  ( T h is  
w a s  a ls o  d o n e  w i t h  t h e  v ir ia l  c o e f f i c ie n t  B  a n d  t h e  r o o t  
m e a n  s q u a r e  r a d iu s  o f  g y r a t i o n  ( f t 2) 1/2. T o  o u r  
k n o w le d g e ,  t h e  m o le c u la r  w e ig h t  o f  f r a c t i o n  1 (6 0 0  
m i l l io n )  is  t h e  h ig h e s t  t h a t  h a s  b e e n  o b s e r v e d  f o r  
a n y  p o ly m e r i c  m a t e r ia l .  H o w e v e r ,  s im ila r ly  h ig h  
m o le c u la r  w e ig h t s  h a v e  b e e n  r e p o r t e d  l a t e l y  f o r  
o t h e r  c a r b o h y d r a t e  p o l y m e r s .n -12

T h e  v ir i a l  c o e f f i c ie n t s  B  a r e  c a lc u la t e d  f o r  s in 29 / 2 
—> 0  a c c o r d in g  t o  t h e  e q u a t io n

Kc/Ro = 1 /M„ + 2  Be (1)

T h e  r a d i i  a r e  o b t a in e d  ( f o r  c  0 )  a c c o r d in g  t o  t h e  
e q u a t io n

I6x2122/3X2ilf =  (initial slope) (2)

A s  p o in t e d  o u t  b y  Z i m m 13 t h e  t h u s  c a lc u la t e d  
r a d i i  r e p r e s e n t  a  s o - c a l l e d  Z -a v e r a g e .  I n  v i e w  o f  
t h e  r e la t iv e  in h o m o g e n e i t y  o f  t h e  f r a c t io n s ,  t h e  
la t t e r  is  a p p r e c ia b ly  h ig h e r  t h a n  t h e  c o r r e s p o n d in g  
w e ig h t  a v e r a g e .

T h e  v i r i a l  c o e f f i c ie n t s  a r e  a l l  r e la t iv e ly  s m a ll  ( o f  
t h e  o r d e r  o f  1 - 5  X  1 0 -6 ) in  c o m p a r is o n ,  f o r  in ­
s t a n c e ,  w i t h  t h e  v a lu e s  f o r  p o ly s t y r e n e  in  b u t a n o n e  
(ca. 1 - 2  X  1 0 % .

T h e  p e r io d a t e  o x id a t io n s  s h o w  a n  in c r e a s in g  d e ­
g r e e  o f  b r a n c h in g  w i t h  in c r e a s in g  m o le c u la r  w e ig h t .  
T h e  l o w e s t  f r a c t i o n  (1 0 )  is  c o n s id e r a b ly  m o r e  l in ­
e a r  t h a n  t h e  h ig h e r  f r a c t io n s .

Discussion
S im ila r  in v e s t ig a t io n s  h a v e  b e e n  c a r r ie d  o u t  p r e -

(1 1 )  B . H . Z im m  a n d  C . D .  T h u r m o n d , J. Am. Chem. Soc., 74, 1111 
(1 9 5 2 ) .

(1 2 )  L . P . W itn a u e r  a n d  F . R .  S e n ti, J. Chem. Phys., 20, 1 97 8  
(1 9 5 2 ).

(1 3 )  P .  O u te r , C . X. C a rr  a n d  B . H . Z im m , i b i d . ,  18 , 8 3 0  (1 9 5 0 ) .

v io u s ly  o n  b r a n c h e d  d e x t r a n 14 15 a n d  s l ig h t ly  c ro s s - 
l in k e d  p o ly s t y r e n e .16 I n  t h e  f irs t  case t h e  d e g re e  
o f b r a n c h in g  i n  t e r m s  o f 1 -6 / n o n  1 - 6  lin k a g e s  w a s  
in d e p e n d e n t  o f m o le c u la r  w e ig h t ,  w h ic h  is e q u iv a ­
le n t  t o  s t a t in g  t h a t  t h e  n u m b e r  o f b r a n c h  p o in t s  i n ­
cre ase s p r o p o r t i o n a l ly  w i t h  t h e  m o le c u la r  w e ig h t .

M .  W a le s 14 h a s  u s e d  t h e  v is c o s it y  t h e o r y  o f P .  
F l o r y 16 in  a m o d if ie d  f o r m  f o r  b r a n c h e d  d e x t r a n  
m o le c u le s . A c c o r d in g  t o  th e  e q u a t io n  
f o ] V i / M V  i  =  gK2/> +  2 C " 111i / ' i  [ 1  —

( Q / T ) ] { M / [ n ] ) K > / > i f h  (3)

o n e  c a n  p lo t  [ 3 versus M / [n ] . A s  th e  
m o le c u la r  w e ig h t  a p p r o a c h e s  z e ro  th e  n u m b e r  of 
b r a n c h  u n it s  p e r  m o le c u le  a p p r o a c h e s  z e ro  a n d  th e  
f a c t o r  g a p p ro a c h e s  u n i t y .  H e n c e

lim foJV./M1/. =  K V  3 (4)
M/[r,]-+0

W a le s  o b ta in e d  K 2/3 e q u a l 1 X  1 0 %  u s in g  (1 0 0  
c m .3 g . _1)  as u n it s  o f in t r in s ic  v is c o s it y .  I n  o r d e r  
t o  m a k e  o u r  re s u lts  c o m p a r a b le  w e  e m p lo y  t h e  s a m e  
u n it s . I n  o u r  case ( F i g .  3 )  t h e  e x t r a p o la t io n  is 
r a t h e r  u n c e r t a in .  H o w e v e r ,  t h e  p o s s ib le  r a n g e  o f 
K 2/t a p p e a rs  t o  b e  5 - 7  X  1 0 ~ 3. I t  is im p o r t a n t  to  
n o te  t h a t  W a le s  u s e d  v is c o s it y  a v e ra g e  m o le c u la r  
w e ig h ts , w h e re a s  in  th is  s t u d y  t h e  m o le c u la r  w e ig h ts  
a re  w e ig h t  a v e ra g e s . I f  t h e  m o le c u la r  w e ig h t  d is ­
t r i b u t i o n  is r e la t iv e ly  w id e , w h ic h  is u n d o u b t e d ly  
t h e  case w i t h  o u r  f ra c t io n s , th e r e  w i l l  b e  a  c o n s id e r ­
a b le  d iffe re n c e  b e tw e e n  t h e  t w o  a v e ra g e s . U s in g  
t h e  lo w e r  v is c o s it y  a v e ra g e  w o u ld  in c re a s e  t h e  in t e r ­
c e p t  a n d  w o u ld  g iv e  a b e t t e r  n u m e r ic a l  a g re e m e n t  
w i t h  W a le s ’ re s u lts .

1 _  2 3
M v /[V] X 10-t

Fig. 3.—Florv-Schaefgen plot: • , fractions; O, parent 
polymer.

P l o t t i n g  in t r in s ic  v is c o s it y  vs. m o le c u la r  w e ig h t  
o n  t h e  c u s t o m a r y  d o u b le  lo g a r it h m ic  p lo t  ( F i g .  4 ) 
g iv e s  a c u r v e d  l in e  w i t h  a n  in i t ia l  s lo p e  o f 0 .2 9  a n d  
a f in a l o n e  o f 0 .1 3 . I n  o r d e r  t o  c o m p a r e  o u r  re s u lts  
w i t h  p r e v io u s  w o r k , 14 i t  s h o u ld  b e  k e p t  in  m in d  
t h a t  i f  t h e  c u r v e  c o u ld  b e  e x te n d e d  t o  a  lo w e r  m o ­
le c u la r  w e ig h t  ra n g e , a  c o n s id e r a b ly  s te e p e r s lo p e  
w o u ld  m o s t  p r o b a b ly  b e  o b ta in e d . T h e  d e c re a s in g  
s lo p e  ( a t  h ig h e r  m o le c u la r  w e ig h t s )  is e v id e n t ly  
c a u s e d  b y  t h e  in c re a s e  in  t h e  d e g re e  o f b r a n c h in g  
w h ic h ,  in  t u r n ,  d e cre a se s  t h e  e ffe c tiv e  v o lu m e  of 
t h e  m o le c u le s .

F r o m  th e  b a s ic  a s s u m p tio n  [ij]  °c (R'2)z,2/M  F l o r y 16 
*  = hi X M / i B - y A (5)

(1 4 )  M .  W a le s , P .  A. M a r s h a ll  a n d  S . G . W e iss b e rg , J. Polymer Sci., 
10 , 2 2 9  (1 9 5 3 ).

(1 5 )  C . D . T h u r m o n d  a n d  B . H . Z im m , ibid., 8 , 4 7 7  (1 9 5 2 ).
(1 6 )  P .  J . F lo r y  a n d  T .  G . F o x ,  J r ., J. Am. Chem. Soc., 7 3 , 1 9 0 4  

(1 9 5 1 ) .
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Fig. 4.—Intrinsic viscosity versus molecular weight: •,
fractions; O, parent polymer.

h a s  d e r iv e d  a  u n iv e r s a l  c o n s t a n t  w h e r e  L  is  t h e  
e n d - t o -e n d  d is ta n c e  f o r  l in e a r  m o le c u le s . T h e  r a ­
d iu s  o f g y r a t io n  72 c a n  b e  s u b s t it u t e d  f o r  L  in  th is  
case

< V  =  [ i f ]  X  M/(it*)»/* ( 6 )

w h e r e  F '  =  6 s/s X  $  =  14 .7  F .  I n  t h is  f o r m  th e  
e q u a t io n  c a n  a lso  b e  te s te d  f o r  b r a n c h e d  d e x t r a n  
m o le c u le s . B y  s u b s t it u t in g  n u m e r ic a l  v a lu e s  fo r  
R2 as d e t e r m in e d  b y  l ig h t  s c a tte r in g , t h e  f o l lo w in g  
re s u lts  f o r  F '  a re  o b ta in e d  ( T a b l e  I V ) .

T a b l e  I V

V a l u e s  f o r  F r a c t i o n s  a n d  P a r e n t  P o l y m e r

F r a c t io n * '  X  1 0 - n F r a c t io n 4> X  10-11

0 21.5 6 31.5
1 47 7 31
2 33.5 8 41
3 29 9 52
4 22 10 65
5 24.5

T h e  n u m e r ic a l  v a lu e  o f F  is  g iv e n  b y  F l o r y  as
2 .1  X  1 0 21 w h ic h  c o rre s p o n d s  t o  F '  =  31 X  1 0 21. 
F r o m  T a b l e  I V  i t  c a n  b e  see n  t h a t  F '  v a r ie s  a n d  d if ­
fe rs  f r o m  t h e  v a lu e  g iv e n  b y  F l o r y ,  e s p e c ia lly  i n  t h e  
case o f t h e  e x tr e m e  f r a c t io n s . A l l  n u m e r ic a l  v a lu e s  
o f T a b l e  I V  a re  a ffe c te d  b y  t h e  f a c t  t h a t  t h e  e x p e r i­
m e n t a l ly  d e t e r m in e d  r a d i i  a re  ^ -a v e ra g e s . T h i s  
m e a n s  t h a t  f o r  in h o m o g e n e o u s  f r a c t io n s  t h e  72- 
v a lu e s  w i l l  b e  t o o  la r g e . H e n c e , F '  w i l l  b e  s m a lle r  
t h a n  i t  w o u ld  b e  i f  id e a lly  s h a r p  f r a c t io n s  w e re  
u s e d . T h i s  is i l lu s t r a t e d  b y  t h e  lo w  F '  f o r  t h e  u n ­
f r a c t io n a t e d  (m o s t  in h o m o g e n e o u s ) s a m p le  0 . 
I n  a  la t e r  s e c t io n  o f t h is  p a p e r  i t  w i l l  b e  s h o w n  t h a t  
a r o u g h  e s t im a te  o f t h e  in h o m o g e n e it y  o f t h e  f ra c ­
t io n s , as e x p re s se d  b y  t h e  r a t io  o f t h e  z -a v e r a g e  t o  
t h e  w e ig h t  a v e ra g e  m o le c u la r  w e ig h t ,  is  o f t h e  
o r d e r  o f 1 .8 . I f  t h is  is  t a k e n  in t o  a c c o u n t , t h e  722Z-  
v a lu e s , as  o b t a in e d  f r o m  l ig h t  s c a tte r in g , c a n  b e  
re d u c e d  t o  a  w e ig h t  a v e ra g e  722

M  = 1.8 X R*
U n d e r  th e s e  c o n d it io n s , a ll  F '  v a lu e s  g iv e n  i n  T a ­
b le  I V  w o u ld  h a v e  t o  b e  m u lt ip l ie d  b y  a  f a c t o r  o f 
1 .8 3/* =  2 .4 .

I t  se e m s t o  u s  t h a t  t h e  re s u lts  o f T a b l e  I V  c a n  b e  
in t e r p r e t e d  in  t w o  d if fe re n t  w a y s .

F i r s t ,  o n e  c o u ld  a s s u m e  a ll  t h e  f r a c t io n s  t o  b e  
c o m p a r a b le  w i t h  re s p e c t t o  t h e i r  m o le c u la r  in h o m o ­
g e n e it y .  I n  t h is  case F '  w i l l  n o t  b e  a  c o n s t a n t  b u t  
a  f u n c t io n  o f t h e  m o le c u la r  w e ig h t  as i t  a p p e a rs  t o

b e  i n  T a b l e  I V .  H o w e v e r ,  t h is  a s s u m p t io n  is  c e r­
t a i n l y  n o t  t r u e  q u a n t i t a t iv e ly .  ( T h e  a c t u a l  d if ­
fe re n c e s  i n  t h e  m o le c u la r  w e ig h t  d is t r ib u t io n s  o f 
t h e  f r a c t io n s  w o u ld  b e  e x t r e m e ly  d if f ic u lt  t o  d e te r ­
m in e  e x p e r im e n t a l ly . )  A  s e c o n d  a p p r o a c h  w o u ld  
b e  t o  a s s u m e  a  g re a te r  n u m e r ic a l  v a lu e  f o r  F l o r y ’s 
F '  f o r  t h is  p a r t ic u la r  s y s t e m  a n d  t o  a s c rib e  a ll  v a r i ­
a t io n s  o f F '  f o r  t h is  p a r t ic u la r  s y s t e m  a n d  t o  as­
c r ib e  a l l  v a r ia t io n s  o f F '  t o  d iffe re n c e s  o f  m o le c u la r  
in h o m o g e n e it y .  T h i s  e x p la n a t io n  a lo n e  d o e s  n o t  
s e e m  t o  b e  s u ffic ie n t in  v ie w  of t h e  f a c t  t h a t  w h e re a s  
t h e  m o le c u la r  w e ig h ts  o f th e  p a r e n t  p o ly m e r  a n d  
f r a c t io n s  3 o r  4  a re  c o m p a r a b le , t h e  in h o m o g e n e it y  
o b v io u s ly  d iffe rs  a p p r e c ia b ly ;  h o w e v e r ,  F '  is n o t  
a ffe c te d  v e r y  g r e a t ly .  T h i s  f a c t  s u g g e s ts  t h a t  a n y  
d iffe re n c e  i n  t h e  d e g re e  o f h o m o g e n e it y  b e tw e e n  
t h e  f r a c t io n s  ( w h ic h  is c e r t a in ly  less t h a n  t h a t  b e ­
t w e e n  t h e  p a r e n t  p o ly m e r  a n d  a n y  g iv e n  f r a c t io n )  
is  n o t  l ik e ly  t o  ca u se  v a r ia t io n s  o f F '  s u c h  as h a v e  
b e e n  o b s e rv e d .

V e r y  p r o b a b ly  t h e  v a r ia t i o n  o f F '  is  c a u s e d  b y  
b o t h  e ffects, i .e ., b y  d iffe re n c e s  o f m o le c u la r  in h o ­
m o g e n e it y  t o g e t h e r  w i t h  a  re a l d e p e n d e n c e  o f F '  
o n  t h e  m o le c u la r  w e ig h t  o f th o s e  h i g h l y  b r a n c h e d  
a n d  e x t r e m e ly  la rg e  m o le c u le s .

T u r n i n g  t o  721 as a  f u n c t io n  o f 7l?w, w e  f in d  ( F i g .
5 )  t h a t  i n i t i a l ly  721 a p p e a rs  t o  in c re a s e  s l ig h t ly  
m o r e  t h a n  l in e a r ly  w i t h  M w b u t  te n d s  t o  le v e l  off 
w i t h  in c re a s in g  d e g re e  o f b r a n c h in g . T h i s  e ffe ct in  
a  “ n o n -id e a l”  s o lv e n t  is in  c o n t r a s t  w i t h  p r e v io u s  
re s u lts  o f  Z i m m 16 o n  b r a n c h e d  p o ly s t y r e n e  in  b u t a -  
n o n e  w h ic h  w e re  e x p la in e d  i n  t e r m s  o f t h e  d e p e n d ­
e n c e  o f R o n  t h e  v i r i a l  c o e ffic ie n t. I t  s e e m s t h a t  
i n  o u r  case w a t e r  is  a  m o r e  n e a r ly  id e a l s o lv e n t  f o r  
d e x t r a n  t h a n  b u t a n o n e  f o r  p o ly s t y r e n e . A n o t h e r  
i m p o r t a n t  f a c t  s e e m s t o  b e  t h e  v e r y  m u c h  s t r o n g e r  
in c re a s e  o f t h e  d e g re e  o f b r a n c h in g  w i t h  in c re a s in g  
m o le c u la r  w e ig h t  in  o u r  s y s t e m .

7 7.5 8 8.5
log Af„.

Fig. 5.—Mean square radius versus molecular weight; 
•  , fractions; O, parent polymer; hypothetical linear 
fractions.

I t  h a s  t o  b e  e m p h a s iz e d  a g a in  t h a t  t h e  7 2 -v a lu e s  
i n  F i g .  5 a re  z -a v e ra g e s . T h e  im p o r t a n c e  o f t h is  is 
i l lu s t r a t e d  b y  t h e  s in g le  p o in t  re p re s e n t in g  t h e  p a r ­
e n t  p o l y m e r ;  s in c e  t h e  la t t e r  is less h o m o g e n e o u s  
t h a n  a re  t h e  f r a c t io n s , t h is  p o in t  fa lls  off t h e  c u r v e .

F r o m  t h e  p r e c e d in g  d is c u s s io n  i t  is  q u it e  e v id e n t  
t h a t  i t  w o u ld  b e  v e r y  d e s ira b le  t o  b e  a b le  t o  e s ti­
m a t e  t h e  in h o m o g e n e it y  of t h e  f ra c t io n s . V e r y  re ­
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c e n t ly  B e n o i t 17 d e v e lo p e d  a  t h e o r y  b a s e d  o n  p r e v i ­
o u s  c o n s id e ra t io n s  o f Z i m i n  w h ic h  a llo w s  o n e  t o  
d r a w  c o n c lu s io n s  o n  p o ly d is p e r s it y  a n d  b r a n c h in g  
f r o m  t h e  a n g u la r  d e p e n d e n c e  o f t h e  re c ip r o c a l i n ­
t e n s it y  o f s c a tte re d  l ig h t  ( f o r  z e ro  c o n c e n t r a t io n ) .  
T h e  i m p o r t a n t  m a g n it u d e  is  t h e  r a t io  o f t h e  in it ia l  
s lo p e  (so) a t  l o w  a n g le s  t o  t h e  f in a l a s y m p t o t ic  
s lo p e  (s o )  a t  la r g e  a n g le s .

I t  w a s  s h o w n  t h a t  e q u a t io n  7 h o ld s  f o r  m o n o d is -  
p e rs e  l in e a r  m o le c u le s

so/«- =  2/3 (7)

F o r  p o ly d is p e rs e  l in e a r  m o le c u le s
so/Seo = 2/%M'/Mw) (8)

F o r  m o n o d is p e rs e  b r a n c h e d  m o le c u le s
s„/Soo = 2/3(R2/R02) (9)

R is  t h e  r a d iu s  o f  g y r a t io n  o f t h e  b r a n c h e d  m o le c u le  
a n d  Ro o f a  l in e a r  m o le c u le  w i t h  t h e  s a m e  m o le c u la r  
w e ig h t .  R2/Ro2 =  g i n  t h e  n o t a t io n  o f S t o c k m a y e r  
a n d  Z i m m . 18

F o r  p o ly d is p e r s e  b r a n c h e d  m o le c u le s , w e  h a v e  
So/s» =  2/3(Mt/Mw)(R2/R0*) =  2/3 C (10)

W e  h a v e  c a lc u la te d  s0/s=> f o r  a l l  o u r  s a m p le s  
w h e r e v e r  t h is  w a s  p o s s ib le  (0 ,  1 - 8 ) .  T h e  re s u lts  
a t  t h e  t w o  w a v e  le n g th s  a g re e d  f a i r l y  w e ll  a n d  w e re  
a v e r a g e d  (see s e c o n d  c o lu m n  o f  T a b l e  V ) .  F r o m

T a b l e  V
S a m p le so/s A C g X o

0 0.93 5.5 1.39
1 .20 8.5 0.30 0.17 50.5
2 .32 8.5 .47 .26 24.5
3 .33 9 .50 .28 21.5
4 .73 7 1.10 .61 5.6
5 .75 7 1.12 .62 5.1
6 1.00 3.5 1.50 .83 2.2
7 1.10 3 1.65 .92 1.7
8 1.15 2.5 1.69 .94 1.25

th e s e  f ig u re s  C w a s  c a lc u la te d  (c o lu m n  4 ) .  A ls o  
g iv e n  i n  T a b l e  Y  (c o lu m n  3 )  is A  =  ( kc/Re) /  
{kc/Ro) a t  w h ic h  s .  w a s  t a k e n . T h e  n u m e r ic a l

(1 7 ) H . B e n o it ,  J. Polymer Set., 1 1 , 5 0 7  (1 9 5 3 ).
(1 8 ) B .  H . Z im m  a n d  W . H . S t o c k m a y e r ,  J. Chem. Phys., 1 7 , 1301 

(1 9 4 9 ).

0 5 10 15 20 25
1 /Mw X 10».

Fig. 6.— C versus reciprocal molecular weight.

v a lu e  o f A  is  a lso  a v e r a g e d  f o r  t h e  t w o  w a v e  le n g th s . 
I f  C is  p lo t t e d  versus 1 /M w ( F i g .  6 ) i t  c a n  b e  seen 
t h a t  f o r  d e c re a s in g  m o le c u la r  w e ig h ts  a  l i m i t  o f 
a p p r o x im a t e ly  1 .8  is a p p r o a c h e d . I n  th is  lo w  m o ­
le c u la r  w e ig h t  r a n g e  th e  f ra c t io n s  o f n a t iv e  d e x t r a n  
b e c o m e  in c r e a s in g ly  l in e a r  (see T a b l e  I I )  so t h a t  f o r  
t h e  l i m i t  l / M  -*■ w i t h  a  c e r t a in  a p p r o x im a t io n  
a n y  d e v ia t io n s  f r o m  So A  oo = _ 2/ 3_ca n  b e  a t t r ib u t e d  
t o  t h e  p o ly d is p e r s it y  f a c t o r  M VJ M W

lim C = 1.8 =  M,/Mw
l / M ---► CO

A s  a  r o u g h  a p p r o x im a t io n  a n d  b e in g  a w a r e  o f  its  
q u a n t i t a t iv e  i n v a l i d i t y  w e  s h a ll  n o w  m a k e  t h e  s im ­
p l i f y in g  a s s u m p tio n  t h a t  t h is  f ig u r e  re p re s e n ts  th e  
p o ly d is p e r s it y  o f a l l  o u r  f r a c t io n s . W e  t h u s  g e t 
m a x i m a l  n u m e r ic a l  v a lu e s  f o r  R2/R 02 = g as g iv e n  
i n  c o lu m n  5 o f T a b l e  V .  K n o w i n g  g, w e  c a n  c a lc u ­
la te  Ro2 f o r  h y p o t h e t ic a l  l in e a r  d e x t r a n  m o le c u le s  
(c o lu m n  6 ) .  T h e s e  v a lu e s  a r e  a lso  p lo t t e d  in  F i g .  
5 a n d  o n  th is  d o u b le  lo g a r it h m ic  p lo t  t h e  r e la t io n  
b e tw e e n  Ro2 a n d  M w see m s t o  b e  f a i r l y  l in e a r  w i t h  a  
s lo p e  o f 1 .4 .
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A study has been made of rate- and diffusion-controlled currents at a planar reversible electrode under applied potentials 
such that the reverse reaction makes an appreciable contribution to the over-all process. The ferrocyanide, ferricyanide 
and molybdocyanide systems were studied. The data obtained confirm an earlier prediction that the current under a poten­
tial substantially less than that corresponding to “ limiting” current will converge at sufficiently long times to the value 
of the “ limiting” current at the corresponding time. Values of the specific rate constants were calculated from the data 
and enable an approximate determination of the fraction of the ions which react upon impinging on the electrode. The rela­
tion between the specific rate constants and the applied potential agrees with the Eyring theory of absolute reaction rates 
and reasonable values of the activation free energies are obtained.

Introduction
C o n c e n t r a t io n  o v e r p o t e n t ia l  effe cts  a t  a  p la n a r  

e le c tro d e  u n d e r  p o te n t ia ls  c o r r e s p o n d in g  t o  l im it i n g  
c u r r e n t  f lo w  h a v e  b e e n  in v e s t ig a t e d  p r e v io u s ly  b y  
L a i t i n e n  a n d  K o l t h o f f .3 H e r e  i t  m a y  b e  a s s u m e d  
t h a t  e v e r y  io n  d if fu s in g  u p  t o  t h e  e le c tro d e  s u rfa c e  
re a c ts . T h e  p r e s e n t  in v e s t ig a t io n  e x te n d s  th e s e  
s tu d ie s  t o  e le c tro ly s is  u n d e r  lo w e r  a p p lie d  p o t e n t ia ls  
w h e r e  t h e  r a t e  l im it i n g  p ro c e s s  a t  t h e  e le c tro d e  a n d  
t h e  re v e rs e  re a c t io n  m a k e  a p p r e c ia b le  c o n t r i b u ­
t io n s  t o  t h e  o v e r -a l l  re a c t io n  r a t e . T h e  p a r t ic u la r  
s y s te m s  s tu d ie d  a p p e a re d  t o  h a v e  b u t  a  s in g le  r a t e ­
d e t e r m in in g  s te p  a t  t h e  e le c tro d e , p r o b a b l y  e le c­
t r o n  t ra n s f e r , a n d  t o  b e  fre e  f r o m  c o m p lic a t e d  s id e  
effects o t h e r  t h a n  d iffu s io n .

T h e  p r i m a r y  p u r p o s e  o f t h e  in v e s t ig a t io n  w a s  t h e  
e x p e r im e n t a l  v e r if ic a t io n  o f t h e  p r e v io u s ly  p r o ­
p o s e d  b o u n d a r y  c o n d it io n 4-6

hm cfx, 0  = g  ( g ) _ Q (1)

f o r  s o lv in g  F i c k ’s s e c o n d  la w
ÒC
òt (2)

t ia l  p e r io d  h a s  e x p ire d . T h i s  c ir c u m s ta n c e  is  o f  s o m e  
in t e r e s t  as i t  te n d s  t o  m a s k  t h e  e ffe c t o f re a c t io n  
p r o b a b il it ie s  less t h a n  u n i t y .

I n  t h e  p r e s e n t  s tu d ie s , t h e  d if fu s io n  a n d  re a c t io n  
p ro ce sse s  i n  b o t h  th e  f o r w a r d  a n d  re v e rs e  re a c t io n s  
w e r e  t a k e n  in t o  a c c o u n t  b y  s o lv in g  F i c k ’s la w  f o r  
t h e  in t e r d e p e n d e n t  d iffu s io n  p ro ce sse s  as d e s c rib e d  
i n  t h e  n e x t  s e c tio n  o f t h is  p a p e r . T h e  sp e c ific  ra te  
c o n s ta n ts  f o r  t h e  f o r w a r d  a n d  re v e rs e  re a c t io n s  
t h e n  w e r e  s e le c te d  t o  p r o v id e  t h e  b e s t f it  b e tw e e n  
t h e  e x p e r im e n t a l  d a t a  a n d  t h e  th e o r e t ic a l  e q u a t io n  
f o r  t h e  c u r r e n t  as a  f u n c t io n  o f t im e . T h i s  le d  t o  
v a lu e s  o f t h e  r a t e  c o n s ta n ts  w i t h i n  a  p r e c is io n  o f 
a b o u t  o n e  p e r  c e n t.

Theoretical Discussion.— W h e r e  b o t h  f o r w a r d  
a n d  re v e rs e  re a c t io n s  m u s t  b e  ta k e n  in t o  a c c o u n t , 
t h e  d iffu s io n  p ro ce sse s  in v o lv e d  in  th e s e  re a c t io n s  
in t e r a c t  o n ly  a t  th e  e le c tro d e  a n d  t h e  e q u a t io n s  
t o  b e  s o lv e d  a re 6

òci _  hki
òt 1 dx2
òc2 _  n 02c2 
òt Uì òx"-

w i t h  t h e  in i t ia l  c o n d it io n s

(3 )

f o r  d if fu s io n -c o n t r o lle d  re a c t io n s . I n  th e s e  e q u a ­
t io n s , c(x, t) d e n o te s  t h e  c o n c e n t r a t io n  o f t h e  re a c ­
t iv e  sp e cie s a t  th e  d is ta n c e , x, f r o m  t h e  e le c tro d e  a t  
t h e  t im e , t, a n d  D  a n d  k a re  t h e  d if fu s io n  a n d  s p e ­
c ific  r a t e  c o n s ta n ts , re s p e c t iv e ly . I t  is  t o  b e  n o te d  
t h a t  t h e  s p e cific  r a t e  c o n s ta n t , k, as h e r e  u s e d  h a s  
t h e  d im e n s io n s  o f le n g t h  t im e s  r e c ip r o c a l t im e . A s  
p r e v io u s ly  p o in t e d  o u t ,4“ t h e  s o lu t io n s  o b ta in e d  
f r o m  e q . 2 u s in g  t h e  b o u n d a r y  c o n d it io n  (1 )  le a d  t o  
t h e  in t e r e s t in g  c o n c lu s io n  t h a t ,  i n  t h e  o n e -d im e n ­
s io n a l case, t h e  re a c t io n  r a t e  s h o u ld  e v e n t u a l ly  b e ­
c o m e  in d e p e n d e n t  o f th e  f r a c t io n  o f t h e  m o le c u le s  
a r r i v i n g  a t  t h e  e le c tro d e  w h ic h  u n d e r g o  a n  e le c tro n  
t ra n s fe r . T h u s  t h e  e ffe ct of a  re a c t io n  p r o b a b i l i t y  
less t h a n  u n i t y  is c o n f in e d  t o  a n  in i t ia l  p e r io d  a n d  
th e  o b s e rv e d  ra te  c o n v e rg e s  t o  t h e  r a t e  c o r re s p o n d ­
in g  t o  a  re a c t io n  p r o b a b i l i t y  o f u n i t y  a f te r  t h is  i n i -

(1 ) D is s e r ta t io n  o f  H . R u b in  s u b m it te d  in  p a r t ia l  fu lf i llm e n t  o f  th e  
r e q u ir e m e n ts  f o r  t h e  d e g re e  o f  D o c t o r  o f  P h ilo s o p h y  a t  th e  P o ly t e c h n ic  
In s t it u t e  o f  B r o o k ly n . P r e s e n t  a d d re s s :  D e p a r t m e n t  o f  C h e m is tr y , 
S y r a c u s e  U n iv e rs ity ,  S y ra cu s e , N .  Y .

(2 ) P r e s e n te d  a t  t h e  M e e t in g -in -M in ia t u r e  o f  t h e  M e t r o p o li t a n  
L o n g  I s la n d  S u b s e c t io n  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y 's  N e w  
Y o r k  S e c t io n , F e b ru a r y , 1953 .

(3 ) H . A . L a it in e n  a n d  I . M .  K o lt h o f f ,  J. Am. Chem. Soc., 61 , 3 3 4 4  
(1 9 3 9 ).

(4 ) (a ) F . C . C o ll in s  a n d  G . E . K im b a l l ,  J. Colloid Sci., 4 , 425  
(1 9 4 9 ) ;  (b )  F . C . C o ll in s , ibid., 5 , 499  (1 9 5 0 ).

(5 ) P . D e la h a y , J. Am. Chem. Soc., 7 3 , 4 9 4 4  (1 9 5 1 ).

c i (x , 0) = ci° = constant 
c¡ ( x , 0) = C2 0 = constant

a n d  t h e  b o u n d a r y  c o n d it io n s

A  ( b z ) x - o  = ^ ~  k2c2(0, t)

MSL. = -MSL„
Ci(°°, t) = Ci°
Cs( <*>, i) = C2°

(4)

(5 )

I n  e q . 3 t o  5 th e  s u b s c r ip ts  1 a n d  2  re fe r  t o  r e a c t a n t  
a n d  p r o d u c t ,  re s p e c t iv e ly .

T h e  p r o b le m  t o  b e  s o lv e d  is e q u iv a le n t  t o  th e  
c o n d u c t io n  o f h e a t  in  t w o  s e m i-in f in it e  s la b s  o f d if ­
f e r e n t  t h e r m a l  c o n d u c t iv it ie s  w i t h  c o n t a c t  t h r o u g h  
a  f i lm  a t  x =  0 . T h e  s o lu t io n  o f t h is  p r o b le m  is 
w e l l -k n o w n 7 a n d  is

_  o , k2c2° — k,ci° i f f  x 1
’ ’ 1 + h + UDJDffhY1nc|_2(A01AJ
xp (h\X +  Ai AO erfc f  z , ~| +  A,( A 0 ‘/ !1

(6 ) T h e  a s s u m p t io n  t h a t  D  is  in d e p e n d e n t  o f  t h e  c o n c e n t r a t io n  is  
p r o b a b ly  a  g o o d  a p p r o x im a t io n  b e c a u s e  th e  d a t a  u p o n  w h ic h  t h e  ra te  
c o n s ta n ts  b e lo w  a re  c a lcu la te d  b e g in  a t  t w o  m in u te s , b y  w h ic h  t im e  
th e  m a jo r  c h a n g e s  in  c o n c e n t r a t io n  a t  th e  e le c tr o d e s  h a v e  o c c u r re d .

(7 ) H . S . C a rs la w  a n d  J. C . J a e g e r , “ C o n d u c t io n  o f  H e a t  in  S o l id s ,”  
p . 7 1 , O x fo r d  U n iv e r s it y  P ress , N e w  Y o r k ,  N . Y . ,  194 7 , p . 71 .
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a n d

hr h
Dr

2 Cmerfc y  — ~T/2J  exP (~~z2) ^z

T h e  c o n c e n t r a t io n  o f t h e  p r o d u c t ,  d(x, t), is  g iv e n  
b y  a  s im ila r  e x p re s s io n  w i t h  t h e  s u b s c r ip ts  1 a n d  2 
p e r m u t e d .

T h e  c u r r e n t  f lo w  is  g iv e n  b y  t h e  n u m b e r  f lu x  c o n ­
v e r t e d  t o  a m p e re s

I  = nSADr ( ~ )\QX/x = 0
=  n S A { h i C i °  — fec2°)[exp ( h ^ D i t )  erfc ( h r y / D r t ) ]  (7)

H e r e  n is  t h e  n u m b e r  o f e le c tro n s  t ra n s f e r re d  p e r  
io n , 5  is t h e  F a r a d a y ,  a n d  A  is  t h e  a re a  o f t h e  ele c­
t r o d e . T h e  s ig n  o f  t h e  c u r r e n t  w i l l  d e p e n d  o n  
w h e t h e r  o x id a t io n  o r  r e d u c t io n  is  th e  f o r w a r d  re ­
a c t io n  a t  t h e  e le c tro d e .

F o r  s a t u r a t io n  p o te n t ia ls , th e  re v e rs e  re a c t io n  is 
n e g lig ib le  a n d  e q . 7  b e c o m e s

I  =  n $ A k r C i °  exp ( h r H / D r )  erfc [ ^ ( i /A ) 1/ 2] (8)
w h ic h , f o r  la r g e  v a lu e s  o f ( A 2, t), a s s u m e s  th e  l i m ­
i t in g  f o r m

I  = n S A c r ^ D r / w t y h  (9)

T h i s  is t h e  w e l l -k n o w n  l i m i t i n g  c u r r e n t  e q u a t io n  
o b ta in e d  b y  c o n s id e r in g  o n ly  t h e  r e a c t a n t  spe cies 
a n d  u s in g  t h e  b o u n d a r y  c o n d it io n 8

lim c(x, t) = 0 (10)
c—*o

“ T h e  p ro c e s s  o f l i q u i d  d if fu s io n  m a y  b e  v ie w e d  
as a  r a n d o m  w a lk  w i t h  m o le c u la r  f l ig h ts  o f a v e ra g e  
le n g t h  s o c c u r r in g  a t  a  f r e q u e n c y  v. T h e  d iffu s io n  
c o n s ta n t  in  t e r m s  o f  t h e  r a n d o m  w a lk  c o n c e p t  is 
t h e n  7 «  v s 2, w h e r e  s 2 is t h e  m e a n  s q u a re  f l ig h t  d is ­
t a n c e .9 T h e  f r e q u e n c y  o f m o le c u la r  e n c o u n te rs  
o f t h e  d if fu s in g  spe cies p e r  u n i t  a re a  a t  a; =  0  is t h e n  
V e  v s c (0 )  a n d  t h e  f r e q u e n c y  o f re a c t io n  is t h e n  a 
7 «  v sc(0 )  w h e r e  a is  t h e  p r o b a b i l i t y  o f re a c t io n  
p e r  e n c o u n te r . T h e  s p e c ific  r a t e  c o n s ta n t  k as d e ­
f in e d  b y  e q . 1 is t h e n  re la te d  t o  t h e  p r o b a b i l i t y  a 
a s 4a

k / D  — a/p (11)
w h e r e  p is  t h e  r a t io  o f t h e  m e a n  s q u a re  a n d  th e  
m e a n  m a g n it u d e  o f t h e  d iffu s io n a l f l ig h t  d is ta n c e . 
T h e  m a g n it u d e  o f p in  l iq u id s  is  u n c e r t a in ,  p r o b a b ly  
l y i n g  b e tw e e n  3 X  1 0 - 9  a n d  5 X  1 0 -8  c m . T h u s  
w h e r e  t h e  p r o b a b i l i t y ,  a, is  u n i t y ,  t h e  s p e cific  ra te  
c o n s ta n t , k, is  o f t h e  o r d e r  o f 1 0 :i s in c e  D  —  1 0 ~ 6. 
I n  t h is  case, t h e  c u r r e n t  w i l l  o b e y  th e  l im it i n g  la w , 
e q . 10, f o r  t im e s  la r g e r  t h a n  1 0 -8  s e c o n d . T h u s  th e  
e ffe ct o f t h e  in i t ia l  t r a n s ie n t  in  th e  c u r r e n t  w i l l  be  
o b s e r v a b le  o n ly  f o r  e x t r e m e ly  s m a ll  v a lu e s  o f th e  
re a c t io n  p r o b a b i l i t y ,  a.

Experimental
The electrolysis was performed in an H-cell of a type pre­

viously described.10 A planar platinum electrode was 
placed in one arm of the cell and aO.UV calomel reference

(8 ) M .  v .  S m o lu c h o w sk i,  Ann. Physik, 48, 1103 (1 9 1 5 ).
(9 ) S. C h a n d ra s e k h a r , Rev. Modern Phys., 15, 1 (1 9 4 3 ).
(1 0 )  J . J . L in g a n e  a n d  H . A . L a it in e n , Ind. Eng. Chern., Anal. Ed.,

U ,  5 0 4  (1 9 3 9 ).

electrode in the other. To prevent a streaming of one solu­
tion into the other, electrolytic connection was made through 
a plug of 3% agar in 0.1 N KC1.

The linear diffusion electrodes3 were constructed by sand­
wiching a thin piece of platinum sheet between the ends of 
two pieces of heavy-walled capillary tubing and bonding the 
outer edge of the junction with de Khotinsky cement. The 
electrodes were of two types, one straight for upward diffu­
sion and the other with the electrode on one side of a U for 
downward diffusion. The straight electrode was used where 
the product was less dense than the reactant and the U- 
electrode for the converse case to minimize convective effects.

The cell was supported in a water-bath thermostated at 
25.0 ±  0.1°. The bath was mounted on a suspension plat­
form to minimize convective effects due to vibration.

The resistance of the cell was measured with a conduc­
tivity bridge of the Klett Manufacturing Company. The 
electrical circuit used to apply a potential difference across 
the cell and to measure the current was a modification of that 
used by Lingane and Kolthoff.11

The potential drop across the cell was measured with a 
Leeds and Northrup Type K2 potentiometer while the cell 
current was measured with a previously calibrated Leeds 
and Northrup Type R galvanometer.

The electrode reactions investigated were (1) the oxida­
tion of ferrocyanide, (2) the reduction of ferricyanide, and 
(3) the oxidation of molybdocyanide. These reactions were 
studied in the presence of a large excess of potassium chloride 
which served to eliminate the effect of the electrical poten­
tial gradient upon the diffusion of the reactants.

The potassium ferrocyanide, potassium ferricyanide, po­
tassium chloride and mercurous chloride were all of analyti­
cal grade. The mercury was commercial triple-distilled. 
The potassium molybdocyanide was prepared by the stand­
ard synthesis12 and was recrystallized several times from 
ethyl alcohol. All test solutions were 0.003000 M in the 
reactant species and 0.1000 M in potassium chloride and 
were prepared from carefully deoxygenated water. The 
solutions were freshly prepared before each run and were 
protected from oxygen by vigorous bubbling of nitrogen 
previous to the electrolysis. The nitrogen used was freed 
from oxygen by passing it over hot copper turnings. The 
electrolysis was carried out in closed vessels thus excluding 
atmospheric oxygen.

Four to six runs were made at each applied potential and 
observations of the current were made over a period of 22 
minutes. The residual current due to the presence of the 
indifferent electrolyte was determined by making duplicate 
runs at each potential on 0.1000 M potassium chloride solu­
tions. The observed values of the current in each of the 
runs were corrected for the residual currents thus obtained 
while the applied potentials were continuously corrected for 
the IR drop of the cell in order to maintain a constant effec­
tive applied potential. The ohmic potential drop was only 
of the order of 2% of the total applied potential in higher 
currents measured.

Data and Discussion
A  d e ta ile d  t a b u la t io n  o f t h e  d a t a  o b t a in e d  h a s  

b e e n  p r e s e n te d  e ls e w h e re . 13 T h e  e x p e r im e n t a l  d a t a  
a re  s u m m a r iz e d  i n  F ig s .  1 t o  4 . I n  o r d e r  t o  c o m ­
p a re  t h e  d a t a  w i t h  t h e  t h e o r e t ic a l  e q u a t io n  8 , i t  is 
n e c e s s a ry  t o  re s o rt  t o  a  m e t h o d  o f t r i a l  a n d  e r ro r . 
A s  t h e  p r o d u c t  sp e cie s w a s  n o t  in i t i a l ly  p re s e n t  in  
a n y  o f t h e  ru n s , c2° —  0 , t h r o u g h o u t ,  a n d  e q . 7 re ­
d u c e s  t o  t h e  f o r m

I  = n’SklCi° exp { y H)  erfc [y{t)lD] (12)
w h e r e

y = h/DA /2 +  W 1 (13)
F o r  a r b i t r a r i l y  se le c te d  v a lu e s  o f y , t h e  r a t e  c o n ­
s t a n t  h  c a n  b e  c o m p u t e d  f o r  e a c h  e x p e r im e n t a l

(1 1 )  J . J . L in g a n e  a n d  I .  M .  K o lt h o f i ,  J. Am. Chem. Soc., 61, 8 2 5  
(1 9 3 9 ).

(1 2 )  L . F . A u d r ie th , “ I n o r g a n ic  S y n th e se s ,”  V o l . I l l ,  M c G r a w -H i l l  
B o o k  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  1950 , p . 160

(1 3 )  H . R u b in ,  D o c t o r a l  D is s e r ta t io n , P o ly t e c h n ic  I n s t i t u t e  o f  
B r o o k ly n , 1953 .
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Fig. 1.—Time dependence of the current at various 
values of the applied potential in the oxidation of ferro- 
cyanide.

Time in min.
Fig. 2.—Time dependence of the current at various values 
of the applied potential in the reduction of ferricyanide.

v a lu e  o f I  a n d  i  u s in g  e q . 12. T h e  v a lu e  o f y le a d ­
in g  t o  t h e  s m a lle s t  s t a n d a r d  d e v ia t io n  o f fci is t h e n  
c h o s e n . T h e  b e s t v a lu e  o f fc2 m a y  t h e n  b e  o b ta in e d

T a b l e  I

D i f f u s i o n  C o n s t a n t s , I n i t i a l  C o n c e n t r a t i o n s  o f  

R e a c t a n t  S p e c i e s , E l e c t r o d e  A r e a s  a n d  L i m i t i n g  

C u r r e n t  C o n s t a n t s , i s / t ,  f o r  t h e  S e v e r a l  S y s t e m s  

S t u d i e d

S y s te m

D iffu s io n
c o n s ta n ts ,
c m .2/ s e c .

X  IO« 
Di Dì

I n it ia l  
e o n e n ., 
m o le s /  

c m .3 X  
IO«
Cl°

E le c ­
tr o d e
area ,
cm .
A

C u rre n t  
c o n s t .  X  

a m p .-  
s e c .x/ 2

Ferrocyanide
oxidation 8.04 6.78 3.000 0.0633 28.2

Ferricyanide
reduction 6.78 8.04 3.000 0.0611 28.30

Molybdocyanide
oxidation 7.38 (7.38) 3.000 0.0620 27.51

Time in min.
Fig. 3.—Time dependence of the current at various values 
of the applied potential in the oxidation of molybdocyanide.

Time in min.
Fig. 4.—The relation between the quantity, I\/t,  and the 

time, t, at various values of the applied potential in the 
oxidation of ferrocyanide.

f r o m  e q . 13 as t h e  d iffu s io n  c o n s ta n ts  D i a n d  D2 a re  
f o u n d  f r o m  l i m i t i n g  c u r r e n t  d a t a  a n d  e q . 9 .

I n  t h e  p r e s e n t  s tu d ie s , v a lu e s  o f t h e  d if fu s io n  c o n ­
s t a n t  f o r  t h e  b u lk  e le c t r o ly t e  w e re  u s e d  in  e a c h  
case a l t h o u g h  p h y s ic a l  c o n s id e ra t io n s  in d ic a t e  t h a t  
t h e  d if fu s io n  c o n s ta n t  f o r  t h e  in d i v i d u a l  r e a c t a n t  
io n  in d e p e n d e n t  o f t h e  c o u n t e r  io n  m i g h t  b e  m o r e  
a p p r o p r ia t e . H o w e v e r ,  t h e  e r r o r  in v o lv e d  is  p r o b ­
a b l y  n o  la r g e r  t h a n  t h e  u n c e r t a in t ie s  i n  t h e  b u lk  
d if fu s io n  c o n s ta n ts  th e m s e lv e s  a n d  is  c o n s t a n t  
t h r o u g h o u t  t h e  c a lc u la t io n s  f o r  a n y  g iv e n  s y s t e m . 
T h e  v a lu e s  o f  t h e  d if fu s io n  c o n s ta n ts  a n d  o t h e r  es­
s e n tia l d a t a  u s e d  i n  th e s e  c a lc u la t io n s  a re  g iv e n  in  
T a b l e  I .
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T a b l e  II
S u m m a r y  o p  t h e  F i n a l  R e s u l t s  G i v i n g  S p e c i f i c  R a t e  C o n s t a n t s , ki a n d  k2, t h e  M e a n  S t a n d a r d  D e v i a t i o n  o f  ku

am, A N D t h e  E l e c t r o d e  R e a c t i o n  P r o b a b i l i t i e s , a ,  a n d  a 2
A p p lie d

p o te n t ia l,V.
(An) a v . ,  cm./sec. 
X  10 +< cm (&ï)av. «  X  10 ’ at X  1 0 ’

Ferrocyanide oxidation
0.0500 0.121 0.608 0.002 2.78 0.90 3.5

.1000 .110 1.73 .003 1.25 2.55 1.6

.1500 .121 2.86 .004 0.31 4.22 0.39

.2000 .200 5.03 .005 0.20 7.41 0.25

.2500 .328 8.41 .006 0.14 12.4 0.18
I'erricyanide reduction

0.1250 0.175 0.90 0.004 3.72 1.12 5.49
.1000 .128 1.30 .002 2.14 1.62 3.15
.0750 .124 2.04 .005 1.36 2.53 2.00
.0500 .130 2.90 .008 0.73 3.61 1.08
.0250 .205 5.19 .003 0.57 6.45 0.84

Molybdocyanide oxidation
0.4000 0.350 1.86 0.005 7.66» 2.52 10.39

.4250 .350 3.52 .012 5.98“ 4.77 8 10

.4500 .320 5.44 .011 3.26» 7.38 4.42

.4750 .400 8.78 .009 2.09» 11.91 2.84

.5000 .435 10.82 .014 1.00» 14.67 1.36
“ These values were computed assuming Di to be equal to /X  A value of the diffusion constant, D2, was not available in 

the literature.

T h e  c a lc u la te d  v a lu e s  o f t h e  ra te  c o n s ta n ts  fci a n d  
k2 f o r  t h e  o x id a t io n  o f f e r r o c y a n id e  io n  a t  v a r io u s  
a p p lie d  p o te n t ia ls  a re  g iv e n  in  T a b l e  I I  a n d  i l lu s ­
t r a t e d  in  F i g .  5 , as a  lo g a r it h m ic  p lo t  vs. t h e  a p p lie d  
p o t e n t ia l .  T h e  m e a n  s t a n d a r d  d e v ia t io n s  o f k\ 
c o r re s p o n d in g  t o  t h e  f in a l ly  se le c te d  v a lu e s  o f y 
a re  a lso  g iv e n  in  T a b l e  I I .  T h e  d e v ia t io n s  lie  w i t h i n  
th e  e x p e c te d  p r e c is io n  o f t h e  e x p e r im e n t a l  m e a s u re ­
m e n ts  a n d  in d ic a t e  t h e  v a l i d i t y  o f e q . 7 as a n  e x ­
p re s s io n  f o r  t h e  c u r r e n t  a n d  t h u s  t h e  a p p l ic a b i l i t y  
o f th e  b o u n d a r y  c o n d it io n  (1 )  f o r  t h e  p re s e n t  e le c­
t r o d e  p ro c e s s .

N o w  ki a n d  k2 f o r  t h e  r e d u c t io n  o f f e r r ic y a n id e  
s h o u ld  b e  e q u a l t o  k2 a n d  kh re s p e c t iv e ly , f o r  th e  
o x id a t io n  o f f e r r o c y a n id e  a t  t h e  s a m e  a p p lie d  p o ­
t e n t ia l .  T h e s e  r a t e  c o n s ta n ts , t o g e t h e r  w i t h  th e  
c o r r e s p o n d in g  v a lu e s  o f a, t h e  f r a c t io n  o f t h e  io n s  
r e a c t in g  a t  t h e  e le c tro d e , a re  g iv e n  in  T a b l e  I I  a n d  
F i g .  5 . F r o m  F i g .  5, i t  a p p e a rs  t h a t  th e  a g re e m e n t  
b e tw e e n  th e s e  t w o  sets  o f c a lc u la te d  ra te  c o n s ta n ts  
is  r o u g h ly  o f th e  s a m e  o r d e r  as t h e  in t e r n a l  a g re e ­
m e n t  w i t h i n  e a c h  se t. I n  s p ite  o f t h e  c a r e f u l  p r e p ­
a r a t io n  o f t h e  re a g e n ts , t h e  a b s o lu te  v a lu e s  o f th e  
r a t e  c o n s ta n ts  m a y  b e  s y s t e m a t ic a l ly  in  e r r o r  d u e  
t o  v e r y  s m a ll  a m o u n t s  o f im p u r it ie s  in  t h e  re a g e n ts  
a n d  b y  c o n t a m in a t io n  b y  t h e  d e K h o t i n s k y  c e m e n t.

T h e  c a lc u la te d  ra te  c o n s ta n ts  a n d  re a c t io n  p r o b ­
a b ilit ie s , a, f o r  t h e  o x id a t io n  o f m o ly b d o c y a n id e  
a re  g iv e n  in  T a b l e  I I  a n d  F i g .  3 a n d  h a v e  t h e  s a m e  
d e p e n d e n c e  u p o n  t h e  a p p lie d  p o t e n t ia l  as in  th e  
f e r r o c y a n id e -f e r r ic y a n id e  case. I t  w i l l  b e  n o te d  
t h a t  t h e  v a lu e s  o f a c o r r e s p o n d in g  t o  t h e  t a b u la t e d  
v a lu e s  o f ki a re  e x t r a o r d in a r i ly  s m a ll in  a ll  cases.

T h e  r e la t io n  b e tw e e n  t h e  ra te  c o n s ta n t , ki a n d  
k2, f o r  a n  o x id a t io n  e le c tro d e  p ro c e s s  a n d  t h e  o v e r ­
p o t e n t ia l  is  g iv e n  b y  t h e  a b s o lu te  re a c t io n  ra te  t h e ­
o r y  a n d  m a y  b e  e x p re s se d  as

k2 = exp ( — AFi^/RT) exp [ — (1 — f3)n5(E —
E°)/RT] (15)

w h e r e  A F \*  a n d  A F2*  a re  t h e  re s p e c tiv e  s t a n d a r d  
a c t iv a t io n  fre e  e n e rg ie s , E  is t h e  a p p lie d  s in g le  e le c­
t r o d e  p o t e n t ia l,  E°  is  t h e  s t a n d a r d  e le c tro d e  p o t e n -

Fig. 5.—The logarithmic values of the rate constants, 
fci and ¿2, at various values of the applied potential for the 
oxidation-reduction of the ferrocyanide-ferricyanide couple. 
The points, o •, were obtained with the microelectrode as 
an anode and the points, o # - , with the microelectrode as a 
cathode. The second half-cell was a 0.1 N calomel elec­
trode.k,' = y  exp ( -  AF, */RT) exp [Pn5(E -  E°)/RT] (14)
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t i a l  f o r  t h e  g iv e n  h a lf  re a c t io n  a n d  0 is  t h e  f r a c t io n  
o f t h e  p o t e n t ia l  p r o m o t in g  t h e  f o r w a r d  re a c t io n . 
H e r e  E°  is  t h e  p o t e n t ia l  o f t h e  g iv e n  h a lf -c e l l  w i t h  
a ll  s u b s ta n c e s  in  t h e i r  s t a n d a r d  s ta te s  as  c u s t o m a r ­
i l y  d e f in e d . T h e  r a t e  c o n s ta n ts  kx ' a n d  k2'  a re  th e  
c o n v e n t io n a l  f ir s t -o r d e r  c h e m ic a l r a t e  c o n s ta n ts  
a n d  h a v e  t h e  d im e n s io n s  o f r e c ip r o c a l t im e . T h e y  
m a y  b e  r e a d i ly  c a lc u la te d  f r o m  t h e  v i r t u a l  ra te  
c o n s ta n ts  fci a n d  fc2 w h ic h  a re  d e fin e d  b y  e q . 1. A t  
a n y  in s t a n t ,  t h e  n u m b e r  o f m o le s  o f io n s  a v a ila b le  
f o r  e le c tro ly s is  a t  t h e  e le c tro d e  is  Ape(0 , t) w h e r e  p 
is  t h e  o r d e r  o f t h e  m e a n  d if fu s io n a l f l ig h t  le n g t h . 
F r o m  e q . 7 , i t  is c le a r t h a t  fci a n d  fc2 m u s t  b e  d iv id e d  
b y  p i n  o r d e r  t o  b e c o m e  e q u a l t o  t h e  c o n v e n t io n a l  
f i r s t -o r d e r  r a t e  c o n s ta n ts . F o r  t h is  p u rp o s e , p h a s  
b e e n  a s s u m e d  t o  b e  e q u a l t o  1 0 -8  c m .

I t  s h o u ld  b e  n o te d  t h a t  t h e  p o t e n t ia l  d iffe re n c e , 
E  —  E°, is  t h e  p o t e n t ia l  o f t h e  h a lf -c e l l  re fe rr e d  to  
t h e  s t a n d a r d  p o t e n t ia l  as z e ro , r a t h e r  t h a n  t h e  o v e r ­
p o t e n t ia l  w h e r e  th e  z e ro  o f p o t e n t ia l  is ta k e n  as th e  
re v e rs ib le  p o t e n t ia l  a t  t h e  g iv e n  c o n c e n tr a t io n s  of 
r e a c t a n t  a n d  p r o d u c t .  T h e  c a lc u la te d  a c t iv a t io n  
fre e  e n e rg ie s  AFX*  a n d  A F2*  w i l l  d e p e n d  o n  th e  
c h o ic e  o f t h e  s t a n d a r d  s ta te s  o f t h e  s u b s ta n c e s  i n ­
v o lv e d  as t h is  w i l l  d e t e r m in e  t h e  re fe re n c e  z e ro  o f 
p o t e n t ia l  E°. I n  a d d it io n , c a lc u la te d  a c t iv a t io n  
fre e  e n e rg ie s  w i l l  d e p e n d  o n  t h e  m a g n it u d e  c h o se n  
f o r  p. T h e  u n c e r t a in t y  in  p is  o f t h e  o r d e r  o f 3 
w h ic h  le a d s  t o  a n  u n c e r t a in t y  o f t h e  o r d e r  o f 2  k e a l./  
m o le  in  t h e  c a lc u la te d  a c t iv a t io n  e n e rg ie s . U n d e r  
th e  p r e s e n t  c o n v e n t io n , w i t h  b o t h  r e a c t a n t  a n d  
p r o d u c t  p re s e n t  a t  u n i t  a c t i v i t y  a n d  w i t h  t h e  p o ­
t e n t ia l  a p p lie d  t o  t h e  h a lf -c e ll  e q u a l t o  t h e  s t a n d a r d  
e le c tro d e  p o t e n t ia l,  t h e n  E  —  E° =  0 , n o  c u r r e n t  
f lo w s , fci =  k2, a n d  h e n c e  t h e  t w o  c a lc u la te d  a c t i v a ­
t io n  fre e  e n e rg ie s  s h o u ld  b e  e q u a l.

A s  * i a n d  fc2 a re  s e p a r a te ly  d e t e r m in e d  f r o m  t h e  
e x p e r im e n t a l  d a t a , F i g .  4  e n a b le s  in d e p e n d e n t  
c a lc u la t io n  o f A F U  a n d  A F t *  as w e ll  as 0 o b B a n d  
(1  —  0) obs. T h e  v a lu e s  so o b ta in e d  a re  p re s e n te d  
in  T a b l e  I I I .  T h e  c a lc u la te d  a c t i v a t io n  fre e  
e n e rg ie s  a re  o f a  re a s o n a b le  o r d e r  o f m a g n it u d e  a n d  
a g re e  w it h i n  2  k e a l. S im i la r ly  t h e  v a lu e s  o f 0 Ob ,  

a n d  (1  — A)ob.are of t h e  o r d e r  o f 0 .5  as m i g h t  b e  e x ­
p e c te d  f r o m  a priori c a lc u la t io n s . T h u s  t h e  d a ta

o b t a in e d  a p p e a r  t o  b e  c o n s is te n t  w i t h  e q . 14 a n d
15.

T a b l e  I I I
A c tiv a tio n  E n e r g ie s  of th e  F o r w a r d  an d  R e v e r se  
R e a c t io n s  AFi *  an d  AF ^ ,  an d  t h e  F r a c t io n  /30b. o f  
th e  E l e c t r ic a l  P o t e n t ia l  P ro m o tin g  th e  F ortvard 
R e a c t io n . T h e  F r a ctio n  (1 — /3)<>b. P r o m o tin g  th e  

R e v e r s e  R e a c t io n , as  C a l c u l a t e d , also  is  G iv e n

AEj-t,
kcal./

System mole
a f2* ,
kcal./
mole /3obs

(1 -  
ß)obs

Ferrocyanide oxidn. 12.8 11.0 0 .4 1 0 .4 2

Molybdocyanide oxidn. . . . 0 .4 6

Conclusion.— T h e  a g re e m e n t  b e tw e e n  t h e o r y  a n d  
e x p e r im e n t  s h o w n  b y  t h e  s m a ll  m a g n it u d e  o f  th e  
s t a n d a r d  d e v ia t io n s  o f t h e  sp e c ific  r a t e  c o n s ta n ts  
a t  t h e  v a r io u s  a p p lie d  p o te n t ia ls  s h o w s  t h a t  e q . 7 
is a  c o r re c t  e x p re s s io n  f o r  th e  c u r r e n t  as a  f u n c t io n  
o f t im e . H e n c e  e q . 1 c o n s titu te s  a n  a p p r o p r ia t e  
b o u n d a r y  c o n d it io n  f o r  e le c tro d e  p ro ce sse s  w h ic h  
a re  p a r t i a l l y  o r  c o m p le t e ly  d if f u s io n -c o n t r o l le d . 
W h e r e  t h e  a p p lie d  p o t e n t ia l  is so s m a ll t h a t  o n ly  a 
f r a c t io n , a, o f t h e  io n s  d if fu s in g  u p  t o  t h e  e le c tro d e  
re a c t , t h e  o b s e rv e d  c u r r e n t  is s m a lle r  t h a n  t h e  c u r ­
r e n t  c o r r e s p o n d in g  t o  s a t u r a t io n  p o t e n t ia l  o n ly  d u r ­
in g  a n  in i t ia l  in d u c t io n  p e r io d  a n d  b e c o m e s  e q u a l 
t o  t h e  s a t u r a t io n  c u r r e n t  f o r  lo n g e r  t im e s . T h e  f r a c ­
t io n , a, is r e q u ir e d  t o  b e  o f t h e  o r d e r  o f 1 0 “ 6 o r  less 
in  o r d e r  f o r  t h is  in it ia l  p e r io d  t o  b e  s u f f ic ie n t ly  lo n g  
f o r  m e a s u re m e n ts  t o  s h o w  a  r e d u c t io n  o f t h e  c u r r e n t .

W h i l e  t h e  d a t a  f o r  a a n d  t h e  c a lc u la te d  s p e c ific  
r a t e  c o n s ta n ts  s h o w  e x c e lle n t in t e r n a l  p r e c is io n , th e  
a b s o lu te  v a lu e s  o f th e s e  q u a n t it ie s  m a y  b e  s o m e ­
w h a t  i n  d o u b t  b e c a u s e  o f th e  p o s s ib le  p re s e n c e  of 
t r a c e  a m o u n t s  o f  c a p i l la r y -a c t iv e  s u b s ta n c e s  a t  t h e  
e le c tro d e .

T h e  c a lc u la te d  s p e c ific  r a t e  c o n s ta n ts  d e p e n d  on  
t h e  a p p lie d  p o t e n t ia l  in  t h e  m a n n e r  p r e d ic t e d  b y  
t h e  E y r i n g  a b s o lu te  re a c t io n  ra te  t h e o r y .  T h e  a c ­
t i v a t i o n  fre e  e n e rg ie s  a n d  t h e  c o n s ta n ts  0 a n d  (1  —  
0) d e s c r ib in g  t h e  f ra c t io n s  o f t h e  a p p lie d  p o t e n t ia l  
w h ic h  p r o m o t e  t h e  f o r w a r d  a n d  re v e rs e  re a c tio n s  
r e s p e c t iv e ly  a re  f o u n d  t o  b e  o f th e  c o r re c t  o r d e r  o f 
m a g n it u d e  a n d  t o  b e  i n t e r n a l ly  c o n s is te n t.

FORMULA AND PRESSURE-TEMPERATURE RELATIONSHIPS OF THE 
HYDRATE OF DICHLOROFLUOROMETHANE1

B t  W i l l i a m  P . B a n k s , B e r n a r d  0 .  H e s t o n  a n d  F o r r e s t  F . B l a n k e n s h i p  

Department of Chemistry, University of Oklahoma, Forman, Oklahoma
Received January 16, 1954

The pressure-temperature relationships of various Freon 21 hydrate systems were determined. The formula of Freon 21 
hydrate was found to be CHCljF.17 ±  0.5H2O by the method of de Forerand.

T h e  f o r m u la  a n d  p h a s e  re la t io n s h ip s  o f F r e o n  21 
h y d r a t e  w e r e  d e t e r m in e d  as p a r t  o f  a  series  o f s tu d ie s  
in t e n d e d  t o  c la r if y  f u r t h e r  t h e  n a t u r e  o f  t h e  h y d r o ­
c a r b o n -t y p e  o r  la t t ic e  h y d r a t e s .

(1) From a thesis by William P. Banks, submitted in partial ful­
fillment of the requirements for the Ph.D. degree, 1953.

Experimental
Materials.—Freon 21 of 99.0% purity obtained from The 

Matheson Company was used.
Apparatus.—The apparatus for obtaining the pressure- 

temperature relationships of Freon 21 hydrate consisted 
principally of a reaction vessel located in a constant tem­
perature bath and connected to a mercury manometer.
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Fig. 1.—Pressure-temperature relationships of Freon 21 hydrate: EFGA, Freon 21 hydrate-HjO-rieh soln. (liq.)-vapor; 
AB, Freon 21 hydrate-ice-vapor; EC (o), Freon 21 hydrate-Freon 21-rich soln. (liq.)-vapor; EC ( 6 ), H20-rich soln. (liq.)- 
Freon 21-rich soln. (liq.)-vapor; FD ( 9 ), Freon 21 (liq.)-vapor.

The temperature of the bath was controlled to within 0.01°. 
The reaction vessel consisted of a 500-ml. Pyrex round- 
bottom flask to which had been fused a Pyrex reducing fitting. 
The buoyancy of a partly filled flask of this capacity overcame 
the weight of the flask and its contents, resulting in a more 
secure and leakproof attachment to the glass tubing than 
otherwise possible. The vessel was connected to the 8 mm.
o.d., 6 mm. i.d. Pyrex tubing comprising the remainder of the 
system by Tygon tubing which had been treated to hold a 
vacuum by exposure to chloroform or carbon tetrachloride 
vapor for several hours.2 All Tygon fittings were painted 
with several coats of spar varnish to further decrease their 
permeability to gases. The Tygon tubing was slipped over 
glass tubing coated with a high-vacuum grease (Silicone) 
and sealed by wrapping with wire. Easily flexible joints 
which did not leak after prolonged standing and flexing 
were thus formed. Mercury seal stopcocks were used ex­
clusively. Shaking of the reaction flask was necessary 
to obtain equilibrium pressures and was effected by a shaker 
device made from an electric stirrer motor and a cam. 
Pressure was measured with a mercury filled manometer 
and a cathetometer to within 0.3 mm. of mercury.

Procedure.—The equilibrium pressure established for a 
definite temperature was determined by the following pro­
cedure.

A known weight of distilled water was added to the re­
action flask and the total pressure of the system was re­
duced to less than 0.5 mm. of mercury by an oil vacuum 
pump. The formation of large bubbles from dissolved gases 
in the mercury and the consequent forcing of mercury 
through the tubing was prevented by forming a vacuum 
while an activated Tesla coil leak tester was moved along 
the manometer. Small bubbles were released continuously. 
Freon 21 was added and liquefied by cooling the reaction 
flask. Hydrate was readily formed by partial evacuation 
of a system consisting of Freon 21 (liquid) and water 
(liquid) at 0°. It is thought that cooling accompanying the 
rapid evaporation of the Freon 21 caused the formation of 
small ice crystals which seeded hydrate. Ice is a good 
seeding agent for many hydrocarbon-type hydrates, and 
small amounts of the hydrate are more satisfactory than ice.3

(2 ) J . S .  S a m p so n , P h .D .  T h e s is , U n iv e r s it y  o f  O k la h o m a , 1950 .
(3 ) J . E .  S a m p so n , M .S .  T h e s is , U n iv e r s it y  o f  O k la h o m a , 1948 .

Pressures reproducible to within 0.5 mm. of mercury were 
obtained for a given temperature but different total compo­
sitions. The. desired temperatures were obtained both by 
increasing and decreasing the temperature of the reactants. 
Equilibrium pressures were obtained for the hydrate-ice- 
vapor system only when the hydrate was well dispersed in 
ice.

Results and Discussion
I n  d is c u s s io n s  o f  h y d r a t e  e q u i l ib r ia  t h e  f o l lo w in g  

p h a s e  d e s ig n a tio n s  w i l l  b e  u s e d : H  f o r  h y d r a t e ,  
L i  f o r  w a t e r - r ic h  l iq u id ,  L 2 f o r  h y d r a t e  f o r m e r -r ic h  
l iq u id ,  I  f o r  ic e  a n d  V  f o r  v a p o r .

T h e  d a t a  o b t a in e d  f o r  t h e  F r e o n  2 1 - w a t e r  s y s t e m  
a re  re c o r d e d  in  T a b le s  I  t o  V  in c lu s iv e  a n d  a re  
p lo t t e d  in  F i g .  1. T h e  d a t a  m a y  b e  re p re s e n te d  
o v e r  a l im it e d  t e m p e r a t u r e  ra n g e  b y  t h e  e q u a t io n , 
lo g  P =  A /T  +  B. T h e  v a lu e s  o f A  a n d  B  re ­
q u ir e d  f o r  th e  e q u a t io n  t o  f it  t h e  d a t a  a re  re c o r d e d  
i n  T a b l e  V I .  A  h y d r o c a r b o n -t y p e  h y d r a t e  e x is te d  
a t  te m p e r a tu r e s  b e lo w  8 .6 1  ±  0 .0 4 ° ; t h e  t o t a l  
p re s s u re  o f t h e  H - L i - V  s y s t e m  a t  t h is  t e m p e r a t u r e  
w a s  7 5 8 .6  ±  1.8  m m . o f m e r c u r y  a b s o lu te . T h e  
t r a n s i t io n  H - I - V  t o  H - L i - V  o c c u r r e d  a t  — 0 .1 3  ±  
0 .0 3 ° ; t h e  t o t a l  p re s s u re  o f t h e  s y s t e m  a t  th is  
t e m p e r a t u r e  w a s  1 1 0 .2  ±  0 .5  m m . o f m e r c u r y  
a b s o lu te . T h e  c u r v e s  f o r  t h e  e q u i l ib r ia ,  L i - L 2- V  
a n d  H - L 2- V ,  w e re  in d is t in g u is h a b le . T h e  c u r v e s  
f o r  t h e  e q u i l ib r ia ,  F r e o n  21 ( l i q u i d ) - v a p o r  a n d  
U -U -V ,  w e r e  f o u n d  t o  a lm o s t  c o in c id e ; a t  a 
t e m p e r a t u r e  of 1 .1 1 °  ( 1 / 7 ’° K .  =  0 .0 0 3 6 4 6 0 ) th e  
L 1- L 2- V  c u r v e  is 3 .8  m m . o f m e r c u r y  a b o v e  th e  
F r e o n  21 ( l i q u i d ) - v a p o r  c u r v e , a n d  a t  7 .1 1 °  
( 1 / 7 ’° K .  =  0 .0 0 3 5 6 8 0 ) th e  L y - L 2- V  c u r v e  is
6 .6  m m . o f m e r c u r y  a b o v e  th e  F r e o n  21 ( l i q u i d ) -  
v a p o r  c u r v e . T h e r e  w a s  n o  t e n d e n c y  f o r  H - L j - V  
t o  p e rs is t in  re g io n s  o f  th e  p h a s e  d ia g r a m  w h e r e
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T a b l e  I
F r e o n  21 H y d r a t e - W a t e r - r i c h  S o l u t i o n ( L i q u i d )-

V a p o r

T, ° C .
P ressu re ,

cm. o p

P re ssu re ,
cm.

0 .0 9 11 .56 3 .5 0 2 4 .3 4
0 .2 6 1 2 .10 4 .4 3 2 9 .9 3
0 .3 3 12 .16 4 .7 0 3 1 .4 4
0 .8 4 13 .56 5 .6 5 3 9 .1 2
0 .9 8 14 .13 5 .7 2 3 9 .5 6
1 .1 9 14 .70 6 .1 0 4 3 .2 2
1 .5 5 16 .13 6 .2 4 4 5 .03
1 .7 6 16 .68 6 .9 7 5 2 .4 6
2 .3 2 18 .84 7 .0 4 5 2 .9 6
2 .3 4 18 .91 7 .7 3 6 1 .6 2
2 .7 0 2 0 .4 2 7 .9 2 6 4 .7 5

T a b l e  I I

F r e o n  21 H y d r a t e - I c e - V a p o r

T, °C.
P ressu re ,

cm. T, ° C .
P re ssu re ,

cm.
- 3 . 8 2 8 .9 1 - 1 . 7 3 10 .04
- 3 . 4 3 9 .2 1 - 1 . 6 8 1 0 .14
- 2 . 8 9 9 .3 0 - 1 . 5 6 10 .29
- 2 . 7 4 9 .5 8 - 0 . 9 1 10 .59
- 2 . 5 8 9 .6 2 - 0 . 8 8 10 .52
- 2 . 5 0 9 .6 2 - 0 . 6 1 1 0 .74
- 2 . 0 9 9 .8 1 - 0 . 2 1 10 .97
- 2 . 0 3 9 .9 2 - 0 . 1 6 1 1 .00

T a b l e  I I I

Freo n  21 H yd r a t e - F r e o n  21-r ic h  So lu tio n  (L iq u id ) -  
V a po r

T, °C.
P ressu re ,

cm. T, °C.
P re ssu re ,

cm.
- 0 . 4 4 5 2 .99 4 .1 8 6 3 .7 2
- 0 . 0 8 5 3 .6 0 4 .4 5 64 .41
+ 0 .7 9 5 5 .5 5 4 .9 9 6 5 .7 8

1 .0 3 5 6 .1 6 5 .4 3 6 7 .0 0
1 .6 0 5 7 .4 6 5 .9 9 6 7 .7 5
1 .7 8 5 7 .90 6 .4 5 6 9 .6 9
2 .2 9 5 9 .1 4 6 .9 7 7 1 .15
2 .8 3 60 .31 7 .4 0 7 2 .35
3 .2 5 6 1 .47 7 .8 3 7 3 .56
3 .4 0 6 1 .7 5

T a b l e  IV
F r e o n  21 ( L iq u id  ) - V a po r

T, °C.
Pressure,

cm. T, °C.
Pressure,

cm.
- 0 . 4 9 5 2 .51 4 .0 0 6 2 .8 4
+ 0 .3 1 5 4 .1 9 4 .7 0 6 4 .6 7

0 .7 2 5 5 .0 9 5 .0 1 6 5 .3 4
1 .2 0 5 6 .2 4 6 .0 6 6 8 .1 4
2 .1 6 5 8 .3 6 6 .5 6 6 9 .5 6
2 .3 2 5 8 .7 6 7 .0 8 7 0 .93
2 .8 8 6 0 .12 7 .9 5 7 3 .3 4
3 .2 9 61 .11 8 .8 2 7 5 .8 2

T a b l e  V

W a t e r - ric h  So lu tio n  (L iq u id  ) - F r e o n  21-ric h  So lu tio n  
(L iq u id  ) - V apo r

T, °C.
Pressure,

cm. T, °C.
Pressure,

cm.
1 .0 2 5 6 .15 4 .9 6 65 .81
2 .3 5 5 9 .3 2 6 .0 2 6 8 .45
3 .1 1 6 1 .0 7 7 .0 5 7 1 .4 0
4 .0 3 6 3 .37 7 .9 5 7 3 .93

H - I - V  w e r e  th e  s ta b le  p h a s e s ; h o w e v e r ,  th e  
e q u i l ib r ia ,  L i- L 2- V ,  p e rs is te d  i n  re g io n s  w h e r e  
H - L i - V  o r  H - L 2- V  w e r e  t h e  s ta b le  p h a se s, a n d  
f r e q u e n t ly  t h e  s h if t  f r o m  m e ta s ta b le  t o  s ta b le  
e q u i l ib r ia  w o u ld  o c c u r  o n ly  u p o n  s e e d in g  w i t h  ice  
o r  h y d r a t e .

T a b l e  V I
E v a l u a t e d  C o n st an t s  fo r  P r e ssu r e - T e m p e r a t u r e  
R e l a t io n sh ip s  o f  F r e o n  21 H y d r a t e  E x p r e ss e d  in  
T er m s  o f  t h e  E q u a tio n  log P  (m m .) =  A / T °K. +  B

A p p r o x i -
C u r v e  m a te  t e m p .

E q u il ib r ia  A B
in

F ig .  1
ra n g e ,

° C .

F r e o n  21 h y d r a t e -  — 7 1 5 0  ±  80 2 8 .2 3 0 G A 0 . 0 - 2 . 8
w a te r -r ic h  s o in , ( l i q . ) - v a p o r  

F r e o n  21 h y d r a t e -  — 7 6 5 8  ± 7 5 3 0 .0 5 7 E F G 4 . 8 - 8 . 6
w a te r -r ic h  s o in , ( l i q . ) - v a p o r  

F r e o n  21 h y d r a t e -  — 1 86 0  ±  85 8 .8 5 5 3 A B - 4 . 0 - 0 . 0
ic e - v a p o r

F r e o n  21  h y d r a t e -  — 1 34 0  ±  40 7 .6 3 6 6 E C - 0 . 5 - 7 . 8
F r e o n  2 1 -r ic h  s o in , ( l i q . ) - v a p o r  

F r e o n  21 ( l i q . ) -  — 1 34 0  ±  40 7 .6 3 3 3 F D - 0 . 5 - 8 . 8
v a p o r

W a t e r -r ic h  s o in . — 1 34 0  ±  40 7 .6 3 6 6 E C 1 . 0 - 8 . 0
( i i q . ) - F r e o n  2 1 -r ic h  s o in , ( l i q . ) - v a p o r

T h e  f o r m u la  o f F r e o n  21 h y d r a t e  w a s  d e t e r m in e d  
b y  a n  a p p r o x im a t e  m e t h o d  o f  d e  F o r c r a n d 4 as 
i l lu s t r a t e d  b e lo w .

T h e  d e c o m p o s it io n  o f 1 m o le  o f F r e o n  21  h y d r a t e  
t o  y ie ld  a  v a p o r  p h a s e  a n d  a n  L j  p h a s e  is  r e p r e ­
s e n te d  b y  t h e  e q u a t io n  
(CHC12F-xH20 ) (solid) =

(1 -  o)(CHCl»F)v +  a(CHCl2F)Ll +
6(H20 )v + ( x -  b)(H20 )Ll +  AH, (1)

T h e  n u m b e r  o f m o le s  o f w a t e r  v a p o r ,  b, a n d  th e  
n u m b e r  o f m o le s  o f F r e o n  2 1 , a, d is s o lv e d  in  th e  
w a t e r  ( l i q u i d )  a re  a s s u m e d  t o  b e  n e g lig ib le . E q u a ­
t io n  1 re d u c e s  t o  t h e  f o l lo w in g
(CHCl2F-xH20)(solid) =

(CHC12F)v +  (z )(H20 )l , +  AH, (2)
I f  th e  e q u i l ib r iu m  c o n s ta n t  o f t h e  la t t e r  re a c t io n  

is ta k e n  t o  b e  e q u a l t o  t h e  t o t a l  d is s o c ia t io n  p re s ­
s u re  o f th e  h y d r a t e ,  t h e  C la u s i u s -C l a p e y r o n  e q u a ­
t io n  is a p p lic a b le  t o  th is  e q u i l ib r iu m , a n d  lo g  P  =  
—  A H i / 2 . 3 0 3 / f T  +  B. F r o m  t h e  s lo p e  o f c u r v e  
G A  ( F i g .  1) A H ,  re p re s e n tin g  t h e  h e a t  o f d e ­
c o m p o s it io n  o f a  m o le  o f h y d r a t e  t o  ( C H C 1 2F ) v  
a n d  w a t e r  ( l i q u i d )  m a y  b e  f o u n d .
AH, = -  (2.303)(1.987)( —7150) ±  80) =  +  32720 ±  370

T h e  d e c o m p o s it io n  o f F r e o n  21 h y d r a t e  in t o  ice  
a n d  v a p o r  is re p re s e n te d  b y  th e  e q u a t io n
(CHCl2F-zH20)(solid) =

(CHC12F)v +  6(H20)v +  (x -  6)(H20)i +  AH2 (3)
T h e  q u a n t i t y  b is  a g a in  ta k e n  t o  b e  n e g lig ib ly  

s m a l l ; t h u s  e q . 3 re d u c e s  to
(CHCl2F-xH20)(solid) =

(CHC12F)v +  x(H20 ) i +  A H2 (4)
F r o m  t h e  s lo p e  o f  c u r v e  A B  ( F i g .  1 ) A H 2, t h e  

h e a t  o f d e c o m p o s it io n  o f  a  m o le  o f  h y d r a t e  t o  ic e  
a n d  ( C H C 1 2F ) v, m a y  b e  o b ta in e d .

AH2 = — (2.303)(1.987)( —1860 ±  85) = +8512 ±  390
B y  s u b t r a c t io n  o f A H 2 f r o m  A / / , t h e  h e a t  o f

(4 )  R . d e  F o r c r a n d , CompL rend., 134, 8 3 5  (1 9 0 2 ).
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fu s io n  o f  t h e  n u m b e r  o f m o le s  of w a t e r  p e r  m o le  o f 
h y d r a t e  is  o b ta in e d . D i v i s i o n  o f t h is  q u a n t i t y  b y  
t h e  h e a t  o f  fu s io n  o f  a m o le  o f ic e  (1 4 3 0  c a l./ g . 
m o le )  y ie ld s  t h e  n u m b e r  o f m o le s  o f w a t e r  p e r  m o le  
o f h y d r a t e  o r  1 6 .9 3  ±  0 .5 3 . T h i s  r e s u lt  c o m p a re s  
f a v o r a b ly  w i t h  t h e  f o r m u la , C H C I 2F T 7 H 2O ,  p r e ­
d ic t e d  b y  C la u s s e n .6'6

(5 )  W . F. C la u sse n , J. Chem. Phys., 19, 2 5 9  (1 9 5 1 ).
(6 ) W .  F . C la u sse n , ibid., 1 9 , 6 6 2  (1 9 5 1 ) .
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Potentials of silver, copper, nickel, cobalt and tungsten were measured in fused sodium hydroxide over the temperature 
range 340-600°, using gold as reference electrode. Potential-time curves were obtained. Potential changes are related to 
reactions occurring at the electrodes.

Introduction
T h i s  s t u d y  w a s  u n d e r t a k e n  t o  d e t e r m in e  if  

e .m .f . m e a s u re m e n ts  o ffe re e  a  c o n v e n ie n t  m e t h o d  
o f  d e t e c t in g  re a c t io n s  b e tw e e n  m e ta ls  a n d  m o lt e n  
c o m p o u n d s . S o d iu m  h y d r o x id e  w a s  s e le c te d  b e ­
ca u se  it s  re a c t io n s  w i t h  v a r io u s  m e ta ls  h a d  b e e n  
in v e s t ig a t e d  p r e v io u s ly 3 a n d  b e c a u s e  s o m e  w o r k  is 
c u r r e n t ly  b e in g  c a r r ie d  o n  in  t h is  L a b o r a t o r y  o n  
t h e  re a c t io n  b e tw e e n  n ic k e l  a n d  s o d iu m  h y d r o x id e  
a t  h ig h  t e m p e r a t u r e s . I n  a d d i t io n ,  w e  h o p e d  t o  
g a in  in f o r m a t io n  o f m o r e  g e n e ra l in te r e s t  o n  t h e  p o ­
t e n t ia ls  o f m e ta ls  in  f o r e ig n  io n  s y s te m s .

V i r t u a l l y  n o  w o r k  o f t h is  k i n d  h a s  b e e n  r e p o rte d  
i n  t h e  l i t e r a t u r e  a lt h o u g h  s e v e ra l w o r k e r s  h a v e  
s t u d ie d  f o r e ig n  io n  c e lls  i n  a q u e o u s  s o lu t io n s .4 -8  
T h e  w o r k  o f M a c G i l l a v r y  a n d  c o -w o r k e r s  o n  t h e  
p o t e n t ia l  o f n ic k e l  i n  f o r e ig n  io n  s o lu t io n s , in c lu d ­
in g  a q u e o u s  s o d iu m  h y d r o x id e ,  is  o f in te r e s t  a n d  w i l l  
b e  re fe rr e d  t o  la te r . L u x  h a s  s t u d ie d  re a c t io n s  in  
v a r io u s  m e lts , p a r t i c u l a r l y  o n  th e  a d d it io n  o f o x id e s  
t o  a  K 2S 0 4- L i 2S 0 4 e u te c t ic  a t  9 5 0 ° .9 H e  f o u n d  t h a t  
g o ld  e le c tro d e s  c o u ld  b e  u s e d  t o  f o l lo w  t h e  p ro g re s s  
o f  a  re a c t io n  b y  m e a s u r in g  t h e  c h a n g e  in  p o t e n t ia l  
b e tw e e n  a re fe re n c e  a n d  a n  in d ic a t o r  e le c tro d e . R e ­
c e n t ly  H i l l  a n d  P o r t e r 10 h a v e  s tu d ie d  t h e  e le c tro d e  
p o te n t ia ls  o f v a r io u s  m e ta ls  i n  a  K 2S 04- L i 2S 04 m e lt  
in  t h e  p re s e n c e  o f o x y g e n , u s in g  a n  o x y g e n  e le c tro d e  
as re fe re n c e .10 I n  t h a t  case, h o w e v e r ,  th e  s y s t e m

(1 ) P re s e n te d  in  p a r t  a t  th e  S o u th e a s t -S o u th w e s t  R e g io n a l  C o n ­
c la v e  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y ,  N e w  O rle a n s , D e c e m b e r  
195 3 .

(2 ) T h e  a u th o r s  w is h  t o  a c k n o w le d g e  th e  fin a n c ia l  s u p p o r t  o f  th e  
U . S . A ir  F o r c e  u n d e r  s u b -c o n t r a c t  A F  1 8 (6 0 0 )-9 6 0 .

(3 ) M .  L e  B la n c  a n d  L . B e r g m a n , Ber., 42, 4 7 2 8  (1 9 0 9 ).
(4 ) A . R .  T o u r c k y  a n d  S . E .  S . E l  W a k k a d , J. Chem. Soc., 740 , 749  

(1 9 4 8 ) .
(5 )  L. C o lo m b ie r ,  Compt. rend., 199, 2 7 3 , 4 0 8  (1 9 3 4 ).
(6 ) D .  M a c G i l la v r y ,  J . H . R o s e n b a u m  a n d  R .  W . S w e n so n , J. 

Electrochem. Soc., 99, 2 2  (1 9 5 1 ).
(7) D. M a c G i l la v r y ,  J. Chem. Phys., 19, 1499 (1 9 5 1 ).
(8 ) D . M a c G i l la v r y ,  J . J , S in g e r  a n d  J . H .  R o s e n b a u m , ibid., 19 , 

1 19 5  (1 9 5 1 ).
(9 ) H . L u x , Naturwiss., 28, 9 2  (1 9 4 0 ) ;  Z. Elektrochem., 62, 2 2 0  

(1 9 4 8 ) ;  ibid., 53, 43  (1 9 4 9 ) .
(1 0 )  D . G . H il l  a n d  B . P o r te r ,  T h i s  J o t jh n a l , in  press .

is  re v e rs ib le  w i t h  re s p e c t t o  o x id e  io n  a n d  n o  lo n g e -  
c o n s t itu te s  a  t r u e  f o r e ig n  io n  m e lt .

I n  t h e  p r e s e n t  w o r k ,  o x y g e n  w a s  e x c lu d e d  f r o m  
t h e  s y s t e m  t o  p r e c lu d e  t h e  p o s s ib i l i t y  o f re a c t io n  
b e tw e e n  t h e  m e t a l  e le c tro d e s  a n d  a t m o s p h e r ic  o x y ­
g e n .

Experimental Part
Materials.—Metal electrodes were obtained from various 

sources. All were spectroscopically pure. Copper, tung­
sten and silver electrodes were made from No. 10 B. and S. 
gage wire. Each nickel electrode consisted of a solid 
cylinder '/, inch in diameter and 1 inch long, welded to a 
rigid nickel wire. Cobalt electrodes were prepared from 
cobalt rondelles into which nickel wires were hammered to 
provide connection to the external leads. The sodium hy­
droxide used in most of the measurements was Mallinc- 
krodt Analytical Reagent Grade containing about 2% so­
dium carbonate. In a few measurements a special grade 
of sodium hydroxide containing less than 0.1% sodium car­
bonate was used. This was kindly given to us by Dr. Over- 
holzer of the Oak Ridge National Laboratory.

Experimental Methods.—The construction of the furnace 
is shown in Fig. 1. All openings in the glass cover were 
made as small as possible to prevent contamination of the 
system by air. The only openings in the furnace cover 
were those for the two electrodes, thermocouple wires and 
heater wires. These openings also served as exit for the 
gas passed through the system.

All measurements were made in a gold crucible since gold 
is the only metal known not to react with sodium hydroxide 
at high temperatures.

A heavy (No. 10) gold wire was fused to the crucible for 
use as electrode. The procedure in carrying oui most 
of the measurements was as follows. The gold crucible was 
placed in the furnace and filled with 40-50 g. of sodium hy­
droxide. The furnace was then closed and the heating cur­
rent turned on, while argon which had been bubbled through 
a potassium pyrogallate solution, concentrated sulfuric acid, 
and passed through a drying tube filled with calcium chlo­
ride, was passed through the cell. After the desired tem­
perature had been reached, the metal electrode under study 
was lowered into the melt and the potential between it and 
the gold electrode measured by means of a Leeds and North- 
rup K-2 potentiometer. The temperature of the melt was 
measured by a chromel-alumel thermocouple whose hot 
junction was kept in the top of the furnace and could be 
lowered into the melt. Since the measured electrode po­
tentials were relatively insensitive to temperature changes 
no attempt was made to control the temperature more ac­
curately than ± 3 ° .



960 K urt H. Stern and Jack K. Carlton Vol. 58

Fig. 1.—Apparatus for the measurement of electrode 
potentials.

When a gold wire was inserted in the melt small potentials 
(15-20 mv.) were measured, indicating a thermal gradient 
between the center and wall of the crucible. No corrections 
were made for this thermogalvanic potential or for any of 
the junction potentials in the system.

Several runs were made to establish the reproducibility 
of the results. Using both copper and tungsten electrodes, 
the steady-state potentials of each of these metals could be 
duplicated to within ±0 .5  mv. Potential values were not 
affected by the pretreatment of the electrodes. Polishing 
with steel wool or emery paper, followed by washing in 
distilled water and drying with tissue paper, was sufficient.

At the end of each run the melt was dissolved in water and 
the crucible cleaned by soaking in concentrated nitric acid 
for several hours, washing with distilled water and drying at 
110°. Analyses for metal content of the dissolved melts 
were carried out :n many of the runs.

Figures 2 and 5 show the time-potential curves for cobalt, 
copper, nickel and silver. All the potentials shown are 
negative relative to gold. Our observations on the indi­
vidual metals are given below.

Nickel.—Up to 500° nickel does not react with molten 
sodium hydroxide if oxygen is excluded from the system. 
In the presence of even small concentrations of oxygen a 
black oxide coating forms on the electrode. During the 
formation of this oxide, probably NiO, which takes place 
very rapidly, the electrode potential drops from its initial 
value to zero. Analysis of the melt by the usual analytical 
methods shows less than 0.5 mg. of nickel ion, indicating 
that the potential drop is due only to reaction(s) occurring 
on the electrode surface.

It is interesting to note that the shape of the time-poten­
tial curves is quite similar to that of similar curves reported 
by MacGillavry and co-workers8 for nickel in aqueous hy­
droxide solution. However, in aqueous solution the curve 
rises over a longer time interval.

Cobalt.—The behavior of cobalt is essentially like that of 
nickel. However, the metal reacts with sodium hydroxide at 
somewhat lower temperatures than does nickel. The slow 
decrease of potential at 535° is accompanied by a gradual 
accumulation of sludge in the melt. Cobalt is more resist­
ant to air oxidation than nickel as shown by the relatively 
slight change in potential when oxygen is allowed to leak into 
the system.

Silver.—The potential of silver in sodium hydroxide is 
more sensitive to very low concentration of impurities in 
the melt than that of any other metals investigated. The 
heavy curves of Fig. 5 show the behavior of the metal in 
Mallinckrodt Analytical Reagent Grade sodium hydroxide. 
The potential decreases so rapidly from its initial value that 
no accurate measurements were possible. Thus the potential 
at zero time is quite uncertain. It was noted, however, 
that at the end of each run the electrode was coated with a 
dull white substance. Since the Mallinckrodt reagent con-

Time, min.
Fig. 2.—Electrode potentials of cobalt in molten sodium 

hydroxide: 1, °C.; O, 350; A, 430; T , 535.

Fig. 3.'—-Electrode potentials of nickel in molten sodium 
hydroxide: t, °C.; O, 420; V , 450; A , 470; •, A, 580.
tains 2% sodium carbonate it was considered possible that 
the coating was silver carbonate. Measurements in a spe­
cial grade of sodium hydroxide containing 0.01% sodium 
carbonate, kindly given to us by the Oak Ridge National 
Laboratory, gave the time potential-curve shown as the 
light curve in Fig. 5. Fisher Certified Reagent Grade, con­
taining 0.1% sodium carbonate gave similar results. How­
ever, the addition of sodium carbonate to a melt of this re­
agent did not change the shape of the curve although it 
raised the potential. It was then noted that the Mallinc­
krodt Reagent contained 0.01% chloride whereas the Fisher 
reagent contained 0.000%. When a small amount of chlo­
ride is added to the Fisher reagent the results are the same 
as for Mallinckrodt sodium hydroxide. Hence, we con­
clude that the coating on the electrode responsible for the 
rapid decrease of potential is silver chloride.

Tungsten.—Tungsten reaches its final potential very 
quickly. Its value is 1.05 volts, almost independent of tem­
perature. The metal behaves the same in both the presence 
and absence of oxygen. The addition of sodium tungstate 
to the melt produces no change in potential. Up to 500° 
tungsten dissolves slowly or not at all in sodium hydroxide 
since less than 0.5 mg. of tungsten is found in the melt. 
An appreciable amount of current can be drawn from the 
cell W/NaOH/Au without changing its potential. In one 
experiment six milliamperes were drawn from the cell for an 
hour. The cell regained its initial potential a few minutes 
after the circuit was opened.
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Copper.—This metal does not react with sodium hydrox­
ide below 400° as shown by the steady potentials measured. 
At 535° the metal reacts slowly. Potentials are observed 
to fall slowly and a blue color appears in the melt. These 
observations are in agreement with those of Bergman and 
LeBlane3 who report no reaction at 435° but find the melt 
becoming dark blue at 568°.

In the presence of trace amounts of oxygen (such as are 
present in unpurified tank argon) copper shows rapid black­
ening due to oxide formation. This is shown by the light 
curve in Fig. 4. Several measurements of this particular 
phenomenon show that the shape of the potential curve]ac- 
companying oxidation is quite characteristic of copper. In 
addition to the initial relatively flat part of the curve which 
may last up to one hour and probably corresponds to the 
buildup of a critical thickness of oxide, the decreasing part 
of the curve shows an inflection at approximately 0.3 volt. 
So far we have no evidence as to the meaning^of this inflec­
tion.

Fig. 4.—Electrode potentials of copper in molten sodium 
hydroxide: t, °C.; □ ,340 ; A , 400; #,535; —, in the 
presence of traces of 0 2 at 500°.

It is very difficult to determine the electrode reaction(s) 
responsible for the measured potentials, primarily because 
analysis of the melts, at the temperature under investiga­
tion, cannot be carried out. Hence we do not know what 
species are present in the system when the potential is being 
measured. It is only possible to dissolve the melt in water 
and analyze the solution.

For example, one attempt was made to study the poten­
tial dependence of the copper electrode on the copper ion 
concentration in the melt. Various concentrations of an­
hydrous CuBr2 in NaOH in the range 0.005 to 0.05 molal 
were prepared and the potential of the copper electrode 
measured as above. Qualitatively, the potential decreased 
with increasing copper ion concentration. However, 
CuBr2 reacts with molten NaOH according to the equation 
2NaOH +  CuBr 2NaBr +  H20  +  CuO. Hence, the 
copper ion concentration decreases slowly from its initial 
value and the potential finally reaches the value it has in 
the absence of added CuBr2.

Analysis of solutions initially free from copper showed 
that they contained copper concentrations from 0.0001 to
0.003 molal with no change in measured potential.

When copper is made the anode of the cell Cu/NaOH/Au 
by imposing an external potential it is found that only 
about 10% of the total current passed results in the solution 
of copper from the electrode. For example, in one run 3 
X 10 ~4 equivalent of copper was found in the melt or plated 
out on the gold cathode when 4 X 10_s faraday of elec­
tricity had been passed. However, some gas evolution was 
observed at the anode. Similarly, when gold was made the 
anode, the resulting melt was less than 10_6 molal in gold.

Discussion
F r o m  th e  a b o v e  o b s e r v a t io n s  t h e  f o l lo w in g  g e n ­

e ra liz a t io n s  m a y  b e  m a d e :

Time, min.
Fig. 5.—-Electrode potentials of silver in sodium hydroxide: 

t, °C.; □ ,  350; A , 400; V , 500.

1. R e p r o d u c ib le  e le c tro d e  p o te n t ia ls  o f c o p p e r, 
n ic k e l, c o b a lt  a n d  tu n g s t e n  c a n  b e  m e a s u re d  in  so­
d i u m  h y d r o x id e , u s in g  g o ld  as re fe re n c e  e le c tro d e . 
N o  c o n s ta n t  p o t e n t ia l  w a s  o b t a in e d  f o r  s i lv e r  b u t  
t h e  h ig h e s t  v a lu e  o n  a  t i m e -p o t e n t i a l  c u r v e  is  re ­
p r o d u c ib le .

2 . A n y  c h a n g e  in  p o t e n t ia l  m a y  b e  d u e  e ith e r  
t o  f i lm  f o r m a t io n  o n  th e  e le c tro d e  o r  t o  t h e  s o lu t io n  
o f t h e  m e t a l  in  t h e  m e lt .  T h e  p o t e n t ia l  c h a n g e  
in d ic a t iv e  of f i lm  f o r m a t io n  is  m u c h  m o r e  r a p id  t h a n  
f o r  s o lu t io n .

3 . U p  t o  4 0 0 °  n o n e  o f t h e  m e ta ls  d is s o lv e s  i n  so­
d iu m  h y d r o x id e  t o  a n  a p p r e c ia b le  e x t e n t  in  t h e  
a b s e n c e  o f o x y g e n . A t  5 0 0° n o n e  o f t h e  m e ta ls  
e x c e p t  c o p p e r  d o e s, a n d  t h e  la t t e r  o n ly  s lo w ly .  
T h e s e  re s u lts  a re  in  g e n e ra l a g r e e m e n t  w i t h  th e  
d a t a  o f B e r g m a n  a n d  L e B l a n e 3 a n d  a  c o n c u r r e n t  
s t u d y  o f t h e  h ig h  t e m p e r a t u r e  re a c t io n  b e tw e e n  
n ic k e l a n d  s o d iu m  h y d r o x id e  c a r r ie d  o n  in  o u r  
la b o r a t o r y .11

4 . T h e  m e ta ls  d o  n o t  c o n s t it u t e  p o la r iz a b le  
e le c tro d e s  in  t h e  sense t h a t  m e r c u r y  i n  c o n t a c t  w i t h  
a n  a q u e o u s  s o lu t io n  is p o la r iz a b le . F o r  e x a m p le , 
w h e n  a  s t e a d y  p o t e n t ia l  h a s  b e e n  re a c h e d  t h e  c e ll 
w i l l  re c o v e r  f r o m  b r ie f  c h a rg e s  o f s e v e ra l t e n t h s  o f a 
v o l t  in  a  f e w  m in u t e s . H e n c e , a m e c h a n is m  f o r  
c h a rg e  t r a n s f e r  a cro s s  t h e  m e t a l -s o lu t io n  in te r fa c e  
m u s t  e x is t.

5 . M e t a ls  w h ic h  a re  c a p a b le  o f  f o r m i n g  f ilm s  
in  s o d iu m  h y d r o x id e , i.e., w h o s e  f ilm s  a re  in s o lu b le  
in  t h e  m e d iu m , a lso  s h o w  a n  “ in d u c t io n  p e r io d ,”  a 
t im e  in t e r v a l  b e tw e e n  t h e  in it ia l  im m e r s io n  o f th e  
m e t a l  in  t h e  m e lt  a n d  t h e  t im e  a t  w h ic h  a s te a d y  
p o t e n t ia l  is re a c h e d . T h i s  t im e  in t e r v a l  is  lo n g e r  
a t  lo w e r  t e m p e r a t u r e s  a n d  m a y  e x te n d  t o  s e v e ra l 
h o u rs  n e a r  t h e  m e lt in g  p o in t  o f s o d iu m  h y d r o x ­
id e . T h e  p h e n o m e n o n  s e e m s t o  b e  c o n n e c te d  w i t h  
t h e  e s ta b lis h m e n t  o f a  r e p r o d u c ib le  s u rfa c e  o n  t h e  
m e t a l . W h e n  a  p ie c e  o f m e t a l  h a s  b e e n  im m e rs e d

(11) U npublished results.
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in  t h e  m e lt  f o r  s o m e  t im e  t h e  s u rfa c e  a p p e a rs  to  
h a v e  b e e n  “ p o lis h e d ”  m o r e  b r i g h t l y  a n d  u n i f o r m ly  
t h a n  w o u ld  b e  p o s s ib le  b y  p u r e ly  m e c h a n ic a l  m e a n s . 
T h e  m o r e  t h e  m e t a l  h a s  b e e n  p o lis h e d  b e fo re  im m e r ­
s io n  t h e  s h o r t e r  is  t h e  in d u c t io n  p e r io d . T h u s  i t  
a p p e a rs  l ik e ly  t h a t  t h e  in d u c t io n  p e r io d  re p re s e n ts  
th e  r e m o v a l  o f  s u rfa c e  im p u r it ie s .  T h e  f in a l e le c ­
t r o d e  p o t e n t ia l  is  n o t  a ffe c te d  b y  t h e  p r e v io u s  t r e a t ­
m e n t  o f  t h e  m e ta l. O n  t h e  o t h e r  h a n d  t h e  p o ­
t e n t ia l  o f n ic k e l in  a q u e o u s  s o d iu m  h y d r o x id e  d e ­
p e n d s  o n  t h e  c a re fu l r e d u c t io n  a n d  o u tg a s s in g  o f t h e  
m e t a l  b e fo re  im m e r s io n  i n  t h e  s o lu t io n . P r o b a b l y  
th e  s o lu t io n  o f s u rfa c e  im p u r it ie s  o c c u rs  r a p id ly  
o n ly  a t  te m p e r a t u r e s  h ig h e r  t h a n  t h e  m e lt in g  p o in t  
o f s o d iu m  h y d r o x id e .

6 . I n  T a b l e  I  a re  lis te d  th e  s t e a d y -s t a t e  e le c­
t r o d e  p o te n t ia ls  o f t h e  m e ta ls  s tu d ie d .

T able  I
E lectrode Potentials of M etals in Sodium H ydroxide

at 4000

Meta
Potential (v.) 

relative to gold

Coppei 0 .6 1
Nickel 0 .6 7
Silver 0.68
Cobalt 0 .7 0
Tungsten 1 .05

N o  t h e o r y  h a s  y e t  b e e n  f o r m u la t e d  t o  a c c o u n t  f o r  
t h e  p o t e n t ia ls  o b s e r v e d  in  fu s e d  s o d iu m  h y d r o x id e .  
O n e  d if f ic u lt y  p r e v e n t in g  s u c h  a  f o r m u la t io n  is  o u r  
la c k  o f k n o w le d g e  as t o  w h a t  sp e cie s e x is t in  m o lt e n  
s o d iu m  h y d r o x id e .  F o r  e x a m p le , e v id e n c e  e x is ts 11 
t h a t  a b o v e  6 0 0° N a 2N i 0 2, H 20  a n d  I I 2 a re  f o r m e d  
in  t h e  r e a c t io n  b e tw e e n  n ic k e l a n d  s o d iu m  h y d r o x ­
id e . B e lo w  6 0 0 °  t h e  r e a c t io n  is so s lig h t  t h a t  p r o d ­
u c t s  c a n n o t  b e  is o la te d . I t  is  e n t ir e ly  p o s s ib le , 
h o w e v e r ,  t h a t  v e r y  lo w  c o n c e n tr a t io n s  o f th e s e  
c o m p o u n d s , w h ile  n o t  d e te c ta b le  b y  o r d i n a r y  c h e m ­
ic a l m e th o d s  m a y  b e  p o t e n t ia l  d e t e r m in in g .  S o m e  
e v id e n c e  f o r  t h is  v i e w  re s ts  o n  t h e  fa c t  t h a t  o n ly  a 
s m a ll  p a r t  o f t h e  c u r r e n t  p a s s e d  t h r o u g h  t h e  s y s t e m , 
as d e s c rib e d  a b o v e , re s u lts  in  s o lu t io n  o f t h e  m e t a l .  
I t  is a lso  p o s s ib le  t h a t  t h e  p o t e n t ia l  is  d e t e r m in e d  
b y  m o r e  t h a n  o n e  e le c tro d e  r e a c t io n . F o r  e x a m p le , 
t h e  o b s e r v a t io n  o f t h e  p la t in g  o u t  o f  c o p p e r  a t  t h e  
c a th o d e  a n d  s im u lta n e o u s  ga s e v o lu t io n  a t  t h e  
a n o d e  in d ic a t e  t h a t  t h e  ce lls  a re  n o t  re v e rs ib le  w i t h  
re s p e c t t o  t h e  m e t a l  io n s  in v o lv e d ,  o r  a t  le a s t t h a t  
o t h e r  re a c t io n s  b e s id e s  M  M + +  +  2 e ~  a re  re ­
s p o n s ib le  f o r  t h e  o b s e rv e d  p o te n t ia ls . I t  is p o s s ib le , 
f o r  e x a m p le , t h a t  a t  t h e  a n o d e  0 “  ' / 2 0 2 +  2 e ~ ,
w h ile  a t  t h e  c a th o d e  2 0 H -  +  2 e _  -*■ H 2 -f - 2 0 “ .

I t  is l ik e ly  t h a t  o u r  u n d e r s t a n d in g  o f p o t e n t ia ls  
in  t h e  s o d iu m  h y d r o x id e  s y s t e m  m u s t  a w a it  t h e  
s t u d y  o f p o te n t ia ls  in  s im p le r  e le c tro ly te s .

A STUDY OF GELATIN MOLECULES, AGGREGATES AND GELS1
B y  H e l g a  B o e d t k e r 2 a n d  P a u l  D o t y

Contribution from Gibbs Laboratory, Chemistry Department, Harvard University, Cambridge, Mass.
Received February 4, 1954

Samples of moderately high molecular weight gelatin were found to be molecular dispersed in 0.15 M NaCI at 40° and in 
2 M KCNS. Light-scattering measurements of the molecular size showed the gelatin molecules to be random coils with 
mean configurations comparable to those of typical synthetic polymers. Gelatin solutions form gels when the temperature 
is lowered, provided that the gelatin concentration is sufficiently high and particular substances such as KCNS and uare 
are absent. Light scattering and viscometric studies at 18° show that aggregate formation occurs instead of gelation when 
the gelatin concentration is below a critical value. The size and weight of the aggregates increase with further lowering of 
the temperature and with the gelatin concentration. The distribution of mass within the aggregates resembles a Gaussian 
distribution. Despite this resemblance to randomly kinked, chain molecules, the aggregates are cross-linked. The nature 
of these cross-links is shown by the fact that these aggregates dissociate slowly and only to a limited extent upon dilution 
although, like gelafin gels and crystalline polymers in general, they dissociate completely in a narrow' temperature range. 
This and other information indicates that the cross-links are very small crystallites. In gelatin gels at 18° the intensity 
of scattered light was found to be substantially greater than in the corresponding solutions at 40°; however, the scattering 
in the gels decreased with concentration in contrast to the behavior of the solutions. Evidence is presented that the 
scattering centers in the gels are density fluctuations similar in weight and volume to the aggregates studied in solutions and 
falling off in scattering does not necessarily indicate smaller scattering centers. The gelation of gelatin is attributed to the 
simultaneous growth and interlocking of aggregates arising from crystallite formation.

A n  e x a m in a t io n  o f t h e  e x te n s iv e  l i t e r a t u r e  o n  
g e la t in  s h o w s  t h a t  l i t t le  is k n o w n  c o n c e r n in g  th e  
r e la t io n  o f g e la t in  m o le c u le s , w h ic h  c a n  e x is t in d e ­
p e n d e n t ly  in  s o lu t io n , t o  th e  ge l, w h ic h  t h e y  c a n  
f o r m  a t  s u f f ic ie n t ly  h ig h  c o n c e n tra t io n s  a n d  lo w  
te m p e r a tu r e s . S in c e  ge ls  f a il  to  f o r m  u p o n  c o o lin g  
w h e n  th e  c o n c e n t r a t io n  is s u f f ic ie n t ly  lo w , w e  
t h o u g h t  t h a t  i n  th is  s it u a t io n  g e la t in  m o le c u le s  
w o u ld , n e v e rth e le s s , c o m e  t o g e t h e r  t o  f o r m  a g g re ­
g a te s . S u c h  a g g re g a te s  w e r e  in d e e d  r e a d ily  d e ­
te c t e d  a n d  t h e i r  s t u d y  h a s  s e rv e d  t o  b r id g e  th e  
g a p  b e tw e e n  t h e  in d e p e n d e n t  m o le c u le  a n d  th e  ge l

(1 ) P re s e n te d  in  p a r t  a t  th e  123 rd  M e e t in g  o f  th e  A m e r ic a n  C h e m i­
ca l  S o c ie t y ,  L o s  A n g e le s , M a r c h , 1953 .

(2 )  P u b lic  H e a lth  S e rv ice  P r e d o c t o r a l  F e llo w , 1 9 5 2 -1 9 5 3 .

b e c a u s e  t h e y  d is p la y  t h e  s a m e  fo rc e s  t h a t  h o ld  
t h e  g e la t in  m o le c u le s  to g e th e r  in  t h e  g e l s ta te  o n  a 
sca le  a cce ssib le  t o  s t u d y  in  s o lu t io n . O u r  w o r k  
h a d  t w o  o t h e r  m o t iv e s  as w e ll .  F r o m  t h e  p o in t  
o f v ie w  o f l i g h t  s c a tte r in g , i t  w a s  d if f ic u lt  t o  b e ­
l ie v e  t h e  w id e -s p r e a d  a s s e rtio n  t h a t  g e la t in  gels 
d o  n o t  s c a tte r  l i g h t  e x c e p t n e a r  th e  is o e le c tr ic  
p o in t  in  t h e  a b s e n c e  o r  n e a r  a b s e n c e  o f  a d d e d  
e le c tr o ly te . M o r e o v e r  i t  w a s  o f in t e r e s t  t o  see 
h o w  th e  l ig h t  s c a tte r in g  o f th e  g e l, p r o v id e d  i t  
s c a tte re d , d iffe re d  f r o m  th e  c o r r e s p o n d in g  s o lu t io n , 
t o  see i f  a n  a d e q u a te  e x p la n a t io n  c o u ld  b e  o ffe re d  
a n d  t o  see w h a t  c o n c lu s io n s  c o u ld  b e  d r a w n  a b o u t  
t h e  s t r u c t u r e  o f t h e  g e l. T h e  s e c o n d  m o t i v e  a ro s e  
f r o m  t h e  re n e w e d  in te r e s t  in  t h e  m o le c u la r  s t r u c -
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t u r e  a n d  c o n f ig u r a t io n  o f c o lla g e n  f r o m  w h ic h  g e la ­
t in  is d e r iv e d  a n d  t h e  e x p e c t a t io n  o f t a k in g  u p  th e  
s t u d y  o f s o lu b le  c o lla g e n  a n d  its  c o n v e r s io n  to  
g e la t in  o n c e  t h e  m o le c u la r  b e h a v io r  o f g e la t in  h a d  
b e e n  e s ta b lis h e d .

F o l lo w in g  a s u m m a r y  o f t h e  e s s e n tia l e x p e r i­
m e n t a l  d e ta ils , t h e  p r e s e n ta t io n  is d iv id e d  in t o  
th re e  n e a r ly  s e lf -c o n ta in e d  p a r t s : th e  c h a r a c t e r iz a ­
t io n  o f g e la t in  m o le c u le s , t h e  a g g re g a t io n  o f g e la t in  
in  d i lu t e  s o lu t io n s , a n d  t h e  l ig h t  s c a t t e r in g  a n d  
s t r u c t u r e  o f  g e la t in  g e ls .

I. Experimental Methods and Procedures
Gelatin.—The sample of gelatin used was an ossein gelatin, 

P lll-20 , obtained through the courtesy of Dr. D. Tour- 
tellotte of the Charles B. Knox Gelatine Co.3 The gelatin, 
supplied as 6% aqueous solution, was dialyzed against dis­
tilled water at 4° for three days and then electrodialyzed for 
two days and stored in sterilized bottles at 4°. Gelatin 
having this treatment is designated as P. Although no 
fractionation was attempted, alcohol precipitation was 
carried out in the following manner. Eighty per cent, 
ethanol was added slowly to about 500 cc. of 6% gelatin 
with constant stirring at 38° in accordance with the frac­
tionation procedure used by Pouradier.4 5 When the solu­
tion contained more than 50% alcohol by volume, a slight 
turbidity was observed which did not increase upon the 
addition of more alcohol. After two days, the clear super­
natant was siphoned off and the dissolved gelatin recovered 
by vacuum distillation followed by lyophilization. The 
flaky white sheets of gelatin were stored in amber bottles 
in an evacuated desiccator. Since the sample at this point 
contained about 10% water, the dry weight of the sample 
was checked each time a solution was made up. The gelatin 
treated by this method is labeled A and B, corresponding to 
two separate precipitations.

Isoelectric Point.—The isoelectric point was determined 
by four different methods. The first two involved measuring 
the pH with a Beckman Model G pH meter, after all the 
salt had been removed either by electrodialysis, or by pass­
ing the solution through a mixed resin bed, consisting of 
2.5 parts anion-exchange resin, IRA 400, and 1 part cation- 
exchange resin, IR 120.6 The third method consisted of 
determining the pH at which an 0.14% solution of gelatin 
in water had the maximum scattering (Fig. lb). The 
fourth was obtained from titration data discussed below. 
These investigations showed the isoelectric point of gelatin 
(P, A and B) to be 5.10 ±  0.05.

It is assumed here that the isoelectric and isoionic points 
are the same for solutions of gelatin in NaCl and are inde­
pendent of ionic strength. This is supported by the ab­
sence of ion binding reported by Carr and Topol6 and by our 
observation (Fig. la) that the pH of no acid or base binding 
is the same in 0 and 0.15 M  NaCl.

Acid and Base Binding Capacity.—The gelatin solutions 
(about 0.5%) were titrated from pH 2.2 to 11.5 in water 
and 0.15 M  NaCl with 0.1 N  standard HC1 and NaOH. 
The titration on the basic side of the isoelectric point was 
carried out in an atmosphere of nitrogen. Figure la shows 
the acid or base bound per gram of gelatin as a function of 
pH.

Concentration Determinations.—Because gelatin solu­
tions do not have an absorption maximum in the ultraviolet, 
concentrations had to be determined by dry weight or by 
miero-Kjeldahl analysis for nitrogen (%  N of P is 18.0). 
Solutions were made up by weight from a concentrated 
stock solution whose concentration had been determined 
precisely by both methods. In the light scattering experi­
ments, possible errors due to transfer and centrifugation 
were shown to have been successfully avoided.

(3 )  T h is  p r e p a r a t io n  b e g a n  w ith  b e e f  b o n e s  w h ic h  w e re  h e a te d  a t  
8 0 °  fo r  s ix  h o u rs , c ru sh e d , e x tr a c te d  w ith  5 %  H C 1 fo r  t w o  w e e k s  a n d  
w a sh e d . F o i lo w in g  fo u r  w eek s  s ta n d in g  w ith  sa tu r a te d  l im e  w a te r  
a t  1 5 °  a n d  fo u r  h o u rs  a t  6 5 °  a fte r  th e  p H  w a s  a d ju s te d  t o  4 .5 , th e  g e la ­
t in  w a s a u t o c la v e d  a t  15 lb .  p re ssu re  a t  1 2 0 °  fo r  2 0  m in u te s .

(4 ) J . P o u ra d ie r  a n d  A . M .  V e n e t , J. chim. phys., 47, 11 (1 9 5 0 ).
(5 ) J . W .  Ja n u s , A . W . K e n c h in g to n  a n d  A . G . W a r d , Research, 4, 

2 4 7  (1 9 5 1 ).
(6 )  C . W . C a rr  a n d  L . T o p o l ,  J. Phys. Chem., 54, 176 (1 9 5 0 ).

3.0 5.0 7.0 9.0 11.0
pH.

Fig. 1.—(a) Titration curves of gelatin B at 25°; (b)
scattering maximum of a 0.14 g./lOO cc. solution of gelatin 
B in H20  at 25° at the isoelectric point.

Refractive Index Increment.—A Brice-Speiser Differen­
tial Refractometer which has a sensitivity of approximately 
3 X 10~6 was used. One per cent, solutions of gelatin were 
made up in water, 0.15 M NaCl and 1.0 M NaCl. To 
make certain that the concentration of the salt was identical 
in the solution and solvent, the solutions were dialyzed 
against solvent for three days before Are was measured. The 
results of duplicate determinations of Are at 25° and 4360 
A. of gelatin solutions in water and 0.15 M NaCl agreed 
within 0.5%. Moreover, they agreed within 1% of the 
value one would calculate from the Gladstone-Dale mixing 
law

<■"«■= -  (N r 1) -  G iF ) <•>
where ?ii and re2 are the refractive indices of the solvent and 
solute, respectively, and d\ and d2 are the corresponding 
densities. The first term on the right side of equation 1, 
which includes the refractive index of the solute, can be cal­
culated from a solution of known dre/dc. The value of 
dre/dc of gelatin-KCNS solutions was calculated from equa­
tion 1 because it was impossible to determine the concentra­
tion of gelatin in these solutions with sufficient accuracy due 
to the high nitrogen content of the salt. In all other cases, 
however, Are was measured directly and c was determined 
by miero-Kjeldahl analysis. Both the calculated and ex­
perimental values of dre/dc and K are given in Table I.

T a b l e  I

R e f r a c t i v e  I n d e x  I n c r e m e n t  a n d  K  (X =  4360 A.) f o r  

G e l a t i n  ( P )  i n  V a r i o u s  S a l t  S o l u t i o n s

dn/de K X  10 1

II20, pH 5 .1 0.194 6.12
0.15 M NaCl, pH 5.1 . 1925 6.06
1.0 ret NaCl, pH 5.1 .186 5.64
1.0 M KCNS ,185 5.61
2.0 AT KCNS .173 4.88
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Light Scattering.—Except for the investigation of the 
scattering of gels, the light scattering measurements were 
interpreted in accordance with the well-known equation7'8

Kc/Re = 1 /[MvP(9)\ +  2 Be (2)
where Re is the reduced intensity at the angle 8 and con­
centration c in g./cc. K = 27r2« 2o(dn/dc)2/.V X4 where no is 
the solvent refractive index, dn/dc the refractive index in­
crement, N Avogadro’s number, and X the wave length of 
light in vacuum.

For molecules which are smaller than 1000 A., P(0)-1 will 
be a linear function of angle no matter what the shape of the 
molecule is. Therefore one can obtain the molecular weight 
and size by the relatively simple “ dissymmetry”  method.7,8

Because of the small size of the gelatin molecule, the dis­
symmetry method was used almost exclusively for the in­
vestigation of gelatin solutions. In studying the gelatin 
aggregates and gels, however, the measurements were made 
over the angular range of 30-135° and when possible ex­
trapolated according to equation 2.

From the angular dependence of the scattering, one can 
determine the racius of gyration, Rg, which for a randomly 
kinked chain is equal to the root-mean-square end-to-end 
length (?2)1/ « divided by \/6 and for a rod is equal to its 
length divided by \ /12. All light scattering measurements 
were made on a slightly modified Brice-Speiser light scatter­
ing photometer, the description and calibration of which 
have been reported previously.9,10 The blue line of mer­
cury (4360 A.), was used in all the measurements after it was 
established that the green line (5460 A.) gave the same value 
of Kc/R0 showing thereby that fluorescence was negligible.

As the calibration of the photometer presupposes the use 
of the standard square cell, 30 mm. wide, and a 12 mm. slit 
system, it is necessary to calibrate any other cell-slit system 
against the standard one. It was found that the semi-octag­
onal “ dissymmetry”  cell could be used with the standard 
slit system without applying any correction.

(7 ) B .  H . Z im m , Chem. Phys., 16 , 109 3 , 1099  (1 9 4 8 ).
(8 ) P* D o t y  a n d  J. T .  E d s a ll ,  Advances in Protein Chem., 6 , 35  

(1 9 5 1 ) .
(9 ) B . A . B r ic e , M .  H a lw e r  a n d  R . S p e iser , J. Optical Soc. Am., 40, 

7 6 8  (1 9 5 0 ) .
(1 0 )  P . D o t y  a n d  R .  F .  S te in e r , J. Chem. Phys., 18, 1211 (1 9 5 0 ).

Three cylindrical cells, obtained from the Fischer and 
Porter Co., Hatboro, Pa., were used in angular measure­
ments. One of these had specially ground flats at the 0 and 
180° faces. The cells were 11.5 cm. tall, the inner diameter 
was 3.72 cm., the wall thickness was approximately 1.5 mm. 
They were calibrated by comparing the excess scattering 
over solvent of a Ludox solution observed in a square cell at 
90° with that observed in the cylindrical cell. In addition, 
the angular envelope of each cell was checked by measuring 
the fluorescence of a very dilute fluorescein solution (ap­
proximately four times background). It was found that the 
observed intensity was independent of angle (from 30 to 
135°) after the appropriate correction for the volume viewed 
has been made. An additional correction, the back reflec­
tion correction, had to be made when either cylindrical or 
semi-octagonal cells were used. It had been shown earlier9 10 
that 4.5% of the incident intensity is reflected back through 
the solution. Since the reflected light will also be scattered 
but will have precisely the reverse angular dependence from 
that of the incident beam, the true angular distribution will 
be slightly altered.11 To correct for this, one merely sub­
tracts 4.5% of the 135° scattering from the 45° scattering, 
and 4.5% of the 45° scattering from that observed at 135°. 
In general, one can apply the equation

{Rd) real =  (Rd)ex. p 4,5 % (P l8 0 — fljexp (3 )
Although the preliminary solution studies were made in a 

dissymmetry cell, the majority of the work was carried out 
in the cylindrical cells which fit into a specially constructed 
thermostated cell housing. The brass housing (see Fig. 2) 
consisted of two concentric cylinders with a 180° “ window,”  
slightly larger than the height of the light beam. A slit 
system, 5 mm. wide and 13 mm. high, was mounted on the 
front of the housing to minimize diffraction of the incident 
beam. The housing was mounted on the shaft inside the 
photometer in place of the table which ordinarily holds the 
light scattering cell. It was connected to a thermostat 
through tubing which was led out through the rear of the 
photometer. Cylindrical cells were mounted on circular 
brass bases. Two pins protruded from the bottom of the 
base and fit into two holes on the bottom of the housing. 
In mounting the cells, care was taken to center the cells with 
respect to the light beam.

The necessity of having solutions dust-free required as 
usual the use of glass distilled water to rinse light scattering 
cells, and pipets used in transfer. The solvent was cleaned 
by simply filtering it through an ultrafine sintered glass fil­
ter; the solutions were cleaned by centrifuging them in a 
Spinco preparative ultracentrifuge at 100,000 times gravity 
for 90 minutes. Nitrocellulose centrifuge tubes and speci­
ally constructed nylon-impregnated bakelite caps were used.

Viscosity.—Measurements of the specific viscosity were 
made in an Ostwald-Fenske viscometer having a water flow 
time near 240 sec. and in a modified Ubbelohde viscometer. 
Several solutions were measured in a specially constructed 
low gradient viscometer and since the gradient dependence 
down to about 60 sec.“ 1 was identical (about 10%) with that 
found at higher gradients, the relatively high gradient 
Ubbelohde viscometer was used. The mean gradient of 
the three bulbs of this viscometer was not determined but 
was estimated to range from 1000 to 400 sec.-1. The ex­
trapolation to zero gradient was made by plotting rjtp/c 
against h/at where h is the mean height of each bulb, a is a 
viscometer constant determined empirically for each bulb, 
and t is the flow time of the solution.

II. Gelatin Molecules in Solution
Molecular Weight.— T h e  p r e l im in a r y  l ig h t  s c a t­

t e r in g  in v e s t ig a t io n  o f th e  s o lu t io n  p r o p e r t ie s  o f 
g e la t in  w a s  c a r r ie d  o u t  o n  s a m p le  A  a n d  t h e  re s u lts  
a re  s h o w n  in  F i g .  3 . T h e  w e ig h t  a v e ra g e  m o le c u la r  
w e ig h ts  o b t a in e d  in  v a r io u s  s a lt  s o lu t io n s  a t  25° 
w e r e  f o u n d  to  f a ll  in t o  t w o  classes, th o s e  in  K C N S  
s o lu t io n s  e q u a l to  9 6 ,0 0 0  ±  3 %  a n d  th o s e  in  N a C l  
s o lu t io n s  e q u a l t o  1 1 1 ,0 0 0  ±  3 % .  S in c e  i t  h a d  
p r e v io u s ly  b e e n  d e m o n s t r a t e d 12 t h a t  2  M  K C N S  
s o lu t io n s  o f g e la t in  a re  m o le c u la r ly  d is p e rs e d  a t  
th is  t e m p e r a t u r e , i t  w a s  a s s u m e d  t h a t  t h e  lo w e r  of

(1 1 ) A .  O th , J . O th  a n d  V . D e sre u x , J. Polymer Set., 1 0 , 551  (1 9 5 3 ) .
(1 2 ) E . O . K ra e m e r , T h i s  J o u r n a l , 46, 6 6 0  (1 9 4 1 ) .
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Fig. 3,—Light scattering of gelatin A in various salt solu­
tions: —,25°; 40°.

th e  t w o  v a lu e s  w a s  th e  c o r re c t  o n e . T h e  1 5 %  
h ig h e r  m o le c u la r  w e ig h t  o b s e r v e d  in  N a C l  s o lu ­
t io n s  is a lm o s t  w i t h i n  e x p e r im e n t a l  e r r o r  o f t h a t  
f o u n d  i n  K C N S  a n d  w o u ld  n o t  h a v e  b e e n  ta k e n  
s e r io u s ly  h a d  i t  n o t  b e e n  f o u n d  t h a t  h e a t in g  t h e  
N a C l  s o lu t io n s  t o  40° f o r  o n e  h o u r  c a u s e d  th e  
m o le c u la r  w e ig h t  t o  f a ll  t o  t h e  v a lu e s  o b ta in e d  in

T a b l e  I I

L i g h t  S c a t t e r i n g  R e s u l t s  o n  G e l a t i n  A

\Ä90/c-o (Äg)*,
B X 10*, 
mole

X 10* lb
At 25°

Mw Â. cc./g.'

2 M KCNS
pH 7.1 1.14 1.10 95,000 175 4.8
pH 5.1 1.14 1.11 96,000 180 3.9

1 M KCNS
pH 6.3 1.17 1.19 97,000 240 5.0

1 M NaCl
pH 6.3 1.035 1.16 108,000 210 , . .
pH 5.1 1.03 1.21 112,000 240 . .  .

0.15 M NaCl
pH 6.3 1.05 1.22 111,000 245 .  .  .

pH 5.1 1.02 1.24 114,000 250
Immediately after removal from 40° bath

1 M NaCl
pH 5.1 1.15 1.19 99,000 230 1.3

0.15 M NaCl
pH 5.1 1.17 1.21 98,000 240 1.8

Fig. 4.—Reciprocal angular envelope of solutions of gelatin B in 0.15 M NaCl at the isoelectric point, 40°.

K C N S .  I n a s m u c h  as p r o lo n g e d  h e a t in g  a t  th e  
s a m e  t e m p e r a t u r e  ( f o r  as a lo n g  as s ix  h o u r s )  d id  
n o t  f u r t h e r  d e c re a s e  t h e  m o le c u la r  w e ig h t ,  th e  
p o s s ib i l i t y  t h a t  a  h y d r o ly s is  o r  d e g r a d a t io n  w a s  
o c c u r r in g  w a s  e lim in a t e d . T h e  re s u lts  o b ta in e d  
a re  s h o w n  in  F i g .  3 a n d  s u m m a r iz e d  in  T a b l e  I I .  
T h e  d is s y m m e t r y  e x t r a p o la t e d  t o  z e ro  c o n c e n tra ­
t io n , u s in g  a  p lo t  o f (z —  l ) “ 1 a g a in s t  c, is d e n o te d  
as [z] , t h e  2-a v e r a g e  of t h e  r o o t -m e a n -s q u a r e  o f  th e  
r a d iu s  o f g y r a t io n  as ( Rg)z a n d  t h e  s e c o n d  v i r i a l  
c o e ffic ie n t as B.

A d d i t i o n a l  l ig h t  s c a tte r in g  m e a s u re m e n ts  w e re  
c a r r ie d  o u t  a t  40 ° o n  s a m p le s  B  a n d  P  u n d e r  s e v e ra l 
c o n d it io n s . I n  th e s e , g r e a t  c a re  w a s  t a k e n  t o  o b ­
t a in  a n d  u s e  o n ly  s o lu t io n s  t h a t  w e r e  d u s t -f re e , 
a n d  in  t w o  cases m e a s u re m e n ts  w e r e  m a d e  o v e r  
th e  e n t ir e  a n g u la r  ra n g e  (F ig s .  4  a n d  5 ) i n  o r d e r  t o  
o b t a in  t h e  m o s t  a c c u r a t e  e s t im a te  o f t h e  m o le c u la r

sin2 6/2 +  100c.
Fig. 5.—Reciprocal angular envelope of solutions of gelatin 

B in water at the isoelectric point, 40°.
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w e ig h t ,  s ize  a n d  v i r i a l  c o e ffic ie n t. T h e  re s u lts  a re  
s u m m a r iz e d  i n  T a b l e  I I I .  O u r  v a lu e  f o r  t h e  m o le c ­
u l a r  w e ig h t  o f G e la t in  P  (9 7 ,0 0 0 ) is in  e x c e lle n t 
a g re e m e n t  w i t h  t h e  v a lu e  o f 9 5 ,0 0 0  o b t a in e d  b y  
W i l l ia m s  i n  a n  e q u i l ib r iu m  u lt r a c e n t r i f u g e  s t u d y  o f 
t h e  s a m e  s a m p le  i n  2  M  K C N S  a t  2 5 ° .13

T a b l e  II I
L i g h t  S c a t t e r i n g  R e s u l t s  a t  40°.

1 M KCNS

M.
Gelatin B

(Eg)«,
Â. B X 10‘

pH 5.1 
0.15 M NaCl

90,000 175 2.6

pH 5.1 89,000 165 2.9
pH 3.1 88,000 175 6.0

H20, pH 5.1 

0.15 M NaCl

92,000 
Gelatin P

~  -3 0

pH 5.1 97,000 165 2.9

Configuration of Gelatin Molecules in Solution.
— T h e  d e t e r m in a t io n s  o f t h e  r a d iu s  o f  g y r a t io n  as 
lis te d  in  T a b l e  I I  s h o w  a  ra n g e  f r o m  1 7 5  t o  2 5 0  A .  
H o w e v e r ,  t h e  m o r e  c a r e fu l w o r k  o n  g e la t in  B  ( T a b l e
I I I )  sets t h a t  v a lu e  close t o  1 7 0  A .  in  t h e  s o lv e n ts  
e m p lo y e d .

Fig. 6.—Intrinsic viscosity of gelatin B solutions as a func­
tion of the charge per molecule.

S in c e  th e  in t r in s ic  v is c o s it y  is  a lso  re la te d  to  size , 
th is  w a s  d e t e r m in e d  u n d e r  th e  s a m e  c o n d it io n s  
e m p lo y e d  in  l ig h t  s c a t t e r in g  a n d  t h e  re s u lts  a re  
lis te d  i n  T a b l e  I V .  I t  is seen t h a t  th e  v a lu e s  a re  
e s s e n tia lly  c o n s ta n t  a v e r a g in g  0 .3 9 .

T a b l e  IV
I n t r i n s i c  V i s c o s i t y  o f  G e l a t i n  B S o l u t i o n s

T e m p .,
°C . Salt pH h i

25 2 M KCNS 5.1 0.388
40.2 9 M urea 8.0 .632
40.2 0.15 M NaCl 5.1 .396
40.2 0.15 Ilf NaCl 3.1 .403
40.2 E 20 5.1 .381

T h e  p o s s ib i l i t y  t h a t  t h e  s ize  c o u ld  b e  v a r ie d  if  
t h e  s o lv e n t  w a s  s u ff ic ie n t ly  a lte re d  w a s  e x p lo re d  
b y  m e a n s  o f v is c o s it y  m e a s u re m e n ts . W i t h  9  M  
u r e a  as s o lv e n t , t h e  in t r in s ic  v is c o s it y  in c re a s e d  to

(1 3 )  J. W. Williams, W. M, Säunders and J. S. Cicirelli, T h is

J o u r n a l , 5 8 ,  774 (1954).

0.10 0.20 0.30
CONCENTRATION (g ./l00ccj.

Fig. 7.—Light scattering of solutions of gelatin A mole­
cules and aggregates in 0.15 M NaCl at the isoelectric 
point.

0 .6 3 , in d ic a t in g  a  s u b s t a n t ia l  e x p a n s io n  i n  th is  
h y d r o g e n  b o n d -b r e a k in g  s o lv e n t . E v e n  g re a te r  
e x p a n s io n  w a s  f o u n d  in  s a lt -fre e  s o lu t io n s  a w a y  
f r o m  t h e  is o e le c tr ic  p o in t  in  a g re e m e n t  w i t h  o t h e r  
in v e s t ig a t o r s .4- 14 T h e  m e a s u re m e n ts  a t  d if fe re n t  
v a lu e s  o f p H  w e re  l in e a r  w h e n  p lo t t e d  as c/ ijsp 
a g a in s t  y/c. I n t e r p r e t in g  t h e  re c ip r o c a l o f  th e  
in t e r c e p t  as t h e  in t r in s ic  v is c o s it y ,  t h e  re s u lts  
s h o w n  in  F i g .  6 w e re  o b ta in e d . T h e  t r a n s la t io n  
o f p H  t o  c h a r g e  b y  u se  o f th e  t i t r a t io n  c u r v e  p r o b ­
a b l y  b e c o m e s  in a c c u r a t e  a t  h ig h  c h a rg e  d u e  t o  io n  
b in d in g  m a d e  p o s s ib le  b y  h ig h  p o te n t ia ls  o n  th e  
p o ly p e p t id e  c h a in . S in c e  t h e  io n ic  s t r e n g t h  is 
a b o u t  t h e  s a m e  a t  t h e  e x tr e m it ie s  o f t h e  g r a p h  in  
F i g .  7, th e  m a x i m u m  a t  — 5 0  m a y  b e  d u e  t o  d if ­
fe re n ce s  in  t h e  d is t r ib u t io n  o f n e g a t iv e  a n d  p o s i­
t iv e  g ro u p s  a lo n g  t h e  c h a in . I n  p a r t ic u la r ,  th is  
b e h a v io r  c o u ld  a ris e  if  th e  n e g a t iv e  g r o u p s  w e r e  
m o r e  d e n s e ly  c lu s te re d  a t  z =  — 5 0  t h a n  t h e  p o s i­
t iv e  g ro u p s  a t  2 =  + 5 0 .

A c c e p t in g  th e  m o le c u la r  w e ig h t  o f g e la t in  B  as
9 0 ,0 0 0 , w h ic h  c o rre s p o n d s  t o  a  d e g re e  o f 0 p o l y ­
m e r iz a t io n  o f 1 0 0 0  a n d  t h e  (Re)z as 170 A . ,  w e

(14) G . St^insby, Nature, 189, 662 (1952)*
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e x a m in e  f irs t  w h a t  c o n c lu s io n s  c a n  b e  o b ta in e d  b y  
c o m p a r in g  th e  d im e n s io n s  w i t h  m o le c u la r  w e ig h t .  
S in c e  l ig h t  s c a t t e r in g  y ie ld s  a  z -a v e r a g e  d im e n s io n  
a n d  a  w e ig h t  a v e ra g e  w e ig h t ,  a  c o r r e c t io n  is re ­
q u ir e d  b a s e d  u p o n  t h e  p o ly d is p e r s it y  o f t h e  s a m p le . 
U s in g  t h e  v a lu e  o f M z/M w o f 2 .6  f o u n d  b y  
W i l l i a m s 13 in  a  s e d im e n t a t io n  s t u d y  o f t h e  s a m e  
g e la t in  s a m p le  u s e d  h e re , a n d  th e  a s s u m p tio n  t h a t  r 2 
is p r o p o r t io n a l  t o  H i ,  a  w e ig h t  a v e ra g e  d im e n s io n  of 
(r2)'A —  2 5 8  Á .  is o b ta in e d  f o r  a r a n d o m l y  c o ile d  
m o d e l. L e t  u s  c o m p a r e  th is  s ize  a n d  t h e  in t r in s ic  
v is c o s it y  w i t h  t h a t  o f a  t y p ic a l  a l ip h a t ic  p o ly m e r ,  
s u c h  as p o ly is o b u t y le n e , h a v in g  th e  s a m e  n u m b e r  
o f c h a in  a to m s . ( T h e  a l ip h a t ic  c h a in  w o u ld  in  
th is  case b e  a b o u t  5 %  lo n g e r  b e c a u s e  o f s h o r te r  
b o n d  le n g th s  in  th e  p e p t id e  g r o u p .)  F o r  s u c h  a 
c h a in  (3 0 0 0  c a r b o n  a t o m s )  in  a  s o lv e n t  o f  c o m ­
p a r a b le  t h e r m o d y n a m ic  p r o p e rt ie s , as ju d g e d  f r o m  
t h e  s e c o n d  v i r i a l  c o e ffic ie n t, p o l j is o b u t y le n e  w o u ld  
h a v e  a  v a lu e  o f ( r 2) 1/s o f 2 3 1  A .  a n d  a n  in t r in s ic  
v is c o s it y  o f 0 .3 1 . F r o m  th e s e  o b s e r v a t io n s  g e la t in  
a p p e a rs  t o  b e h a v e  as a  l in e a r  p o ly m e r  w i t h  m e a n  
c o n f ig u r a t io n s  c o m p a r a b le  t o  t y p ic a l  s y n t h e t ic  
p o ly m e r s . S in c e  r o t a t i o n  a b o u t  C « - N  b o n d  is 
e x p e c te d  t o  b e  s t r o n g ly  re s tr ic te d  b e c a u s e  o f p a r t ia l  
d o u b le  b o n d  c h a r a c t e r  a n d  s in c e  r o t a t io n  is n o t  
p o s s ib le  in  t h e  2 0 - 2 5 %  o f  th e  C p - N  b o n d s  p a r ­
t ic ip a t in g  in  p r o lin e  re s id u e s , i t  a p p e a rs  t h a t  r o t a ­
t io n  in  t h e  r e m a in in g  b o n d s  is less re s tr ic te d  t h a n  in  
t y p ic a l  a l ip h a t ic  p o ly m e r s .

A n  e x a m in a t io n  o f t h e  s a m e  d a t a  w i t h  re s p e c t to  
t h e  h e lic a l c o n f ig u r a t io n  a s s o c ia te d  w it h  n a t iv e  
c o lla g e n  s h o w s  l i t t le  s u p p o r t  f o r  th is  m o d e l. I n  
th is  case t h e  r a d iu s  o f g y r a t io n  is  t r a n s la t e d  in t o  
t h e  le n g t h , L, o f a  r i g i c  ro d  b y  m u l t i p l y i n g  b y  
\ / 1 2 . M o r e o v e r ,  s in c e  M  is  p r o p o r t io n a l  to  L, th e  
le n g t h  o b ta in e d , L z, m u s t  b e  m u lt ip l ie d  b y  1 / 2 .5  in  
o r d e r  t o  y ie ld  L v  w h ic h  c a n  t h e n  b e  c o m p a r e d  
w i t h c M w. T h e  r e s u lt a n t  le n g t h  is f o u n d  t o  b e  
2 3 6  A . ,  w h ic h  is less t h a n  o n e  t h i r d  t h e  le n g t h  o f a 
c o lla g e n  m o le c u le  o f c o m p a r a b le  m o le c u la r  w e i g h t . 15 
A l l  o t h e r  re a s o n a b le  h e lic a l m o d e ls  f a il  t o  f it  th e  
d im e n s io n  a n d  m o le c u la r  w e ig h t  r e q u ir e m e n t s  b y  
a  c o m p a r a b le  m a r g in .  S in c e  t h is  m o d e l a ls o  fa ils  
t o  a c c o u n t  f o r  t h e  f le x ib i l i t y  re v e a le d  b y  th e  
v a r ia t i o n  o f th e  in t r in s ic  v is c o s it y ,  i t  c a n  b e  re ­
je c te d . A c c e p t in g  t h e n  th e  r a n d o m  c o il  m o d e l f o r  
g e la t in  m o le c u le s , w e  p ro c e e d  t o  s t u d y  t h e i r  
a g g re g a te s .

III. The Aggregation of Gelatin Solutions
Aggregation in Very Dilute Solutions.— I f  th e

g e la t io n  o f g e la t in  s o lu t io n s  is p re c e d e d  b y  a n  a g ­
g r e g a t io n  o f t h e  g e la t in  m o le c u le s , th e  la t t e r  p ro ce s s  
s h o u ld  b e  d is c e rn ib le  e v e n  in  e x t r e m e ly  d i lu t e  s o lu ­
t io n s  w h ic h  a re  in c a p a b le  o f g e ll in g . T h e  m o le c u la r  
w e ig h t  d e t e r m in a t io n s  in  s a lt  s o lu t io n  d e s c rib e d  in  
th e  p r e c e d in g  s e c tio n  s h o w  t h a t  a  s m a ll a m o u n t  o f 
a g g re g a t io n  d o e s o c c u r  e v e n  a t  2 5 ° . T h i s  w a s  
f o u n d  e v e n  t h o u g h  t h e  g e la t in  s o lu t io n  f r o m  w h ic h

(1 5 ) A c t u a l ly  th e  le n g th  o f  r o d s  c o r re s p o n d in g  t o  th e  w e ig h t  a v e ra g e  
m o le cu la r  w e ig h t  w o u ld  b e  s o m e w h a t  sh o r te r  th a n  2 3 6  Á .  b e ca u s e  
t h e  le n g t h  d e te r m in e d  fr o m  l ig h t  s c a t te r in g  m e a su re m e n ts  in  th e  
ca se  o f  r o d s  is  n o t  th e  le n g t h  c o r re s p o n d in g  t o  th e  2 -a v e r a g e  m o le cu la r  
w e ig h t  b u t  a  s o m e w h a t  h ig h e r  a v e ra g e . (S ee , f o r  e x a m p le , re fe re n ce  
8.)

O.IO 0.20
Fig. 8.—Light scattering of solutions of gelatin A molecules 

and aggregates in 1.0 M NaCl at the isoelectric point.

d ilu t io n s  w e r e  m a d e  h a d  b e e n  h e a te d  to  40° fo r  
o n e  h o u r  t o  era se  th e  t h e r m a l  h i s t o r y  o f  t h e  s a m p le .

T h e  f u r t h e r  s t u d y  o f t h is  a g g re g a t io n  r e q u ire d  
t h e  a d o p t io n  o f s t a n d a r d  p ro c e d u r e s  a n d  c o n tr o lle d  
c o n d it io n s . A s  d is c u s s e d  in  t h e  n e x t  s e c tio n  
s tu d ie s  o n  ge ls  s h o w  t h a t  t h e i r  e q u i l ib r iu m  s ta te  
c a n  b e  a p p r o a c h e d  m o r e  r a p i d l y  b y  f irs t  h e a t in g  
th e  m a t e r ia l ,  t h e n  c o o lin g  i t  to  s e v e ra l de gre e s 
b e lo w  t h e  t e m p e r a t u r e  a t  w h ic h  t h e  m e a s u re m e n ts  
w i l l  b e  m a d e . C o n s e q u e n t ly  a ll  t h e  e x p e r im e n ts  
c a r r ie d  o u t  o n  g e la t in  a g g re g a te s  a n d  ge ls  in v o lv e d  
t h e  f o l lo w in g  p r o c e d u r e : e a c h  c o n c e n t r a t io n  w a s  
m a d e  u p  s e p a r a t e ly ; a f t e r  c e n t r if u g a t io n , th e  
s o lu t io n  w a s  h e a te d  to  40° f o r  o n e  h o u r  a n d  th e n  
s to re d  a t  4 ° ; a  d a y  la t e r  i t  w a s  p la c e d  in  a  t h e r m o -  
s ta te d  b a t h  a n d  m a in t a in e d  a t  t h e  d e s ire d  t e m ­
p e r a t u r e  f o r  18 h o u rs . B y  f o l lo w in g  t h is  c y c le , i t  
w a s  p o s s ib le  t o  o b t a in  r e p r o d u c ib le  m e a s u re m e n ts .

T h e  re s u lts  o b ta in e d  w i t h  f o u r  s o lu t io n s  of 
A  ( I ,  =  9 7 ,0 0 0 ) in  0 .1 5  M  a n d  1.0  M  N a C l  a re  
g iv e n  in  F ig s .  7 a n d  8 . I t  is i m p o r t a n t  t o  a p ­
p r e c ia te  t h a t  t h e  d a t a  in  F ig s .  7  a n d  8 re p re s e n t 
t h e  v a r ia t i o n  o f s c a t t e r in g  w i t h  t e m p e r a t u r e  a t  
c o n s ta n t  c o n c e n tr a t io n . T h e  q u e s tio n  im m e d ia t e ly  
arises as t o  w h e t h e r  o r  n o t  u p o n  d i lu t io n  Kc/R% 
w o u ld  in c re a s e  a lo n g  t h e  lin e s  c o n n e c t in g  th e  
p o in ts , s in c e  b e h a v io r  o f th is  t y p e  w o u ld  s h o w  t h a t
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w e  a re  d e a lin g  w it h  a  v e r y  n o n -id e a l  s o lu t io n  of 
g e la t in  m o le c u le s  o r  w i t h  a g g re g a te s  w h ic h  d is s o ­
c ia te  c o n t in u o u s ly  u p o n  d i lu t io n .  S u c h  a  d i lu ­
t io n  e x p e r im e n t  is  s h o w n  i n  t h e  lo w e r  p a r t  o f F i g .  7 
w h e r e  a  0 . 1 6 %  s o lu t io n  o f g e la t in  is d i lu t e d  s te p ­
w is e  a t  19 °. T h e  b e h a v io r  f o u n d  is t h a t  o f a  n e a r ly  
id e a l, n o n -d is s o c ia t in g  u n it .  I t  w a s  s h o w n  r e a d ily  
t h a t  if  d i lu t io n s  o r  c o n c e n tra t io n s  w e re  m a d e  
w i t h i n  a n  h o u r  o r  t w o , th e  a g g re g a te s  f o r m e d  a t  
a n y  t e m p e r a t u r e  o r  c o n c e n t r a t io n  r e m a in e d  s ta b le  
a n d  c o u ld  th e re fo re  b e  s u b je c te d  t o  s ize  a n d  w e ig h t  
m e a s u re m e n ts . T h i s  k in d  o f m e a s u r e m e n t  is 
ta k e n  u p  in  th e  n e x t  s e c tio n . A  f e w  o t h e r  o b ­
s e r v a t io n s  a re  m e n t io n e d  h e re .

I f  th e  s c a tte r in g  f r o m  a  d i lu t e d  s o lu t io n  o f a g g re ­
g a te s  is  m e a s u re d  as a  f u n c t io n  o f t im e , i t  is f o u n d  
t h a t  a  g r a d u a l  d e cre a se  i n  s c a t t e r in g  o c c u rs . A s  
a n  e x tr e m e  case a g g re g a te s  w e re  f o r m e d  in  a  0 .3 4  
g ./100  cc . s o lu t io n  a t  18° a n d  d i lu t e d  6 0 -fo ld . 
T h e  s c a t t e r in g  fe ll r a p id ly  a t  f irs t  ( 1 0 %  in  th e  
f irs t  te n  h o u r s )  a n d  t h e n  m o r e  s lo w ly , r e a c h in g  
h a lf  th e  o r ig in a l  s c a tte r in g  i n  a b o u t  200 h o u rs . 
I f ,  h o w e v e r , a s o lu t io n  o f th is  v e r y  lo w  c o n c e n t r a ­
t io n  h a d  b e e n  c a r r ie d  t h r o u g h  t h e  s a m e  te m p e r a ­
t u r e  c y c le , t h e  s c a t t e r in g  w o u ld  h a v e  b e e n  i n ­
d is t in g u is h a b le  f r o m  t h a t  o f g e la t in  m o le c u le s . 
C o n s e q u e n t ly ,  i t  a p p e a rs  t h a t  i n  a p r a c t ic a l  sense 
a g g re g a te s  d o  n o -  d is s o c ia te  r e v e r s ib ly  a t  c o n s ta n t  
t e m p e r a tu r e .

T h e  a b s e n c e  o f  r e v e r s ib i l i t y  i n  t e m p e r a t u r e  
c y c le s  is a ls o  r e a d i ly  o b s e rv e d . O n e  case is s h o w n  
in  F i g .  7 w h e r e  it  m a y  b e  see n  t h a t  th e re  is a  s u b ­
s t a n t ia l  d iffe re n c e  in  t h e  s c a tte r in g  f r o m  s o lu tio n s  
b r o u g h t  d i r e c t ly  t o  25° f r o m  4° a n d  th o s e  t h a t  a re  
a llo w e d  t o  e q u i l ib r a t e  a t  a n  in t e r m e d ia t e  t e m ­
p e r a t u r e  (1 8 ° )  b e fo re  b e in g  b r o u g h t  t o  2 5 ° .

F i n a l l y ,  i t  is  of in te r e s t  t o  m e n t io n  t h e  o b s e r v a ­
t io n  t h a t  a g g re g a te s  f o r m e d  i n  1 M  N a C l  w e r e  of 
t h e  s a m e  a v e ra g e  w e ig h t  as th o s e  in  0 .1 5  M. T h i s  
s u g g e s ts  t h a t  e le c tro s t a t ic  fo rce s  a re  n o t  p la y i n g  
a n  i m p o r t a n t  ro le  in  t h e  a g g re g a tio n . A I M  
K C N S  s o lu t io n , o n  t h e  o t h e r  h a n d , d id  n o t  c h a n g e  
its  s c a t t e r in g  e v e n  a t  4 ° . T h e  e ff ic ie n c y  o f K C N S

i n  in h ib i t in g  a g g re g a t io n  m u s t  th e r e fo r e  b e  a 
s p e c ific  e ffe c t u n r e la t e d  t o  io n ic  s t r e n g th .

The Weight and Size of Aggregates Formed in 
Moderately Concentrated Solutions.— S o lu t io n s  o f 
g e la t in  a g g re g a te s  a t  18° w e r e  s tu d ie d  u n d e r  th re e  
c o n d it io n s : 0 .1 5  M  N a C l ,  p H  5 .1 ;  0 .1 5  M  N a C l ,  
p H  3 .1 ;  a n d  H o t ) ,  p H  5 .1 . T h e  w e ig h t ,  s ize  a n d  
s h a p e  o f t h e  a g g re g a te s  a t  a  g iv e n  c o n c e n t r a t io n  
w e r e  d e t e r m in e d  b y  m e a s u r in g  t h e  a n g u la r  d e ­
p e n d e n c e  o f th e  l ig h t  s c a tte re d  b y  t h e  a g g re g a te d  
s o lu t io n s  a n d  d i lu t io n s  th e re o f. S o m e  o f th e  
re s u lts , e x t r a p o la t e d  t o  z e ro  a n g le , a re  s h o w n  in  
F i g .  9 . T h e  Z i m m  p lo ts  o b ta in e d  in  t w o  t y p ic a l  
cases a re  s h o w n  i n  F ig s .  10 a n d  11. S o m e  o f th e  
re s u lts  o b ta in e d  f r o m  t h e  Z i m m  p lo ts , as w e ll  as 
f r o m  a n g u la r  m e a s u re m e n ts  o n  t h e  a g g re g a te d  
s o lu t io n s  w h ic h  w e re  n o t  d i lu t e d , a re  s u m m a r iz e d  
in  T a b l e  V .

T able  V

Kc/Rt, a n d  P a r t i c l e  W e i g h t s  f o r  G e l a t i n  A g g r e g a t e s

c  X  102, 
g . / c c .

Kc/Ro 
X  10«

M w  
X  1 0 -6  
( fr o m  
Z im m  
p lo t )

c  X  102, 
g . / c c .

Mw
X  10 
( fr o m

Kc/Ro Z im m  
X  106 p lo t )

P in 0.15 M NaCl, pH 5.1 B in 0.15 M NaCl, pH 5.1
0.087 5.14 0.208 0.112 5.44

.203 2.71 0.476 .350 2.57

.386 1.68 1.2 .500 1.55

.539 1.21 5.9 .640 1.14

.755 0.96 .800 0.99
B in 0.15 M NaCl, pH 3.1 B in H20, pH 5.1
0.090 7.76 0.095 4.67

.30 4.91 .25 1.5

.75 3.55 1.65 .40 0.089

.90 3.85 .58 0.0062 40.0

T a b l e  V  s h o w s  t h a t  t h e  e x te n t  o f  a g g re g a t io n  in  
t h e  t w o  s a m p le s  P  a n d  B  in  0 .1 5  M  N a C l  a t  p H
5.1 is s u f f ic ie n t ly  s im ila r  t o  c o n s id e r  t h e  t w o  s a m ­
p le s as in te r c h a n g e a b le . T h e  f o l lo w in g  c o n c lu ­
s io n s  a re  e v id e n t .  (1 )  A t  t h e  is o e le c tr ic  p o in t  
a g g re g a tio n  in cre a s e s  w i t h  c o n c e n t r a t io n  r e a c h in g
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Fig. 10.—Reciprocal angular envelope of solutions of gelatin P aggregates formed at 0.203 g./100 cc. at 18° in 0.15 M NaCl
at the isoelectric point.

w e ig h t  a v e ra g e  a g g re g a te  w e ig h ts  o f s e v e ra l 
m il l io n . ( 2 )  D e c r e a s in g  t h e  p H  t o  3 .1  d ecre ases 
th e  a g g re g a te  w e ig h t  s u b s t a n t ia l ly .  (3 )  A g g r e g a ­
t io n  is g r e a t ly  e n h a n c e d  a t  t h e  is o e le c tr ic  p o in t  in  
th e  a b s e n c e  o f s a lt , r e la t iv e  t o  t h a t  i n  0 .1 5  M  N a C l .

A n  a t t e m p t  t o  d e t e r m in e  t h e  a g g re g a te  w e ig h t  
o f 0 . 7 5 5 %  P  in  0 .1 5  M  N a C l  a t  t h e  is o e le c tr ic  
p o in t  fa ile d  e v e n  t h o u g h  t h e  a n g u la r  d e p e n d e n c e  o f 
s e v e n  d i lu t io n s  w a s  m e a s u re d . T h e  re s u lts  c o u ld  
n o t  b e  e x t r a p o la t e d  t o  a  f in ite  in t e r c e p t , p r o b a b ly  
b e c a u s e  t h e  s o lu t io n  c o n ta in e d  a  n u m b e r  o f a g g re ­
g a te s  h e ld  t o g e t h e r  i n  a n  in c o m p le t e  n e t w o r k  
r a t h e r  t h a n  in d e p e n d e n t  k in e t ic  u n it s .

sin* (0/2) +  100°C.
Fig. 11.—Reciprocal angular envelope of solutions of 

gelatin P aggregates formed at 0.54 g./lOO cc. at 18° in 
0.15 M NaCl at the isoelectric point.

T h e  v is c o s it ie s  o f t h e  a g g re g a te d  s o lu tio n s  
f o r m e d  a t  a  series o f  c o n c e n tra t io n s  a t  1 7 .8 °  w e re  
m e a s u re d . I n  F i g .  12, th e  re d u c e d  s p e cific  v is ­
co sitie s  o f g e la t in  B  a n d  P  s o lu t io n s  a re  re p re s e n te d  
b y  p o in ts  c o n n e c te d  b y  f u l l  lin e s . I n  th e  case o f

t h e  g e la t in  P ,  d i lu t io n s  w e re  m a d e  o f th e  a g g re ­
g a te s  f o r m e d  a t  v a r io u s  c o n c e n tra t io n s  in  o r d e r  to  
o b t a in  t h e  in t r in s ic  v is c o s it ie s . T h e s e  d a t a  a re  
re p re s e n te d  b y  p o in t s  c o n n e c te d  w i t h  d a s h e d  lin e s . 
I t  is a p p a r e n t  f r o m  th e s e  re s u lts  t h a t  b o t h  th e  
re d u c e d  sp e cific  v is c o s it y  a n d  t h e  in t r in s ic  v is ­
c o s ity  o f th e  a g g re g a te d  s o lu t io n s  d e p e n d  o n  th e  
c o n c e n t r a t io n  a t  w h ic h  t h e  a g g re g a t io n  t o o k

CONCENTRATION (j/IOOCC.).

Fig. 12.—Reduced specific viscosity of solutions of gelatin 
aggregates at 17.8°: •, gelatin P; G, □  and ▲, gelatin 
B.

N e x t ,  i t  w a s  im p o r t a n t  to  d e t e r m in e  i f  th e  
g e la t in  a g g re g a te s  in  a q u e o u s  s o lu t io n  w o u ld  e x ­
p a n d  w h e n  c h a rg e d . T o  te s t  th is , t h e  p H  w a s  
lo w e re d  a n d  th e  s a lt  w a s  r e m o v e d  f r o m  a n  a g g re ­
g a te d  0 .4 0  g ./ lO O  cc. s o lu t io n  b y  d ia ly z in g  i t  
a g a in s t  1 0 ~3 N  H C 1  a t  1 7 .8 °  f o r  12  h o u rs . T h e  
in t r in s ic  v is c o s it y  o f t h e  d ia ly z e d  s o lu t io n  w a s  
c o m p a r e d  w i t h  t h a t  o f a n  id e n t ic a l  s o lu t io n  in  
0 .1 5  A i  N a C l  a t  p H  5 .1 , a f te r  t h e  c o n c e n t r a t io n  o f 
t h e  f o r m e r  h a d  b e e n  c h e c k e d  b y  d r y  w e ig h t . I t  
w a s  f o u n d  t h a t  th e  in t r in s ic  v is c o s it y  h a d  ris e n
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f r o m  1 .7  i n  0 .1 5  M  N a C l  a t  p H  5.1  t o  4 .2  i n  w a t e r  
a t  p H  3 .1 . T h i s  m e a n s  t h a t  t h e  v is c o s i t y  i n ­
c re a s e d  a t  le a s t t w o  a n d  a  h a lf  t im e s  w h e n  7 %  o f 
t h e  a m in o  a c id  re s id u e s  c a r r ie d  a  n e t  p o s it iv e  c h a rg e .

A n  u lt r a c e n t r if u g e  m e a s u re m e n t  o f a  0 .3 4  g ./ 1 0 0  
cc . o f g e la t in  P  a g g re g a te s  (M w =  9 0 0 ,0 0 0 ) f o r m e d  
in  0 .1 5  M  N a C l  a t  t h e  is o e le c tr ic  p o in t  a t  18° w a s  
c a r r ie d  o u t  i n  a  S p in c o  a n a ly t ic a l  u lt r a c e n t r i f u g e  
a t  t h e  s a m e  t e m p e r a t u r e . T h e  c o r r e c te d  s e d i­
m e n t a t io n  c o n s t a n t  w a s  3 .4 6  s v e d b e r g  u n it s , 
r o u g h ly  t w ic e  t h a t  o b t a in e d  f o r  a  0 .5 8  g ./ lO O  c c . 
s o lu t io n  o f m o .e c u la r ly  d is p e rs e d  g e la t in  in  2  M  
K C N S  ($20 =  1 .7 4  S). A  c o m p a r is o n  o f th e  
s e d im e n t a t io n  d ia g r a m s  o b ta in e d  f o r  t h e  g e la t in  
a g g re g a te s  w i t h  t h a t  o b ta in e d  f o r  t h e  m o le c u le s  
w h e n  b o t h  h a d  s e d im e n te d  a  c o m p a r a b le  a m o u n t  
(e q u a l  d is p la c e m e n t  o f  p e a k s  f r o m  m e n is c u s ) 
s h o w s  t h a t  t h e  a g g re g a t io n  o f g e la t in  h a s  b r o u g h t  
a b o u t  a  c o n s id e ra b le  b r o a d e n in g  o f t h e  p a r t ic le  
w e ig h t  d is t r ib u t io n .  I n  t h e  case o f t h e  a g g re g a te s  
t h e  h a lf  w i d t h  is a b o u t  d o u b le d . T h e  n a t u r e  o f 
t h e  b r o a d e n in g  in d ic a te s  t h a t  m o s t  o f t h e  m o le c u le s  
h a v e  p a r t ic ip a t e d  in  f o r m in g  a g g re g a te s  r a t h e r  
t h a n  t h a t  a  fe w  c o m b in e d  t o  f o r m  v e r y  la r g e  a g g re ­
g a te s .

I n  a d d i t io n  to  th e  f o r e g o in g  m e a s u re m e n ts  th e  
d e p e n d e n c e  o f  e x t in c t io n  a n g le  o n  g r a d ie n t  w a s  
o b s e r v e d  b y  a  H a o  F l o w  B ir e f r in g e n c e  A p p a r a t u s  
o n  s e v e ra l s o lu t io n s  o f a g g re g a te s  o f g e la t in  B  
(0 .1 5  M  N a C l ,  p H  5 .1 , t e m p . 1 8 ° ). U s in g  th e  
S t u a r t - P e t e r l i n  t h e o r y  f o r  in t e r p r e t in g  th e  e x ­
p e r im e n t a l  d a ta  in  te r m s  o f a n  e ll ip s o id a l m o d e l, i t  
w a s  f o u n d  t h a t  t h e  r o t a r y  d iffu s io n  c o n s ta n t , 0 , 
v a r ie d  f r o m  4 0 0 0  se c . - 1  w h e n  t h e  c o n c e n t r a t io n  
o f  f o r m a t io n  w a s  0 .2 8  g ./100  cc . t o  100 sec . -1  
w h e n  t h e  c o n c e n t r a t io n  o f f o r m a t io n  w a s  a b o v e  
0 .7  g ./ 1 0 0  cc . N o  a t t e m p t  is  m a d e  t o  in t e r p r e t  
t h is  b e c a u s e  t h e  t h e o r y  f o r  e llip s o id s  is  c o n s id e re d  
in a d e q u a t e . I t  is m e n t io n e d  h e re  so t h a t  c o m ­
p a r is o n  m a y  b e  m a d e  w i t h  s im ila r  m e a s u re m e n ts  in  
o t h e r  in v e s t ig a t io n s .

Discussion.— T h e  e v id e n c e  p r e s e n te d  a b o v e  o n  
g e la t in  a g g re g a te s  b e a rs  f u r t h e r  e x a m in a t io n  f r o m  
t w o  p o in t s  o f v i e w :  f irs t , t h e  c h a r a c te r is t ic s  o f th e  
a g g re g a te s  a n d , s e c o n d , t h e  n a t u r e  o f th e  fo rce s  
h o ld in g  t h e  g e la t in  m o le c u le s  t o g e t h e r  in  a g g re g a te s .

I n  d is c u s s in g  t h e  c h a r a c te r is t ic s  o f t h e  a g g re ­
g a te s , i t  is im p o r t a n t  t o  n o te  t h a t  t h e  a v e ra g e  
v a lu e s  o f p a r t ic le  w e ig h t  a n d  s ize  w h ic h  t h e  m e a s ­
u r e m e n ts  p r o v id e  a re  f a i r ly  r e p r e s e n ta t iv e  o f th e  
s o lu te  s in c e  t h e  s e d im e n ta t io n  d ia g r a m s  s h o w e d  
n o  s e le c tiv e  a g g re g a t io n  o n  th e  p a r t  o f a n y  o n e  
t y p e  o f spe cies. W i t h  th is  in  m in d  i t  is  o f  in te r e s t  
t o  e x a m in e  s o m e  o f t h e  re s u lts  a s s e m b le d  in  T a b l e
V I .  I f  th e  r e la t io n  o f  in t r in s ic  v is c o s it y  t o  p a r t i ­
c le  w e ig h t  is c o n s id e re d  f irs t , i t  is seen t h a t  [ ij]  is 
a p p r o x im a t e ly  p r o p o r t io n a l  t o  M l/\  T h e  u n ­
a s s o c ia te d  g e la t in , m e a s u re d  a t  a  h ig h e r  t e m p e r a ­
t u r e , a ls o  fits  th is  r e la t io n . S in c e  th is  is n o t  f a r  
f r o m  t h e  b e h a v io r  e x p e c te d  f o r  a  h o m o lo g o u s  
series o f p o ly m e r s , i t  s u g g e s ts  t h a t  t h e  a s s o c ia tio n  
is e it h e r  e n d -t o -e n d  o r , in  a n y  e v e n t , i t  p ro d u c e s  
a g g re g a te s  w h c s e  h y d r o d y n a m ic  c h a r a c t e r  re ­
s e m b le s  h ig h e r  m o le c u la r  w e ig h t  p o ly m e r s  o f 
g e la t in . H o w e v e r ,  i t  is c le a r  f r o m  t h e  l im it e d  
e x p a n s io n  o f a g g re g a te s  w h e n  c h a r g e d  in  th e  a b ­

se n ce  o f  e le c t r o ly t e  t h a t  t h e  c o n f ig u r a t io n a l 
m o b i l i t y  o f a n  e n d -t o -e n d  a g g re g a te  d o e s  n o t  e x is t 
a n d  th e  p o s s ib i l i t y  o f th is  t y p e  o f a s s o c ia tio n  m u s t  
b e  r u le d  o u t . T h e  s im p le s t  a l t e r n a t iv e  m o d e l 
c o m p a t ib le  w i t h  t h e  p a r t ic le  w e i g h t -v i s c o s i t y  
r e la t io n  is o n e  in  w h ic h  th e  g e la t in  m o le c u le s  a re  
h e ld  t o g e th e r  a t  r a n d o m ly  o c c u r r in g  p o in t s  o n  
t h e i r  s u rfa c e  p r o d u c in g  a  less fle x ib le , c r o s s -l in k e d  
o r  b r a n c h e d  s t r u c t u r e . T h e s e  o c c a s io n a l p o in t s  o f 
a s s o c ia tio n  w i t h i n  th e  a g g re g a te  w o u ld  p r o d u c e  
s o m e w h a t  g re a te r  c o m p a c tn e s s , o r  s e g m e n t  d e n s i t y  
t h a n  i n  t h e  e n d -t o -e n d  a g g re g a te  a n d  w o u ld  e x ­
p la in  t h e  f a c t  t h a t  t h e  d e p e n d e n c e  o f [tj] o n  p a r t i ­
c le  w e ig h t  is s o m e w h a t  less t h a n  t h e  v a lu e s  0 .6 4  
t o  0.88 f o u n d  f o r  g e la t in  m o le c u le s . 18’16

F u r t h e r  s u p p o r t  f o r  th is  “ b r u s h  h e a p ”  m o d e l  of 
t h e  g e la t in  a g g re g a te  c a n  b e  f o u n d  b y  e x a m in in g  
t h e  ra t io s  o f t h e  p a r t ic le  w e ig h t  t o  t h e  f irs t , s e c o n d  
a n d  t h i r d  p o w e rs  o f th e  r a d iu s  o f g y r a t io n  w h ic h  
a re  lis te d  in  T a b l e  V I .  I f  t h e  a g g re g a te s  w e r e  
ro d s  o f u n if o r m  d e n s it y , t h e  f irs t  r a t io  w o u ld  b e  
c o n s t a n t  a n d  if  t h e y  w e r e  s p h e re s  o f c o n s t a n t  
d e n s it y ,  th e  t h i r d  r a t io  w o u ld  b e  c o n s ta n t . N e i t h e r  
o f th e s e  e x tre m e s  a re  s a tis fie d  b u t  t h e  in t e r m e d ia t e  
case, M /R 2g, is a p p r o x im a t e ly  v a l id .  A  n u m b e r  o f 
p o s s ib le  f o r m s  c a n  b e  im a g in e d  w h ic h  w o u ld  m e e t  
t h e  a p p r o x im a t e  c o n s t a n c y  o f t h is  r a t io .  B u t  
t h e  s im p le s t  o n e , h a v in g  d is c a rd e d  t h e  e n d - t o -e n d  
a g g re g a te , is  t h e  b r u s h  h e a p  m o d e l. B e c a u s e  t h e  
o c c a s io n a l b r a n c h  p o in ts  o r  c ro s s -l in k s  in  s u c h  a n  
a g g re g a te  o n ly  m o d e r a t e ly  p e r t u r b  its  b a s ic  c h a in  
s t r u c t u r e , t h is  m o d e l w o u ld  h a v e  a  s e g m e n t  d is t r i ­
b u t io n  w i t h  re s p e c t to  th e  c e n te r  o f g r a v i t y  t h a t  
w o u ld  b e  close t o  t h a t  o f a  l in e a r  r a n d o m l y  c o ile d  
c h a in  a n d  s u c h  a  d is t r ib u t io n  d o e s a p p r o x im a t e  a  
G a u s s ia n  o n e  f o r  w h ic h  M /R 2g is  c o n s ta n t .

O n e  m o r e  in d ic a t io n  t h a t  t h is  m o d e l  is  a p p r o x i ­
m a t e ly  c o r re c t  is  t o  b e  f o u n d  in  n o t in g  t h a t  t h e  
p r o d u c t  o f t h e  s e c o n d  v i r i a l  c o e ffic ie n t B  a n d  M '/! 
is  c o n s t a n t  ( T a b l e  V I ) .  F o r  a series o f h o m o lo g o u s  
p o ly m e r s  o f d iffe re n t  m o le c u la r  w e ig h t ,  a  s o m e ­
w h a t  lo w e r  e x p o n e n t  o f  M  is  f o u n d . T h e  v a lu e  o f 
V '2 lie s  in  t h e  d ir e c t io n  o f m o r e  c o m p a c t , less e a s ily  
p e n e tra b le  p a rt ic le s  a n d  is v e r y  d if fe re n t  f r o m  t h a t  
e x p e c te d  f o r  e it h e r  o f th e  e x tr e m e  cases o f ro d s  o r  
s p h e re s .

T h u s  i t  is see n  t h a t  th re e  a r g u m e n t s , w h ic h  m a y  
b e  s u m m a r iz e d  b y  s a y in g  t h a t  M /R 2g, [r\]/M l/i 
a n d  BM '/% a re  n e a r ly  c o n s ta n t , in d ic a t e  t h a t  th e  
a g g re g a te s  a re  c o m p o s e d  o f in d i v i d u a l  m o le c u la r  
s t ra n d s  so a r r a n g e d  t h a t  th e  a v e ra g e  d e n s it y  d is t r i ­
b u t io n  re s e m b le s  t h a t  o f m o d e r a t e ly  b r a n c h e d  o r  
c ro s s -l in k e d  p o ly m e r s .

T h e  d is c u s s io n  t h u s  f a r  h a s  b e e n  re s tr ic te d  t o  t h e  
b e h a v io r  o f g e la t in  a g g re g a te s  in  0 .1 5  M  N a C l  a t  
t h e  is o e le c tr ic  p o in t .  W i t h o u t  g o in g  in t o  d e ta ils , 
o n e  c a n  see f r o m  T a b l e  V I  t h a t  th e  c h a r a c t e r  o f th e  
a g g re g a te s  is e s s e n tia lly  u n a lt e r e d  w h e n  t h e  p H  is 
c h a n g e d  f r o m  5.1  t o  3 .1  in  s a lt  s o lu t io n s . T h e r e  is, 
h o w e v e r ,  s o m e  in c re a s e  in  t h e  v i r i a l  c o e ffic ie n t a n d  
a  d e cre a se  in  th e  a g g re g a te  w e ig h t .  W e  in t e r p r e t  
t h is  as th e  re s u lt  o f th e  n e t  c h a r g e  o n  t h e  m o le c u le s , 
w h ic h  cre a te s  a  s m a ll  re p u ls io n  b e t w e e n  s e g m e n ts  of 
d if fe re n t  m o le c u le s  m a k in g  u p  t h e  a g g re g a te  a n d  
b e tw e e n  th e  a g g re g a te s  as w e ll .

(16) J. Pouradier and A. M. Venet, J. chim. ploys., 47, 391 (1950).
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c X  lot 
g . / c c . Mw X 10-“ hi Rg (A.)

(1) Gelatin P: 0.15 M NaCl, pH 5.1
0.087 0.208 0.60 230

.203 0.476 .80 376

.386 1.2 1.32 650

.539 5.9 2.12 1480
(2) Gelatin B: 0.15 AT NaCl, pH 3.1

0.75 1.65 850
(3) Gelatin B: H20, pH 5.1

0.58 40 4260

T h e  a g g re g a t io n  i n  w a t e r  a t  t h e  is o e le c tr ic  p o in t  
is  d e c id e d ly  d iffe re n t , h o w e v e r .  T h i s  c a n  be  
c le a r ly  see n  in  t h e  h ig h e r  r e la t iv e  d e n s it y ,  M /R  3g, 
in  t h e  n e g a t iv e  v i r i a l  c o e ffic ie n t, a n d  in  t h e  f a c t  
t h a t  a n  a g g re g a te  o f 4 0  m i l l io n  p a r t ic le  w e ig h t  h a s  
a  re d u c e d  sp e c ific  v is c o s i t y  less t h a n  t h a t  o b s e r v e d  
f o r  a g g re g a te s  o f 1 m i l l io n  p a r t ic le  w e ig h t  i n  s a lt . 
T h e  h ig h  d e n s i t y  a n d  t h e  lo w  v is c o s i t y  m u s t  m e a n  
t h a t  t h e  a g g re g a te s  f o r m e d  u n d e r  th e s e  c o n d it io n s  
a re  m o r e  c o m p a c t  a n d  a ls o  m o r e  n e a r ly  s p h e ric a l 
t h a n  th o s e  f o r m e d  i n  s a lt  s in c e  t h e  v is c o s i t y  o f a 
s p h e re  is in d e p e n d e n t  o f m o le c u la r  w e ig h t .  T h e  
n e g a t iv e  v i r i a l  c o e ffic ie n t, a n d  t h e  f a c t  t h a t  w e  
f o u n d  t h a t  t h e  a n g u la r  d e p e n d e n c e  o f t h e  s c a tte re d  
l ig h t  w a s  n o  lo n g e r  l in e a r ,  im p lie s  t h a t  w e  a re  
d e a lin g  w i t h  a n  e s s e n tia lly  d if fe re n t  t y p e  o f a g g re ­
g a te . T h e  d e c id e d  u p w a r d  c u r v a t u r e  o b s e rv e d  
in  t h e  re c ip r o c a l a n g u la r  e n v e lo p e  a t  in f in it e  d i lu ­
t io n  in d ic a te s  s u b s t a n t ia l  o r d e r in g  o f t h e  a g g re ­
g a te s . I n  t h is  case w e  h a v e  o b s e r v e d  t h e  p e r ­
s is te n c e  o f o r d e r in g  i n  a  c o n c e n t r a t io n  as lo w  as 
3 X  1 0 ~6 g ./ c c . T h i s ,  t o g e t h e r  w i t h  t h e  o b s e rv e d  
n e g a t iv e  v i r i a l  c o e ffic ie n t, m a k e s  t h e  d e d u c t io n  t h a t  
e le c tro s t a t ic  a t t r a c t io n s  a re  o p e r a t iv e  a lm o s t  m a n ­
d a t o r y .  W e  c a n  t h u s  c o n c lu d e  t h a t  t h e  a g g re g a ­
t io n  o f g e la t in  m o le c u le s  in  w a t e r  a t  t h e  is o e le c ­
t r i c  p o in t  is g r e a t ly  e n h a n c e d  (a n d  c o m p lic a t e d )  
b y  e le c tro s t a t ic  a t t r a c t io n s  w h ic h  p r o d u c e  a g g re ­
g a te s  w h ic h  a re  b o t h  m o r e  d e n s e  a n d  m o r e  s p h e r ic a l 
t h a n  th o s e  f o r m e d  i n  t h e  p re s e n c e  o f s a lt . T h i s  
t y p e  o f a g g r e g a t io n  m u c h  m o r e  c lo s e ly  re s e m b le s  
th e  p ro ce ss  o n e  w o u ld  e x p e c t t o  o c c u r  p r io r  t o  p r e ­
c ip it a t io n  t h a n  t o  g e la t io n .

W e  t u r n  n o w  t o  a  c o n s id e ra t io n  o f t h e  fo rce s  
re s p o n s ib le  f o r  t h e  a s s o c ia tio n  o f g e la t in  m o le c u le s  
in t o  a g g re g a te s . I f  o n e  e x a m in e s  t h e  e v id e n c e  
d e a lin g  w i t h  t h is  p o in t  p re s e n te d  a b o v e  a n d  th e  
o b s e r v a t io n s  o n  t h e  m e lt in g  a n d  f o r m in g  o f gels 
in  th e  n e x t  s e c tio n , i t  a p p e a rs  t h a t  e a c h  f e a tu re  
o b s e rv e d  is c o n s is te n t  w i t h  t h e  s u p p o s it io n  t h a t  
t h e  a s s o c ia tio n  re s u lts  f r o m  t h e  f o r m a t io n  o f v e r y  
s m a ll  c r y s t a ll it e s  i n v o l v i n g  s m a ll  s e c tio n s  o f a 
s m a ll  n u m b e r  o f g e la t in  m o le c u le s . T h i s  p r o p o s i­
t io n  w i l l  f irs t  b e  d e fe n d e d  a n d  t h e n  e x a m in e d  w i t h  
r e g a r d  t o  it s  p re c is e  m e a n in g .

S in c e  t h e  h e a t  o f m e lt in g  o f a  c r y s t a l l in e  p o ly m e r  
is p o s it iv e  (e n d o t h e r m ic ) ,  i t  is n e c e s s a ry  t h a t  th e  
c o e x is te n c e  t e m p e r a t u r e  (m e l t in g  p o in t  o f th e  
p o ly c r y s t a l l in e  p o ly m e r  in  e q u i l ib r iu m  w i t h  s o lv e n t )  
d e cre a se  w i t h  d i lu t io n .  R e c o g n iz in g  t h a t  a  d is ­
t r i b u t io n  o f c r y s t a l l i t e  size s a re  p re s e n t  in  a  s w o lle n

M
R*

M
R&2

M
R ?  X 10‘

B X  10 ‘ , 
m o le  

c c . /g .J
BM'/i X  

10*

895 3.97 1.73 1.85 8.44
1270 3.38 0.91 1.25 8.62
1860 2.86 .44 0.75 8.21
4200 2.71 .19 .35 8.52

1930 2.29 .26 1.25 16.1

940 2.21 .52 -0 .3 3

p o ly c r y s t a l l in e  p h a s e , d i lu t io n  a t  c o n s t a n t  t e m ­
p e r a t u r e  w i l l  b e  a c c o m p a n ie d  b y  a  p ro g re s s iv e  
m e lt in g  o f t h e  c r y s ta ll ite s . T h i s  t y p e  o f b e h a v io r  
is w e ll  i l lu s t r a t e d  i n  t h e  case o f p o ly e t h y le n e  a n d  
x y le n e . 17 T h e  m e lt in g  t e m p e r a t u r e  o f g e la t in  
gels d e cre a se s w i t h  d i lu t io n  i n  a  s im ila r  w a y .18 
S in c e  w e  a s s u m e  t h a t  t h e  a s s o c ia t io n  in  t h e  a g g re ­
g a te s  h a s  t h e  s a m e  o r ig in  as t h e  g e la t io n  o f m o r e  
c o n c e n tra te d  s o lu t io n s  o f g e la t in , t h is  o b s e r v a t io n  
s u g g e s ts  t h a t  t h e  a s s o c ia tio n  is  d u e  t o  c r y s t a l l i t e  
f o r m a t io n .

T h e  b e h a v io r  o f t h e  a g g re g a te s  u p o n  d i lu t io n  
s u p p o r ts  t h is  s u g g e s tio n . N o t  o n ly  is  t h e i r  d is ­
s o c ia t io n  v e r y  s lo w , as i t  w o u ld  b e  if  i t  in v o lv e d  t h e  
m e lt in g  o f  c ry s ta ll ite s , b u t  t h e  d is s o c ia t io n  a t  18° 
is o n ly  s l ig h t . E v e n  i n  t h e  case o f t h e  6 0 -fo ld  
d i lu t io n ,  t h e  a v e ra g e  p a r t ic le  w e ig h t  w a s  a p p r o a c h ­
in g  a  c o n s ta n t  v a lu e  a f te r  200 h o u r s  c o r r e s p o n d in g  
t o  a g g re g a te s  o f  f o u r  t o  f iv e  g e la t in  m o le c u le s . 
T h i s  w o u ld  in d ic a t e  t h a t  s o m e  b u t  n o t  a l l  o f t h e  
in t r a a g g r e g a t e  c ry s ta ll ite s  w e r e  u n s t a b le  a t  th is  
h ig h e r  d i lu t io n .

T h e  d e p e n d e n c e  o f th e  a g g re g a te  s ize  o n  t h e r m a l  
h is t o r y  ( F i g .  7 )  is c h a r a c te r is t ic  o f p o ly c r y s t a l l in e  
m a te r ia ls  a n d  w o u ld  b e  d if f ic u lt  t o  e x p la in  in  a n y  
o t h e r  w a y .

I n  s p ite  o f t h e  c o in c id e n c e  o f t h e  b e h a v io r  o f 
th e s e  a g g re g a te s  a n d  t h a t  e x p e c te d  f o r  a g g re g a te s  
o f p o ly c r y s t a l l in e  p o ly m e r s , i t  m a y  b e  a r g u e d  t h a t  
th is  s y s t e m  is s t i l l  s im p ly  e x h ib it in g  t h e  c h a r a c t e r ­
is t ic  b e h a v io r  o f p h a s e  s e p a ra t io n  i n  a n  a m o r p h o u s  
p o l y m e r - l i q u i d  s y s t e m  w i t h  s o m e  u n u s u a l  t im e  
la g s  in  t h e  e s ta b lis h m e n t  o f e q u i l ib r iu m . I f  th is  
w e r e  a  t w o -p h a s e  s y s t e m  o f a m o r p h o u s  s w o lle n  
p o ly m e r  a n d  v e r y  d i lu t e  p o ly m e r  s o lu t io n , th e  
s e c o n d  v i r i a l  c o e ffic ie n t o f b o t h  t h e  a g g re g a te s  a n d  
t h e  d is s o c ia te d  m o le c u le s  a t  t e m p e r a t u r e s  j u s t  
a b o v e  t h e  p n a s e  s e p a ra t io n  p o in t  w o u ld  b e  n e g a ­
t iv e .  T h e  d a t a  in  F ig s .  3 a n d  9  s h o w  t h e  s e c o n d  
v i r i a l  c o e ffic ie n ts  t o  b e  p o s it iv e . H e n c e  th e r e  is 
n o  b a s is  f o r  th is  a l t e r n a t iv e  p o in t  o f v ie w .

L i t t l e  c a n  b e  s a id  w i t h  c e r t a in t y  o f  t h e  n a t u r e  o f 
t h e  fo rc e s  i n v o lv e d  in  t h e  c ry s ta ll ite s  b e lie v e d  to  
s e rv e  as c ro s s -lin k s  a n d  b r a n c h  p o in t s  in  t h e  
a g g re g a te s . I t  is  c le a r  f r o m  th e  la c k  o f in f lu e n c e  
o f io n ic  s t r e n g t h  t h a t  e le c tro s t a t ic  fo rc e s  p l a y  n o  
d o m in a n t  ro le . I t  is l ik e ly  t h a t  th e  r e m a in in g  
p o s s ib ilit ie s  o f h y d r o g e n  b o n d s , d is p e rs io n  fo rce s  
a n d  d ip o le  in t e r a c t io n  d o  c o n t r ib u t e . T h e r e  is

(1 7 )  R .  B .  R ic h a r d s ,  Trans. Faraday Soc., 42, 10 (1 9 4 6 ).
(1 8 )  J . D ,  F e r r y ,  Advances in Protein Ckem., 4, 1 (1 9 4 8 ).
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h ig h  p r o b a b i l i t y  t h a t  t h e  re g io n s  o f a s s o c ia tio n  
(c r y s t a l l i t e s )  in v o lv e  c o n s id e r a b ly  m o r e  t h a n  s in g le  
a t o m ic  g r o u p in g s  o r  a m in o  a c id  re s id u e s  b e c a u s e  
o f  t h e  r e la t iv e  s h a rp n e s s  o f  t h e  m e lt in g  o f  th e  
a g g re g a te s  a n d  g e ls . T h e  b a s is  o f  t h is  c o n c lu s io n  
lie s  i n  v ie w in g  t h e  d is a p p e a ra n c e  o f  t h e  c ry s ta ll ite s  
as a  k in e t ic  p ro c e s s . S in c e  a v e r y  h ig h  e n e r g y  o f 
a c t i v a t io n  m u s t  b e  a t t r ib u t e d  t o  i t ,  s u c h  a  pro ce ss  
e o u ld  n o t  o c c u r  a t  s u c h  lo w  te m p e r a t u r e s  u n le s s  
t h e  e n t r o p y  o f a c t iv a t io n  w e re  u n u s u a l ly  h ig h . 
T h u s  as i n  p r o t e in  d é n a t u r a t io n  o r  t h e  m e lt in g  of 
s im p le  c ry s ta ls , a  c o n s id e ra b le  d is o r d e r in g  m u s t  b e  
a s s o c ia te d  w i t h  t h e  f o r m a t io n  o f t h e  a c t iv a t e d  s ta te . 
T h i s  re q u ire s  t h a t  a  d e g re e  o f o r d e r in g  m u s t  h a v e  
b e e n  p re s e n t  in  t h e  in i t ia l  s ta te , a n d  i t  is th is  o r d e re d  
s ta te  t h a t  w e  h a v e  c a lle d  “ c r y s t a l l i t e s ”  t h r o u g h o u t  
th is  d is c u s s io n . T h e s e  o r d e re d  re g io n s  i n  w h ic h  
g e la t in  c h a in s  a r e  u n it e d  m a y  w e l l  b e  t o o  s m a ll  t o  
b e  d e te c te d  b y  X - r a y  d if f r a c t io n . T h i s  p o in t  is 
d is c u s s e d  f u r t h e r  a t  t h e  e n d  o f t h e  n e x t  p a r t .

IV. Gelatin Gels
The Effect of the Gel-Sol Transition on Trans­

verse Scattering.— I n  o r d e r  to  s u r v e y  t h e  m a g n i ­
t u d e  o f t h e  c h a n g e s  in  l i g h t  s c a t t e r in g  b r o u g h t  a b o u t  
b y  m e l t in g  a n d  s e t t in g  g e la t in  ge ls  a n d  t o  e x a m in e  
t h e  t im e  r e q u ir e d  f o r  e q u i l ib r iu m  to  b e  e s ta b lis h e d , 
f o u r  g e la t in  s o lu t io n s  in  0 .1 5  M  N a C l  a n d  a t  p H  
0 .5  w e r e  p la c e d  in  s q u a re  cells  a n d  t h e i r  s c a t t e r in g  
a t  9 0 °  w a s  f o llo w e d  t h r o u g h  th e  g e l-s o l  a n d  s o l -g e l  
t r a n s i t io n . T h e  c o n c e n t r a t io n s  w e re  0 .9 0 , 1 .5 0 ,
2 .0 1  a n d  2 .8 4  g ./ lQ 0  cc . A f t e r  f irs t  h e a t in g  th e  
s o lu t io n s  t o  4 0 c a n d  m e a s u r in g  t h e i r  s c a t t e r in g

t h e r e , t h e  s o lu t io n s  w e r e  s to r e d  a t  4° f o r  a  d a y  
a n d  t h e n  t h e r m o s t a t e d  a t  1 7 .4 ° . I t  is see n, f irs t  
o f a ll , t h a t  t h e  s c a tte r in g , b o t h  a t  4  a n d  a t  1 7 .4 °  
decreases w i t h  in c re a s in g  g e la t in  c o n c e n t r a t io n . 
A f t e r  b e in g  b r o u g h t  t o  17 .4 °  t h e  s c a t t e r in g  d e ­
creases w i t h  t im e  re a c h in g  a  c o n s ta n t  v a lu e  a f te r  
a b o u t  12 h o u rs . I n  t h e  m o s t  d i lu t e  case , w h ic h  
h a d  r e m a in e d  a  s o lu t io n , th e r e  w a s  a  s lo w  d r i f t  
t o  h ig h e r  s c a t t e r in g  t h a t  d id  n o t  e n d  e v e n  a f t e r  a 
w e e k ’s t im e  a lt h o u g h  d u r in g  t h is  p e r io d  i t  h a d  se t 
t o  a  g e l.

T h e  ge ls  w e r e  t h e n  w a r m e d  t o  2 5 Q a n d  t h e  s c a t ­
t e r in g  m e a s u re d  as a  f u n c t io n  o f  t im e  w h i le  t h e y  
m e lt e d . T h e  re s u lts  s h o w  ( F i g .  1 3 ) t h a t  t h e  m e lt ­
in g  is v e r y  r a p id ,  t h e  s c a t t e r in g  h a v i n g  b e c o m e  
c o n s ta n t  a f te r  4  h o u rs . A n  in t e r e s t in g  f e a t u r e  o f 
t h e  m e lt in g  p ro c e s s  is  t h e  s l ig h t  in c re a s e  in  s c a tte r ­
in g  t h a t  p re c e d e s  t h e  r a p id  d e cre a s e . T h i s  is 
a p p a r e n t ly  t h e  r e s u lt  o f a  t e m p o r a r y  in c re a s e  in  
d is o r d e r  as t h e  n e t w o r k  b re a k s  a p a r t .  W h e n  
e q u i l ib r iu m  is  re a c h e d  a t  th is  t e m p e r a t u r e , i t  is 
seen t h a t  t h e  d e p e n d e n c e  o f s c a t t e r in g  o n  g e la t in  
c o n c e n t r a t io n  h a s  re v e rs e d  a n d  n o w  s ta n d s  i n  th e  
n o r m a l  o r d e r  w i t h  th e  m o s t  d i lu t e  s y s t e m  s c a tte r ­
in g  le a s t.

T h u s  i t  is  c le a r t h a t  s u b s t a n t ia l  c h a n g e s  i n  l ig h t  
s c a t t e r in g  d o  a c c o m p a n y  t h e  m e lt in g  o f  g e ls , b u t  
t h a t  t h e  m a g n it u d e  o f t h e  c h a n g e  d e cre a se s  w it h  
in c r e a s in g  c o n c e n t r a t io n . T h e  f a ilu r e  o f e a r ly  
in v e s t ig a t o r s  t o  o b s e rv e  th e s e  c h a n g e s  m a y  h a v e  
b e e n  d u e  t o  t h e i r  w o r k in g  w i t h  m o r e  c o n c e n tr a te d  
s o lu t io n s , b u t  m o r e  p r o b a b ly  i t  w a s  t h e  r e s u lt  o f 
t h e i r  m a k in g  m e a s u re m e n ts  in  th e  a b s e n c e  o f s a lt,
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w h e r e  e x te r n a l in te rfe re n c e  is  so g re a t  t h a t  i t  w o u ld  
b e  im p o s s ib le  t o  o b s e rv e  s u c h  c h a n g e s .

T h e  re v e rs e  p ro c e s s , t h e  f o r m a t io n  o f ge ls , w a s  
m e a s u re d  n e x t . T h e  f o u r  s o lu t io n s  w e re  h e a te d  t o  
4 0 ° , a n d  t h e n  p la c e d  in  a  1 7 .4 °  t h e r m o s t a t .  T h e  
s c a t t e r in g  w a s  m e a s u re d  as a  f u n c t io n  o f t im e  f o r  
7 0  h o u rs . T h e  re s u lts  o b ta in e d  d u r in g  t h e  f irs t  
te n  h o u rs  a re  a ls o  s h o w n  in  F i g .  13. A  c o m p a r is o n  
w i t h  th e  m e lt in g  s h o w n  i n  t h e  c e n te r  o f t h e  f ig u re  
s h o w s  t h a t  g e l f o r m a t io n  is a  m u c h  s lo w e r  p ro ce s s  
t h a n  m e lt in g . I n  e it h e r  case, h o w e v e r , e s s e n tia lly  
th e  s a m e  f in a l s ta te  is  re a c h e d , p r o v id e d  o n e  a llo w s  
s u ffic ie n t t im e . T h i s  w a s  d e m o n s tr a te d  b y  c o m ­
p a r in g  t h e  s c a tte r in g  o f t h e  f o u r  ge ls  a f te r  7 0  
h o u rs  a t  1 7 .4 ° , th e  gels h a v in g  b e e n  b r o u g h t  t o  th is  
t e m p e r a t u r e  f r o m  a  lo w e r  t e m p e r a t u r e  in  o n e  case 
a n d  a h ig h e r  t e m p e r a t u r e  i n  t h e  o th e r . I n  a ll 
f o u r  s y s te m s  t h e  s c a t t e r in g  v a lu e s  a g re e d  t o  w i t h i n  
5 % .  T h u s  i n  b o t h  s e t t in g  a n d  m e lt in g  i t  is f o u n d  
t h a t  t h e  m o s t  c o n c e n tr a te d  s o lu t io n  u n d e rg o e s  th e  
le a s t c h a n g e  in  s c a tte r in g .

F i n a l l y ,  t h e  s c a t t e r in g  o : th e  f o u r  s o lu t io n s  w a s  
m e a s u re d  as a  f u n c t io n  o f t e m p e r a t u r e . I n  ea ch  
case th e  s o lu t io n s  w e re  h e a te d  a t  40 ° f o r  o n e  h o u r ,  
s to re d  a t  4° f o r  o n e  d a y , a n d  t h e n  a llo w e d  t o  
e q u i l ib r a t e  a t  th e  d e s ire d  t e m p e r a t u r e  f o r  120 
h o u rs . T h e  re s u lts  w e r e  e x a c t ly  w h a t  w o u ld  b e  
p r e d ic te d  f r o m  t h e  p r e v io u s  o b s e r v a t io n s . T h e  
s c a tte r in g  d e c re a s e d  s t e a d i ly , le v e lin g  off a t  a b o u t  
2 5 ° .

Angular Dependence of Scattering from Gelatin 
Gels.— S o lu t io n s  in  t h e  c o n c e n t r a t io n  ra n g e  o f 1 .0  
to  2 . 3 %  in  0 .1 5  M  N a C l  a :  p H  5 .1  w e re  h e a te d  a t  
4 0 ° , a n d  th e  l ig h t  s c a t t e r in g  m e a s u re d  a t  th is  
t e m p e r a t u r e . T h e  s o lu t io n s  w e re  t h e n  s u b je c te d  
t o  t h e  s a m e  t e m p e r a t u r e  c o n d it io n in g  as th e  m o r e  
d i lu t e  ones. T h e  a n g u la r  e n v e lo p e s  o f th e  s c a tte re d  
l ig h t  w e re  m e a s u re d  a n d  t h e  re s u lts  a re  s h o w n  in  
F ig s .  14 ( B )  a n d  15 ( P ) .  T h e  s t r ik in g  d iffe re n c e  
b e tw e e n  th e  s c a tte r in g  o f g e la t in  gels a n d  g e la t in  
a g g re g a te s  c a n  b e s t b e  see n  i n  F i g .  14 w h e r e  th e  
re s u lts  f o r  th e  d i lu t e  s o lu t io n s  a re  in c lu d e d . H e r e  
w e  see t h a t  a lt h o u g h  th e  re c ip r o c a l a n g u la r  e n v e ­
lo p e s  o f a g g re g a te d  s o lu t io n s  a re  l in e a r , a n d  th e  
s c a tte r in g  in c re a s e s  w i t h  c o n c e n t r a t io n , q u it e  th e  
re v e rs e  is t r u e  f o r  t h e  gels. S t a r t in g  w i t h  a  1 %  
g e l, th e  re d u c e d  s c a tte r in g , Ro/c, decreases w i t h  
c o n c e n tr a t io n  so t h a t  f o r  a  2 . 3 %  g e l t h e  re d u c e d  
s c a t t e r in g  is less a t  z e ro  a n g le  t h a n  a  0 . 3 5 %  s o lu t io n  
o f g e la t in  a g g re g a te s . F u r t h e r m o r e ,  t h e  a n g u la r  
d e p e n d e n c e  ceases t o  b e  l in e a r . T h u s  t h e  e n v e lo p e  
o f a  1%  g e l a lr e a d y  h a s  a  s l ig h t  u p w a r d  c u r v a t u r e ,  
w h ile  t h a t  o f a  2 . 3 %  g e l is a lm o s t  J -s h a p e d , th e  
in it ia l  s lo p e  b e in g  z e ro , b u t  Kc/Rg in c re a s in g  
r a p id ly  f r o m  a b o u t  70° o n .

T h u s  t w o  o b s e r v a t io n s  o n  t h e  d iffe re n c e  b e ­
tw e e n  th e  s c a t t e r in g  o f t h e  s o lu t io n s  a n d  t h e  gels 
a re  p a r t ic u la r ly  s ig n if ic a n t  b e c a u s e  t h e y  b r in g  in t o  
fo c u s  t h e  e s s e n tia l d is t in c t io n , a t  th e  m o le c u la r  
le v e l, b e tw e e n  s o lu t io n s  a n d  ge ls . W e  s h a ll 
e x a m in e  a t  o n c e  t h e  im p lic a t io n s  o f t h e  c h a n g e  in  
th e  s h a p e  o f t h e  r e c ip r o c a l s c a tte r in g  e n v e lo p e  
a n d  ta k e  u p  in  t h e  n e x t  s e c tio n  a  m o r e  d e ta ile d  
c o n s id e ra t io n  o f  th e  c o n c e n t r a t io n  d e p e n d e n c e  of 
th e  re d u c e d  in t e n s it y  Ro.

E x a m i n a t i o n  o f t h e  r e c ip r o c a l s c a tte r in g  e n ­

v e lo p e s  in  F ig s .  14 a n d  15 s h o w s  t h a t  t h e  p r o g r e s ­
s iv e  c h a n g e  in  c h a r a c te r  o f t h e  e n v e lo p e s  w i t h  i n ­
c re a s in g  c o n c e n t r a t io n  is  d u e  t o  a f a l l in g  off o f t h e  
lo w  a n g le  in te n s it ie s , t h e  a n g u la r  d e p e n d e n c e  in  
t h e  h ig h  a n g le  re g io n  r e m a in in g  e s s e n t ia lly  u n ­
c h a n g e d . T h i s  t y p e  o f d e v ia t io n  f r o m  t h e  r e c ip r o ­
c a l s c a tte r in g  e n v e lo p e  o f in d e p e n d e n t  ( r a n d o m l y  
lo c a te d ) s c a tte r in g  c e n te rs  a lw a y s  arises w h e n  
o r d e r in g  o c c u rs , t h a t  is , w h e n  t h e  s p a t ia l  a r r a n g e ­
m e n t  o f  t h e  s c a t t e r in g  c e n te rs  c h a n g e s  f r o m  a 
r a n d o m  o n e  t o  o n e  in  w h ic h  th e r e  is a  t e n d e n c y  of 
th e  c e n te rs  t o  b e  e v e n ly  s p a c e d . C o n s e q u e n t ly  
w e  c o n c lu d e  t h a t  w i t h  in c re a s in g  g e la t in  c o n c e n tr a ­
t io n  t h e  s c a tte r in g  c e n te rs , w h ic h  as w e  s h a ll  see 
in  t h e  n e x t  s e c tio n  m a y  b e  t h o u g h t  o f as s im ila r  to  
t h e  la r g e r  a g g re g a te s , b e c o m e  m o r e  u n i f o r m ly  
d is t r ib u t e d  in  sp a ce .

T h e  a r g u m e n t  le a d in g  t o  t h e  f o r e g o in g  c o n c lu ­
s io n  w i l l  n o t  b e  p re s e n te d  h e r e  b e c a u s e  i t  d e riv e s  
e s s e n tia lly  f r o m  th e  g e n e ra l t h e o r y  o f s c a t t e r in g  
a n d  h a s  b e e n  c o n s id e re d  i n  s o m e  d e t a i l  in  t w o  
o t h e r  p u b lic a t io n s  d e a lin g  w i t h  f o r m a l ly  s im ila r  
p r o b le m s .19 O n e  p a r t ic u la r  p o in t ,  h o w e v e r ,  d e ­
s e rve s  s p e c ia l m e n t io n . A l t e r a t i o n  o f th e  re ­
c ip r o c a l s c a tte r in g  e n v e lo p e  f r o m  t h a t  o f in d e ­
p e n d e n t  p a rt ic le s  c a n  a ris e  e ith e r  i n  t h e  m a n n e r  
ju s t  d e s c rib e d  w h e r e  t h e  e ffe ct is o b s e r v e d  a t  lo w  
a n g le s  o r  in  a n o t h e r  m a n n e r  in  w h ic h  th e  h ig h  a n g le s  
a re  m o s t  a ffe c te d . T h i s  la t t e r  p o s s ib i l i t y  arises 
w h e n  r ig id  p a rt ic le s  a re  i n  c o n t a c t  b e c a u s e  i n  t h a t  
case th e re  is c o r r e la t io n  b e tw e e n  a ll  p a irs  o f v o lu m e  
e le m e n ts  in  th e  t w o  p a rt ic le s . T h i s  s it u a t io n  h as

(1 9 ) (a ) P . D o t y  a n d  R .  F . S te in e r , J. Chem. P h y s 20, 85 (1 9 5 2 ) ;  
(b )  G . E h r lic h  a n d  P . D o t y ,  J. Am. Chem. Soc., 76, 3 76 4  (1 9 5 4 ).



980 Helga Boedtker and Paul Doty Vol. 58

1-0 1.4 1.8 2 .2  2 .6  3 .0

Fig. 15.—Keciprocal angular envelopes of gelatin P gels at 18°.

n o  e ffe ct a t  z e ro  a n g le  b u t  ra ise s  t h e  re c ip r o c a l 
e n v e lo p e  p r o g r e s s iv e ly  w i t h  in c re a s in g  a n g le .20 
T h e  a b s e n c e  o f th is  e ffect i n  g e la t in  ge ls  im p lie s  
t h a t  t h e  s e g m e n ts  m a k in g  u p  t h e  s c a t t e r in g  c e n te rs  
a re  n o t  r i g i d ly  f ix e d  a n d  p e r m it s  th e  a s s ig n m e n t  o f 
t h e  ca u se  o f  t h e  a lt e r a t io n  o f t h e  e n v e lo p e  t o  th e  
o r d e r in g  o f t h e  s c a t t e r in g  c e n te rs . T h e  c o n s id e ra ­
t io n s  o f t h e  n e x t  s e c tio n  a ls o  m a k e  i t  c le a r t h a t  t h e  
o r ig in  o f t h is  o r d e r in g  is t h e  s p a t ia l  e x te n t  o r  
v o lu m e  f il l in g  c a p a c i t y  o f  t h e  s c a t t e r in g  c e n te rs  
th e m s e lv e s .

The Concentration Dependence of Scattering 
from Gelatin Gels.— H a v i n g  d e a lt  w i t h  t h e  a n g u la r  
d e p e n d e n c e  o f th e  in t e n s it y  o f l ig h t  s c a tte re d  f r o m  
g e la t in  ge ls , w e  t u r n  n o w  t o  c o n s id e r  th e  d e p e n d ­
e n c e  o n  t h e  c o n c e n t r a t io n . S in c e  t h e  s c a tte r in g  
e x t r a p o la t e d  t o  z e ro  s c a t t e r in g  a n g le , R 0, is th e  
le a s t c o m p lic a t e d  b y  in te r fe re n c e  effects a n d  s in ce  
i t  is th is  q u a n t i t y  w h ic h  i n  s o lu t io n s  h a s  a  d ir e c t  
t h e r m o d y n a m ic  in t e r p r e t a t io n , o u r  c o n c e r n  w i l l  b e  
w i t h  Ro. W e  s h a ll  re s t r ic t  o u r  in te r e s t  t o  t h e  gels 
s tu d ie d  h e re , th o s e  a t  p H  5 .1  i n  0 .1 5  M  N a C l  a n d  
a t  1 7 .4  o r  18°.

I t  is c le a r  f r o m  F i g .  13 t h a t  t h e  s c a t t e r in g  o f 
t h e  ge ls  is  s e v e ra l t im e s  t h a t  o f t h e  c o r r e s p o n d in g  
s o lu t io n s  a t  40° w h e r e  t h e  g e la t in  m o le c u le s  a re  
k in e t ic a l ly  in d e p e n d e n t . H e n c e  th e r e  is g re a te r  
n o n -u n i f o r m i t y  in  t h e  d is p o s it io n  o f t h e  g e la t in  
m o le c u le s  in  t h e  g e l t h a n  in  s o lu t io n . I n  o t h e r  
w o r d s , t h e  f lu c tu a t io n s  o f  d e n s it y  o f g e la t in  in  th e  
g e l a re  g r e a te r  t h a n  in  s o lu t io n . T h i s  s it u a t io n  
m i g h t  b e  e x p e c te d  t o  r e s u lt  f r o m  t h e  e x is te n c e  in

(20) In the ease of rigid particles equation 2 takes the form: Kc/R =*
\/[MP{B)} 4* 2BP(B)l/*c. See, e . g G. Oster, Rec. trav. chim., 6 8,
1123 (1949).

t h e  g e l o f a g g re g a te s  s u c h  as w e re  f o u n d  t o  e x is t 
i n  m o r e  d i lu t e  s o lu t io n s  a t  t h e  s a m e  t e m p e r a t u r e . 
I f  t h e  s c a t t e r in g  c e n te rs , t h a t  is t h e  a g g re g a te s  of 
g e la t in  m o le c u le s , w e re  lo c a te d  q u it e  a t  r a n d o m , 
th is  s u g g e s tio n  c o u ld  b e  r e a d i ly  e x p lo re d  b e c a u s e  
t h e  s c a t t e r in g  a t  a n y  c o n c e n t r a t io n  c o u ld  b e  
d i r e c t ly  in t e r p r e t e d  in  te r m s  o f t h e  c h a r a c te ris t ic s  
o f t h e  s c a t t e r in g  c e n te rs . I n  p a r t ic u la r  th e  p r o ­
c e d u re  o f D e b y e  a n d  B u e c h e 21 f o r  t r e a t in g  t h e  
s c a t t e r in g  f r o m  in h o m o g e n e o u s  s o lid s  c o u ld  b e  
a p p lie d  t o  t h e  in t e r p r e t a t io n  o f  t h e  a n g u la r  d a ta . 
H o w e v e r ,  th e r e  is s t r o n g  e v id e n c e  t h a t  t h e  s c a tte r ­
i n g  c e n te rs  a re , i n  f a c t , a r ra n g e d  in  a  r e la t iv e ly  
o r d e re d  f a s h io n . P a r t  o f t h e  e v id e n c e  w a s  d is ­
cu s s e d  i n  t h e  f o r e g o in g  s e c t io n ; t h e  r e m a in in g  
d ir e c t  e v id e n c e  lie s  in  th e  n a t u r e  o f t h e  c o n c e n tr a ­
t io n  d e p e n d e n c e  s h o w n  in  F ig s .  14 a n d  15 . I t  is 
see n  t h a t  w i t h  in c re a s in g  c o n c e n t r a t io n  o f  g e la t in , 
t h e  v a lu e  o f K c/ R o  f irs t  fa lls , a n d  t h e n  ju s t  in s id e  
t h e  g e l ra n g e  i t  re v e rs e s  a n d  rises. In d e e d  t h e  ris e  
is  so s te e p  t h a t  Ro its e lf  a c t u a l ly  d e cre a se s w i t h  
in c re a s in g  c o n c e n t r a t io n . I f  n o  o t h e r  in f o r m a t io n  
w e r e  a v a ila b le , t h e  d e cre a se  in  s c a t t e r in g  w i t h  i n ­
c re a s in g  c o n c e n t r a t io n  w o u ld  b e  in t e r p r e t e d  as a 
g r a d u a l  f a l l in g  off in  t h e  a v e ra g e  s ize  o f t h e  s c a tte r ­
in g  u n it s ,  t h a t  is , t h e  c o n c e n t r a t io n  f lu c tu a t io n s . 
H o w e v e r ,  t h e  a n g u la r  d e p e n d e n c e  o f t h e  s c a t t e r in g  
is s u c h  t h a t  i t  c a n n o t  b e  d u e  t o  a n y  p o s s ib le  m a s s  
d is t r ib u t io n  w i t h  t h e  s c a tte r in g  u n it s  b u t  is t y p ic a l  
o f th e  b e h a v io r  c a u s e d  b y  e x te r n a l in te r fe re n c e , 
t h a t  is , a n  o r d e r in g  o f th e  s c a t t e r in g  c e n te rs . 
M o r e o v e r ,  th e re  is n o  re a s o n  t o  e x p e c t  t h e  r e g u la r  
in c re a s e  o f t h e  s ize  o f t h e  s c a t t e r in g  u n it s  f o u n d  in  
s o lu t io n  t o  re v e rs e  its e lf  in  th e  d i lu t e  ge ls . C o n s e -

(2 1 ) P .  D e b y e  a n d  A . M .  B u e ch e ,  J. App. Phya., 2 0 , 5 1 8  (1 9 4 9 ).
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qu ently , it  is lik e ly  th at the decrease in scattering 
w ith  increasing con cen tra tion  arises from  an in ­
creasing ordering o f the scatterin g  units rather than 
a decrease in  their size. T h e  possibilities o f  test­
ing this h ypoth esis further are, h ow ever, quite 
lim ited. T h e  d ifficu lty  lies in the fa ct th a t there 
are three variables, the size o f the fluctuation  
(scattering u n it), its particle  w eight, and  its d istri­
b u tion  in space. A ga in st these three variables, 
each o f w h ich  is rather com p lica ted , there are on ly  
tw o  typ es o f  data , th e  angular dependence and  the 
con cen tration  dependen ce  o f th e  scattering. T h e  
extent o f  ordering in  these gels, as ju d g ed  from  the 
deviations o f Kc/Re a t low  angles from  th at ex­
p ected  on  the basis o f h igh  angle values in  F ig . 14, 
is so  great th at th e  p ossib ility  o f in terpreting the 
angular dependence o f the scattering m u st be 
given  u p . T h is is due to  the fa c t  th at the present 
state  o f  th e  th eory  allow s the treatm en t o f the 
angular data  on ly  if the secon d  virial coefficient is 
sufficient to  characterize the n on -ran dom  arrange­
m ent o f the scattering  centers.

T h e  on ly  p art o f the p rob lem  rem aining, there­
fore, is w hether or n ot th e  con cen tra tion  dependence 
o f the zero-angle  data  cou ld  be in terpreted  w ith ou t 
requiring th at the w eight o f  the scattering  centers 
decreases w ith increasing con cen tration . A t  the 
outset, the assum ption  m u st be  m ade (im plied  
a bove) th a t th e  spacial d istribu tion  o f the scatter­
ing centers is ap p rox im ately  like th at w h ich  w ou ld  
occu r if  the gelatin  strands th at unite them  were 
cu t and th ey  becam e k in etica lly  independent. On 
this basis the on ly  m od el fo r  w h ich  R 0 can  be 
com p u ted  is th at o f a dense gas o f hard spheres. 
T h e  com p u ta tion  is g iven  in the A pp en d ix  and the 
results are show n in  F ig . 16. H ere it is seen that 
a hard sphere gas com posed  o f particles o f d iam eter 
795 A . and  h avin g  particle  w eights o f  5,900,000 ex­
h ib it a m axim um  in scattering at a b ou t 1 %  con cen ­
tration  and b e y o n d  th at beh ave approxim ately  
like the gels exam ined  here. S ince the selection  
o f pairs o f values fo r  the particle  size and w eight 
were necessarily  restricted  to  a lim ited  range, it is 
seen th at a co llection  o f scattering  centers n o t 
greatly  different from  the aggregates exam ined in 
dilute solu tion  cou ld , if d istribu ted  in  space as are 
th e  particles in  a dense sphere gas, g ive  rise to  
scattering intensities at zero angle th at w ou ld  be 
sim ilar to  th at observed  fo r  the gels.

Discussion.— D espite  the lim itations in the inter­
pretation  o f the scattering from  the gels, som e 
qu a lita tive view s on  the process o f  gelation  can be 
deduced. F irst o f  all, it seem s clear th at the 
aggregates studied  in solu tion  m u st also form  during 
the process o f  gelation  at the sam e tem perature b u t 
at higher con cen tration s. In deed , m ost o f the 
changes in  scatterin g  (F ig . 12) are over before 
the gel actu a lly  sets. T h u s it  appears th at the 
aggregates fo rm  and grow  and during the later 
states o f  grow th  b ecom e untied  b y  sm aller strands 
and occasion a l in terlock in g  o f the aggregates 
them selves. In  this v iew  the sam e forces are 
responsible fo r  the stab ility  o f the aggregates as 
for  the n etw ork  w h ich  th ey  form  u p on  gelation.

W ith  the provisiona l identification  o f the fu lly  
form ed  aggregate as th e  den sity  fluctuation  th at

Fig. 16.—Comparison of the concentration dependence of 
the reduced intensity of gelatin gels with that predicted for 
a hard sphere fluid.

gives rise to  the scattering  as w ell as the m a jor  
structural elem ent o f the gel, it  w ou ld  be  exp ected  
that the view s put forw ard  here cou ld  find su pport 
or opposition  from  the m an y  light scatterin g  in ­
vestigations o f gelatin  gels th at h ave  been  carried 
ou t fo r  a lm ost half a century . H ow ever, this is 
n o t the case because a lm ost all investigations, 
particu larly  those in w hich  in ten sity  was m easured, 
w ere concerned  w ith  w h at w e believe to  be  an 
essentially  different problem . W h en  gels are 
form ed  at the isoelectric p o in t in the absence o f 
salt, a strong opalescence develops. T h e  scatter­
ing in  this con d ition  is m an y  orders o f m agn itude 
greater than th at studied  here. T h e  gel th at is 
form ed  under these con d itions is, h ow ever, very  
weak. T herefore, there appears to  be  little  rela­
tion  betw een  this v ery  stron g ly  scattering state and 
the essential features o f the gel state. In deed , 
it  is clear th at due to  the strong a ttraction  of 
op p osite ly  charged  groups on  different chains, the 
extra  a ttraction  p rod u ced  b y  norm al gelation  will 
form  extrem ely  large dense aggregates th at are 
held  together b y  relatively  few  m olecu lar strands. 
In  other w ords, this is a precip ita te  im bedded  in a 
v e ry  w eak gel. T h e  principal forces th at cause 
th e  form ation  o f these large, dense aggregates have 
n oth in g  to  d o  w ith  the form ation  o f gelatin  gels and 
therefore a stu dy  o f the consequences th ey  produ ce 
d id  n ot seem  profitable. Besides, the secondary  
scattering in this ty p e  o f gel is so great as to  greatly 
com plica te  the experim ental aspects o f the problem .

W ith  the com m on  variables o f p H  an d  ion ic 
strength, gelatin  gels can  be  d iv ided  in to  three other 
regions: (1 ) n on-isoelectric, salt-free, (2) n on -
isoelectric w ith  salt present, and (3) isoelectric 
w ith  salt present. In  the first region  scattering 
falls to  low  levels w hen the p H  is m ore  than  one 
unit rem oved  from  the isoelectric p o in t and the gels 
are n o  longer w eak. H ow ever, this is n o t an 
a ttractive  region  to  s tu d y  because the repulsion  
betw een  the m olecules in solu tion , the aggregates 
in  solu tion  and the aggregates in  the gel is so 
stron g  th at one is essentially  exam ining this ty p e  
o f in teraction  instead o f the structural aspects. 
F o r  exam ple, w e fou n d  it  im possib le  to  determ ine 
the m olecu lar w eigh t o f gelatin  in salt-free solu tion
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at p H  3.1 because o f the severe effects o f external 
interference.

W h en  sufficient salt is present (e.g., 0.15 M  
N a C l) th e  electrostatic in teractions are so  com ­
p lete ly  m asked th at it  m akes little  d ifference 
w hether a s tu d y  is m ade at the isoelectric po in t or 
som ew hat rem oved . In  a few  experim ents aw ay 
from  the isoelectric poin t, it  becam e clear that 
the aggregates th at form ed  were sm aller than 
in  the com parab le  case at the isoelectric point. 
F or  exam ple, at p H  3.1 the gelatin  solu tion  m ust 
be a lm ost tw ice  as con cen trated  to  p rodu ce  aggre­
gates o f the sam e w eight as at p H  5.1.

A lth ou gh  the exact nature o f the forces re­
sponsib le  fo r  gelation  can not be  deduced  from  this 
in vestigation  alone, the in vo lvem en t o f  crystallites, 
a lready  considered in the discussion  o f aggregates, 
is clearly  in d icated  b y  the m elting  and gelling b e ­
h avior presented in  the first section  o f this part. 
I f  w e n ow  lo o k  fo r  other ev iden ce  to  su pport this 
v iew , w e  find cn  the one hand an abundance of 
experim ental ev iden ce o f  crysta llin ity  in th e  gel 
state  and  its absence in  the so lu tion  o f m elted  gel 
b u t also a reluctance to  assign crysta llization  as 
the cause o f the aggregation  or gelation . F or  ex­
am ple, it  was show n  som etim e ago th at the m elting 
o f a gel is accom pan ied  b y  a liberation  o f h ea t22 
(12 c a l . /g .)  and b y  an increase in  specific volu m e. 
Y e t  this clear ind ication  o f a phase transition  has 
been  generally  ignored.

E q u a lly  significant ev iden ce fo r  the existence o f 
som e crystalline structure is fou n d  in  the appear­
ance o f sharp rings in  the X -r a y  diagram s o f gelatin  
film s prepared from  gels. W h en  the film s were 
prepared  from  w arm  solutions, how ever, on ly  an 
am orphous diagram  resulted. T h is ev id en ce  for  
crysta llin ity  and its correspondence to  the X -r a y  
spacings observed  fo r  collagen  lead to  the suggestion  
th at a gelatin  gel is a netw ork  in  w h ich  the net­
w ork  poin ts are the result o f a partial crystalliza­
tion  o f th e  p o lyp ep tide  chains.23 T h is suggestion , 
w h ich  is iden tica l w ith  ours, was later re jected  b e ­
cause th e  crystalline rings were k n ow n  to  persist 
fo r  a short tim e after the gel m elted  and  often  
d id  n o t appear until several hours after the gel 
fo rm e d .18 T h is argum ent seem s u ntenable  in 
v iew  o f the gel structure p rop osed  here. I t  w ou ld  
be  expected  th at th e  larger crystallites w ou ld  lie 
w ith in  the aggregates and  th at the first step  in  the 
m elting  o f the gel w ou ld  be the breaking u p  o f the 
netw ork  and the freeing o f the aggregates. H ence, 
in  v iew  o f the rate o f  m elting show n in  F ig . 13, 
it  is n orm al to  exp ect the persistence o f th e  crysta l­
lites for  a few  hours. In deed , this sequence o f 
even ts offers stron g  su p port to  the con cep t that 
the n etw ork  is bu ilt from  aggregates th at are to  
som e extent preform ed  and w hich  m aintain  som e 
id en tity  w ith in  the netw ork . T h e  retarded  ap ­
pearance o f the d iffraction  lines w hen  the gel is 
form ed  is due to  the fa ct  th at the gelatin  crystallites 
m u st reach a finite size (a b ou t 50 A .) before  sharp 
d iffraction  lines appear. T h u s the d iscrepan cy  is 
resolved  and th e  identification  o f crysta llite  form a-

(2 2 )  L . W .  J . H o lle m a n , H .  G . B u n g e n b u r g  d e  J o n g  a n d  R .  S. T . 
M o d d e r m a n , Kolloidchem. Beihefte, 4 0 ,  211  (1 9 3 4 ).

(2 3 )  K .  H e rm a n n  a n d  O . G e rn g ro ss , Kautchuk, 8 .  181 (1 9 3 2 ).

tion  as the cause o f gelatin  gelation  seem s quite- 
acceptable . In deed , the close correspon dence b e ­
tw een  the X -r a y  spacings in gelatin  and co llagen  
in d icate  that the sam e regions o f the m olecules are 
crysta llizing in b oth  cases. I t  has been su ggested  
th at these regions in  collagen  are the in terban d  
regions o f  the fibril and w ou ld  therefore in v o lv e  
alternate regions abou t 50 to  100 A . lon g  in  th e  
p o lyp ep tide  ch a in .24 T h e  gelation  o f gelatin  can  
then  be v iew ed as the disorderly  and in com p le te  
reassociation  o f dam aged  collagen  m olecules p ro ­
ducing n ot an orderly  collagen fibril bu t a h igh ly  
random ized  structure w hich  retains on ly  a rem n an t 
o f its higher calling.
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Appendix
Application of the Hard Sphere Equation of: 

State to the Scattering of Gels.— E instein  first 
show ed th at the relation  betw een  light scattering: 
and osm otic  pressure obta in ed  from  flu ctu ation  
th eory  was

Kc/Ro = [RTidWdch.p]-1 ( l )
w here -n represents the osm otic pressure. C on ­
sidering t  equ iva len t to  the gas pressure, p, w e  
can  characterize the scattering in  term s o f theories, 
w h ich  describe deviations from  idea lity  in  dense 
gases or liquids. T h e  oldest and m ost com m on ly  
em p loyed  o f these is, o f course, the viria l expansion . 
Indeed , it  a lready has been  dem on stra ted 18 th at 
the light scattering from  con cen trated  solu tions in 
w h ich  the m olecu lar interactions were excep tion a lly  
large cou ld  be  expressed b y  
KcM/Ra = 1 +  2 BMc + 1.875(BMc)2 +

1.148(BAfe)3 +  0.964(BMc)4 (2)
T his equ ation  is obta ined  from  equ ation  1 b y  using 
the B oltzm an n  viria l coefficients fo r  hard spheres. 
I t  is obv iou s  th at this equ ation  can on ly  be applied  
w hen  the q u an tity  B M c  is less than  one, since 
otherw ise the right side w ill n ot converge. In  the 
case o f gelatin  aggregates, w e find th at B M c  in  a 
0.54 g ./lO O  cc. solu tion  is equal t o  1.11, and equa­
tion  2 can not be  used.

I t  is necessary therefore to  d evelop  the light 
scattering properties o f v ery  non-ideal solutions in 
term s o f the equ ation  o f state fo r  hard sphere gases. 
F or  this purpose w e use the results obta ined  b y  
K irk w ood , M a u n  and A ld er26 w hich  gives pv/NkT  
as a fu n ction  o f v/va w here v0 is the vo lu m e per m ole 
in  a closed  pack ed  arrangem ent. B y  m aking use 
o f the fa c t  that N/v =  cN0/M, v0 =  2/Na3, and 
B  — 2ira3No/SM2, pM /cR T  is obta ined  as a fu n c­
tion  o f B M c. N ext, w e let B M  be  a param eter, 
and calcu late c from  B M c  for  various values o f B M . 
T h en  b y  m u ltip ly ing  pM /cR T  b y  the c ju st ca lcu ­
lated, one obtains pM /R T  as a fu n ction  o f c for  
each  value o f B M . F in ally , b y  p lo ttin g  pM /R T  
vs. c, and determ ining the slope o f the curves of

(2 4 )  R .  S . B e a r , Advances in Protein Chem., 7 ,  69  (1 9 5 2 ).
(2 5 ) J . G . K ir k w o o d , E , K . M a u n  ancj B ,  J . A ld e r , J. Chem. Physn 

1 8 , 1 04 0  (1 9 5 0 ) .
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Fig. 17.—Light scattering of a hard sphere fluid.

constant B M  a t a series o f  c, w e .obtain  K cM /R 0 
as a fu n ction  o f  c and  B M . T hese results are 
p lo tted  in  F ig . 17.

A s th e  first test o f  th e  ap p lica b ility  o f th e  scatter­
ing o f a hard sphere fluid to  gelatin , w e can  see if 
the con cen trated  aggregated solu tion  (0 .54 g./lO O  
cc .) fo r  w h ich  equ ation  2 was inadequate can  be 
a ccom m oda ted . S ince M  =  5.9 X  106 and 
Kc/Ro is 1.21 X  10“ 6, the va lu e o f  K cM / R 0 is 
7.14. T h e  lo ca tion  o f  this p o in t on  F ig . 17 show s 
that it shou ld  correspon d  to  a system  fo r  w h ich  the 
p rod u ct B M  equals a b o u t 220. T h is  is in qu ite  
g ood  agreem ent w ith  the experim ental va lu e  o f 
this p rod u ct, 206. T h u s  w e see th at this th eory  
appears to  b e  ap p licab le  in  one case w here the 
dev iation s from  id ea lity  are so great th at th e  v iria l 
expansion  is n ot app licable .

W e  n ow  w ish  to  find ou t to  w h at exten t the 
th eory  o f  scattering o f a hard sphere fluid can  be  
app lied  to  gelatin  gels. W e  start o u t w ith  tw o 
ad ju stab le  param eters, th e  particle  w eight, M , 
and the secon d  viria l coefficient fo r  hard  spheres, 
B. B y  recogn izing th e  fa ct  th at n o  m atter w hat 
m odel is e m p loyed  fo r  the scattering elem ents in 
the gel, B  m ust bear som e fu n ction a l relation  to  M . 
I t  is clear th at w e are a ctu a lly  dealing w ith  on ly  
one in depen den t ad ju stab le  param eter. C onse­
q u en tly  the cu rves o f  con stan t B M  in F ig . 17 
can  be  considered  sim ply  as cu rves o f  con stan t M . 
Since the ord in ate in vo lves  M  also, it fo llow s that 
each  o f  the fa m ily  o f  cu rves in  F ig . 17 corresponds 
to  th e  scattering exp ected  from  a series o f  n on ­

ideal solu tions (o r  gels) in w h ich  M  rem ained 
con stan t as th e  con cen tra tion  is varied . T o  
com pare the experim ental results w ith  th eory , w e 
m ust ch oose  an arb itrary  va lu e  fo r  M , an d  m u ltip ly  
the observed  values o f  Kc/Rc, b y  this n um ber and 
p lo t  th e  results. C u rve  1 in  F ig . 17 show s the 
result fo r  M  =  5 ,900,000 (the h ighest particle  
w eigh t observed  for  gelatin  aggregates). I t  appears 
th at the scattering is a lm ost exa ctly  th at expected  
fo r  a system  in  w hich  B M  =  100, and the particle  
w eight, M , rem ained constant. S im ilar results are 
obta ined  fo r  M  =  1,400,000, excep t th at in this 
case the experim ental results correspon d  to  the 
B M  =  50 cu rve  (see curve 2, F ig . 17).

U n fortun ately  there is n o  w a y  w e can  decide  
w h ich  o f  several possible va lues o f  M  is the correct 
one. H ow ever, som e ev iden ce  th a t cu rve  1 is the 
b etter  representation  o f  th e  results can  b e  o b ­
ta ined  b y  com paring  the experim entally  observed  
values o f  R 0 w ith  those pred icted  b y  th eory , 
assum ing B M  =  100 an d  M  =  5 ,900,000. In  
F ig . 16, w e saw th at b o th  th e  th eoretica l and ex­
perim ental va lues o f  Ro g o  th rou gh  a m axim um  
as a fu n ction  o f  con cen tration , and th at this 
m axim um  actu a lly  occu rs a t rou gh ly  the sam e con ­
centration . S ince the loca tion  o f th e  m axim um  
depends on  the va lu e  o f B M , the correspon dence 
o f the m axim um  offers add ition a l su pport th at the 
ch oice  o f  100 fo r  th e  param eter B M  is ap prox i­
m a te ly  correct, an d  hence th e  m ass o f  th e  scatter­
in g  elem ent in  th e  gels is p ro b a b ly  closer to  5 ,900 ,- 
000 than to  1,400,000.
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ION-EXCHANGE RESINS. X. MAGNESIUM-POTASSIUM EXCHANGE 
WITH A POLYSTYRENESULFONIC ACID CATION-EXCHANGE RESIN1

B y  H a r r y  P. G rego r , Oscar R. A b o la fia2 and  M elvin  H. G ottlieb  
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The practical (molal) distribution coefficient for magnesium-potassium exchange with a polystyrenesulfonic acid cation- 
exchange resin is 0.14 ±  0.02 for a wide range of solution phase normalities (0.001-1.0) and resin phase compositions (Ak = 
0.01-0.78). Also, truly monofunctional resins show exactly the exchange capacity toward magnesium as they do toward 
univalent cations.

T h is  paper describes th e  se lectiv ity  coefficients 
obta in ed  for  m agn esiu m -p otassiu m  exchange w ith  
a 1 0 %  cross-linked polystyren esu lfon ic acid  resin. 
T h e  cation ic com p osition  o f the resin phase was 
varied  w ithin  w ide lim its, as was th e  ion ic strength  o f 
th e  equ ilibrating solution . W h ile  p o ly v a len t ca t­
ion -exchange processes have been  studied, n o ta b ly  
b y  B aum an  and E ich h orn ,3 B o y d , S ch ubert and 
A dam son ,4 5 K ressm an and K itch n er ,6 M arin sk y ,6 
D u n can  and L ister,7 and H ogfe ld t, E kedah l and 
S illen ,8 these studies usually w ere carried  ou t at a 
single ion ic strength, or w ith  n o  varia tion  in  the 
com p osition  o f th e  resin phase, or w ith  a resin w hich  
was n ot m on ofu n ction a l and cou ld  co n ce iv a b ly  u n ­
dergo  specific reactions w ith  som e o f th e  cations. 
A lso, m ost o f these studies em ployed  th e  heavier al­
kaline earth  m etals or other cations w here com p lica ­
tions due to  ion -pair form ation  w ith  the su lfon ic 
acid  group m ight supervene, as poin ted  ou t b y  G re­
g o r .9' 10

Experimental
Resin.—The exchange studies were carried out with poly­

styrenesulfonic acid resins having about 10% cross-linking 
(Dowex-50, Dow Chemical Co.). The conditioning proce­
dures were described in an earlier paper in this series.11

Procedures.—All experiments were performed using a 
small amount of resin (0.5-1 g.) in a small column. A large 
excess of solution was passed through this column until 
equilibrium was reached, as evidenced by an analysis of 
the effluent. In several instances, equilibrium was ap­
proached from both directions; the same state resulted. 
The ionic composition of the resin phase was determined 
by drawing off the excess solution by applying suction for a 
few moments, followed by passing through a few ml. of dis­
tilled water, and then eluting the resin with concentrated 
ammonium chloride solution. Where concentrated equil­

(1 )  T h e  a u th o rs  t h a n k  t h e  O ff ic e  o f  N a v a l  R e s e a rc h  f o r  t h e  s u p p o r t  
g iv e n  th is  w o rk .

(2 ) A  p o r t io n  o f  th is  p a p e r  is a b s tr a c te d  f r o m  th e  th e s is  o f  O . R . 
A b o la fia , s u b m it te d  in  p a r t ia l  fu lf i llm e n t  o f  th e  r e q u ire m e n ts  f o r  th e  
d e g re e  o f  M a s te r  o f  S c ie n ce  in  C h e m is tr y ,  P o ly t e c h n ic  I n s t itu te  o f  
B r o o k ly n , M a y ,  1 9 5 0 .

(3 )  W . C . B a u m a n  a n d  J . E ic h h o r n , J. Am. Chem. Soc., 6 9 , 2 8 3 0  
(1 9 4 7 ) .

(4 ) G . E . B o y d ,  J . S c h u b e r t  a n d  A . W . A d a m s o n , ibid., 6 9 , 2 8 1 8  
(1 9 4 7 ) .

(5 )  T .  R .  E . K re s s m a n  a n d  J. A . K it c h n e r ,  J. Chem. Soc., 1201 
(1 9 4 9 ).

(6 )  J . A .  M a r in s k y , O ff ic e  o f  N a v a l  R e s e a rc h  R e p o r t ,  N R -0 2 6 -0 0 1  
(1 9 4 9 ) .

(7 )  J . F . D u n c a n  a n d  B . A . J. L is te r , Discs. Faraday Soc., N o .  7 , 104  
(1 9 4 9 ) .

(8 )  E . H o g fe ld t ,  E .  E k e d a h l  a n d  L . G . S ille n , Acta Chem. Scand., 4, 
829  (1 9 5 0 ).

(9 ) H . P .  G re g o r , F .  G u t o f f  a n d  J . I .  B r e g m a n , J. Colloid Sci., 6 , 
2 4 5  (1 9 5 1 ) .

(1 0 ) H . P . G re g o r  a n d  M .  F r e d e r ick , Ann. N. Y. Acad. Sci., 67, 87 
(1 9 5 3 ).

(1 1 )  H . P .  G re g o r , J . I .  B r e g m a n , F . G u t o ff ,  R .  D . B r o a d le y ,  D . E . 
B a ld w in  a n d  C . G . O v e rb e rg e r , J. Colloid Sci., 6 , 2 0  (1 9 5 1 ) .

ibrating solutions (1 molal) were used, the resin phase was 
separated by the centrifugation technique9 since the non­
exchange electrolyte content is appreciable at these con­
centrations, and was included in the resin phase composi­
tion. The centrifugation technique also was used when 
resin volumes were determined. All data were obtained 
for systems at room temperature (24-26°).

Potassium was determined by flame photometer (Perkin- 
Elmer, Model 52A), using calibration curves made up using 
appropriate concentrations of magnesium and ammonium 
chloride, which interfere in the determination. Magnesium 
was determined by the Schwarzenbach titration method. 
Duplicate determination agreed within ± 1 % .

Capacity Measurements.—The capacity of these resins 
is the same to all low molecular weight univalent cations or 
mixtures thereof at low concentrations, as was described in 
an earlier paper.11 However, in this earlier study it was 
observed that in dilute solution the magnesium capacity 
was significantly larger (5.23 meq./g.) than for univalent 
cations (4.90 meq./g.), and that this excess capacity de­
creased gradually as the resin composition was varied in 
favor of the univalent ion (potassium). It was thought 
that complex ions as MgOH+ might be responsible. These 
results were obtained using a sample of the commercial 
resin (Dowex-50) which was quite black.

In the present study this point was re-examined using 
resin DVB 10, prepared in this Laboratory,11 which had a 
light amber color; it was found that this resin capacity 
was the same toward both magnesium and potassium and 
all mixtures of these ions. As a check on the earlier work, 
a column of the same black resin used in the earlier study 
was placed in the hydrogen state, then treated with an 
excess of 0.1 N  potassium chloride; 4.90 meq. of hydrogen 
ions was eluted. When the same column in the hydrogen 
state was treated with excess 0.1 N  magnesium chloride,
5.12 meq. of hydrogen was eluted although the magnesium 
capacity was 5.23 meq. The difference between the 
equivalents of magnesium absorbed and of acid eluted by 
magnesium may be due to hydrolysis or the presence of acid 
absorbing groups in the resin.

The differences exhibited by these two resins are probably 
due to the presence of weak acid groups, presumably of the 
carboxyl type, which appear to be present in the black, 
commercial type resins. The Dowex-50 titration curves 
do show a small inflection at about pH 7, which is absent in 
the DVB 10 resin. The presence of these groups may be 
explained by the degradation of the polymer which is known 
to result from strong sulfonation procedures which leave 
the product charred. Samples of Dowex-50 obtained re­
cently are lighter in color and more monofunctional, show­
ing only 3% more capacity to magnesium than to the uni­
valent ions. Both resin samples (Dowex-50) showed the 
same selectivity, within experimental error.

Wet Weights.—The specific volume Ver (centrifuged 
volume of 1 gram of hydrogen resin) of the resin samples in 
various exchange states is shown in Fig. 1 as a function of 
X kL the potassium equivalent fraction (equivalents of po­
tassium per total equivalents present) in the resin phase. 
The corresponding weight of solvent W „T, calculated from 
the centrifuged weight and the resin composition, is also 
shown. The curves are regular. The larger volume of the 
magnesium form resin is presumably the result of the 
larger hydrated molar volume of the magnesium ion.

Distribution Coefficients.—Results of the determinations 
of distribution coefficients are shown in Table I for values 
obtained at four different normalities of the equilibrating 
solution, 1.0, 0.1, 0.01 and 0.001 N. The first column
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gives X k, the potassium equivalent fraction of the equili­
brating solution, the second, X k1, and the third the calcu­
lated practical (molal) distribution coefficient

Here m is the molality and “a” the molal activity. Values 
of mr for ion species present in the resin phase were calcu­
lated from the weight of the solvent in the centrifuged 
resin.

T a b l e  I
D i s t r i b u t i o n  C o e f f i c i e n t s  f o r  M a g n e s i u m - P o t a s s i u m  

E x c h a n g e

X k X Kr x KMg
1.0 N

0 .7 4 0 .7 2 0 .1 7
.68 .64 .18
.50 .48 .16
.29 .32 .12

0.1 N
0 .9 8 0 .7 8 0.12

.74 .39 .15

.68 .36 .14

.50 .25 .12

.29 .13 .13

0.01 N
0 .9 9 0 .5 2 0 .1 4

.87 .28 .12

.32 .040 .12

0.001 N
0 .9 8 0.20 0 .1 6

.50 .029 .12

.25 .010 .16

A sample calculation of Kam from a typical experiment is 
as follows: Consider the line of data in Table I where the 
solution normality is 0.1, X k =  0.74 and X k'  = 0.39. 
While the value of Kdm does not depend upon the extensive 
properties of the resin phase, a given amount of resin is 
taken as a basis for calculation. Here we select the “ spe­
cific”  amount of resin, i.e., one gram of dry, hydrogen resin. 
From Fig. 1 the total capacity is 5.20 meq./g., and at X kf = 
0.39 the specific weight of water in the resin phase is 0.73 g. 
Then the moles of potassium in the resin are 0.39 (0.00520) 
or 0.00203, the moles of magnesium 0.61 (0.00520)/2 or 
0.00159. Since the water content is 0.73 g., the resin 
phase molality of potassium is 2.78, of magnesium is 2.18. 
The solution phase molalities are 0.074 for potassium, 0.013 
for magnesium.

Then Xdm (neglecting solution activity coefficients) is

X d"> = 2.18
(2.78)s X (0.074)2

0(013 0.12

The solution phase molal activity coefficients for the cat­
ionic species were calculated from the weight of the solvent 
in the centrifuged resin. The molal activities are for the 
cationic species. These were calculated on the assumption 
that in potassium chloride solutions 7 +  =  7 _  =  7  ± , that in 
mixtures of potassium and magnesium chlorides 7i KC1 is 
the same as in solutions of potassium chloride of the same 
total ionic strength, and that under the same conditions 
7 ± meci2 ;s the same as for magnesium chloride solutions of 
the same total ionic strength. Accordingly, 7 Mg++ and 
7k+ can be calculated. This method is described by several 
authors, see, e.g., Sollner and Gregor.12 It should be noted 
that this type of calculation is very approximate. The 
value of the term a-k+/um6++ calculated in this manner does 
not differ by more than 25% from the value calculated 
using concentrations.

(1 2 )  K. Sollner and H. P. Gregor, T h is  J o u r n a l , 51, 299  (1 9 4 7 ).
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Fig. 1.—Specific centrifuged wet weight IFwr (O ) and 

wet volume F«,r ( # )  for a polystyrenesulfonic acid resin 
(Dowex-50) as a function of the potassium equivalent 
fraction XKr. Exchange capacity, 5.20 meq./g. as hydro­
gen form resin. Total normality of solution phase — 0.01.

Discussion
E x a c t  e x p re s sio n s  f o r  e q u i l ib r iu m  c o n s ta n ts  i n  

io n -e x c h a n g e  p ro ce sse s  a re  k n o w n . 13'14 S im i la r  e x ­
p re s s io n s  f o r  p o ly v a le n t  io n -e x c h a n g e  p ro ce sse s  a re  
e a s ily  d e r iv e d . N e g le c t in g  s o lv e n t  t r a n s p o r t  a n d  
p r e s s u r e -v o lu m e  fre e  e n e r g y  te r m s , i f  o n e  a s s u m e s  
t h a t  t h e  s t a n d a r d  c h e m ic a l p o t e n t ia l  o f  e a c h  d if ­
fu s ib le  spe cies is t h e  s a m e  in  b o t h  re s in  a n d  s o lu t io n  
p h a s e s , i t  f o llo w s  t h a t  f o r  d iv a le n t  ( A ) - m o n o v a l e n t  
( B )  c a t io n  e x c h a n g e  in  a n  ideal s y s t e m , u s in g  m o le  
f ra c t io n s

Kan Gb+2
O a ++

w h e r e  KdN is  t h e  r a t io n a l  s e le c t iv i t y  c o e ffic ie n t; 
t h e  c a t io n ic  a c t iv it ie s  in  t h is  a n d  f o l lo w in g  e x p re s ­
s io n s  a re  e x p re s se d  in  a c o n s is te n t  f r a m e  o f  re fe r ­
e n c e  f o r  e x p re s s in g  c o m p o s it io n , n a m e ly ,  r a t io n a l ,  
m o la l,  e tc . F o r  re a l s y s te m s , t h e  e x p e r im e n t a l ly  
d e t e r m in e d  v a lu e  o f KdAr is  t h e n  a  f u n c t io n  o f  d e v i ­
a t io n s  f r o m  id e a l b e h a v io r .  S u b je c t  t o  t h e  s im p li ­
f y i n g  a s s u m p tio n s  m a d e  e a r lie r , a n d  i f  t h e  a c t i v i t y  
c o e ffic ie n ts  in  t h e  re s in  p h a s e  a re  c o n s ta n t , a n d  if  
o t h e r  effects as io n -p a i r  f o r m a t io n  d o  n o t  s u p e rv e n e , 
KdN s h o u ld  b e  s e n s ib ly  c o n s ta n t . A s s u m in g  t h a t  
t h e  re s in  p h a s e  c o n ta in s  o n ly  t h e  re s in a te  s a lts  a n d  
s o lv e n t  (n e g le c t in g  n o n -e x c h a n g e  e le c t r o ly t e  w h ic h  
is a  m ic r o -c o m p o n e n t  in  d i lu t e  s o lu t io n s )

rr N TWaI^A +  WB +  Hw)T onv2
Ki = L------- ^ --------J

w h e r e  t h e  n’s re fe r  t o  n u m b e r s  o f m o le s . S im i la r ly ,  
o n e  c a n  d e fin e  t h e  p r a c t ic a l  (m o la l )  s e le c t iv i t y  co ­
e ffic ie n t Kdm

K m / toa Y  aB+2 _  r  nK 18ww~PaB+2
d U b V  d A ++ L w 3 2 1 0 0 0 J  d k + +

(1 3 ) H . P . G re g o r , J. Am. Chem. Soc.. 73, 6 4 2  (1 9 5 1 ).
(1 4 ) H . P . G re g o r  a n d  J. I .  B re g m a n , J. Colloid Sci., 6 , 3 2 3  (1 9 5 1 ) .
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and the rational (molar) selectivity coefficient
K°d = /C a V obi2 

VCbV  OA++
' nA yVÇW f 
n B2 /  (Ja ++

where the volume term V  is the molar volume of the resin phase.If both resin and solution phases are ideal and dilute, all three Ad’s are unity. For concentrated and ideal systems, only K d N would be unity. How­ever, even at the total molalities which prevail in DVB 10 resins, (m ir = 8 at ATT = 1), terms for the solvent are so much larger than other terms that the numerical values of Ad are not very different. The same is, of course, true for real systems. For example, using the numerical values used previ­ously
I-  1.59 w (18)40.5'|’-(0.074)2 1000
L(2.03)2 X 1000 J 0.013 X (18)55.5

[ ( ¿ & ,L59 +  2.03 +  4 0 .5 ) ] '^I.0 7 4 )2
.013

X 55.6

The two expressions differ only by the factor 40.5/55.5 in the K d m expression and (40.5 +  3.62)/55.6 in the K d N expression, or by about 8%. Relatively small differences would also be found when using the K d c  expression.Both K d N and K d m require the same data for their calculations; however, the practical (molal) ex­pression is employed here because of its wider us­age. The use of K d c  is less attractive, because it requires volume data in addition. Some earlier authors have simply used numbers of moles, as
Kd = (fA V T l-:2

\WBV  CSA++

but in this expression K d  becomes a function of the amount of resin taken. This factor has been cor­rected for by later authors who introduced the capa­city Q of the resin, and used the expression
VdQ = SB*1 

a  a ++

This latter expression is somewhat analogous to

Adm or K d ?  because Q  is proportional to V 1 or to lFwr, except that it does not vary with resin phase composition.For most exchange processes there is a change in TTwr, the specific weight of sorbed water, with X Kr. While this factor is part of the K d m and K d N ex­pressions, this change is usually not significant. Values of TFwr for a similar resin in different states taken from the data of Gregor, Gutoif and Breg- man9 is as follows: H, 0.88; Li, 0.88; Na, 0.77; K, 0.66; NH4, 0.67; Ag, 0.46; Mg, 0.86; Ca,0.77; Sr, 0.72; Ba, 0.62. For magnesium-potassium ex­change, IFwr varies from 0.66 (K state) to 0.86 (Mg state), a variation of only ±15%. For cal­cium-magnesium exchange the variation is zero. Therefore only relatively small errors will result from a neglect of changes in !Twr alone.Table I shows that the molal selectivity coeffi­cient K k Ms is remarkably constant over the wide solution concentration range from 1.0 to 0.001 N ,  and over a wide range (X k1 = 0.01-0.78) of resin compositions. First, it is important to point out that the numerical value of K d  is determined to a minor extent by the choice of units, and that it contains a solvent term. The fact that K d m is less than unity does then not mean p er  se that the resin shows a preference for potassium, any more than it means the converse.The fact that K d m is constant over a wide range of solution concentrations is consistent with ion- exchange equilibria in general.14 However, K d m is also constant at different values of X kT In almost all cases of cation exchange, the selectivity coef­ficient A ba decreases as the equivalent fraction of the reference ion X a1 increases. A typical example of this effect is to be found for potassium-tetra- methylammonium exchange with sulfonic resins of different degrees of cross-linking.14 The princi­pal exception to this effect occurs when Ad is unity for a particular exchange process, i .e ., neither ion is preferred. With potassium-magnesium exchange, one is then led to the conclusion that here neither ion is sorbed selectively, and as a result Ad does not vary with XKr.
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SLOW RELAXATION MECHANISMS IN CONCENTRATED POLYMER
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The contributions of the slowest relaxation mechanisms to time-dependent mechanical behavior in concentrated polymer 
solutions can be derived from dynamic viscosity, stress relaxation, or (according to a recent theory of DeWitt) apparent 
viscosity in non-Newtonian flow. The results of such measurements are compared for foui’ samples of polyisobutylene, one 
of polystyrene, and one of polyvinyl acetate. They are in close agreement with one exception. For samples not too hetero­
geneous with respect to molecular weight, the time-dependent behavior at the slow end of the time scale can be approximately 
predicted by a modification of the theory of Rouse, the only quantities needed being the molecular weight and steady flow 
viscosity. The elastic compliance of a linear polymer in steady-state flow is dominated by the slow relaxation mechanisms; 
according to the modified Rouse theory, it is J  = (2/5)M, + ,Mz/M^cRT, where c is concentration in g./cc. and the other 
symbols have their usual significance.

Introduction
M e a s u r e m e n t s  o f t h e  t im e -d e p e n d e n t  m e c h a n ic a l  

p r o p e r t ie s  o f  c o n c e n tr a te d  p o ly m e r  s o lu t io n s 3'4 
re v e a l t h e  p re s e n c e  o f  e la s tic  m e c h a n is m s  w i t h  a  
w id e  d is t r ib u t io n  o f r e la x a t io n  t im e s , s im ila r  in  
s h a p e  t o  t h e  d is t r ib u t io n s  o b t a in e d  f o r  u n d i lu t e d  
l in e a r  p o ly m e r s .6'6 A t  s h o r t  t im e s , t h e r e  is  a la r g e  
v e r y  b r o a d  p e a k  a s s o c ia te d  w i t h  t h e  t r a n s i t io n  f r o m  
s o ft v is c o e la s t ic  t o  g la s s -lik e  c o n s is te n c y 7; a t  
lo n g e r  t im e s , a  re g io n  o f lo w  o r  z e ro  s lo p e  o n  a  lo g ­
a r i t h m ic  s c a le ; a n d  a t  s t i l l  lo n g e r  t im e s , a  r a t h e r  
s h a r p  d r o p  w h e r e  t h e  e la s tic  c o n t r ib u t io n s  v a n is h . 
T h e  p r e s e n t  p a p e r  is  c o n c e r n e d  o n l y  w i t h  t h is  la s t  
re g io n  w h ic h  d e s c rib e s  t h e  s lo w e s t r e la x a t io n  m e c h ­
a n is m s . T h e  la t t e r  a re  o f p a r t ic u la r  in te r e s t  b e ­
ca u se  t h e y  d e p e n d , m o r e  t h a n  a n y  o th e r , o n  m o le c u ­
la r  w e ig h t  a n d  m o le c u la r  w e ig h t  d is t r ib u t io n .  T h e  
s t e a d y  f lo w  v is c o s i t y 9 a n d  t h e  s t e a d y -s t a t e  e la s tic  
c o m p lia n c e ,9 as w e ll  as  t h e  e la s tic  e n e r g y  s to re d  in  
s t e a d y -s t a t e  f lo w ,9 a n d  o t h e r  p r a c t ic a l  a s p e c ts  o f 
b e h a v io r  s u c h  as t h e  a p p a r e n t  v is c o s i t y  o b s e rv e d  
f o r  f lo w  t h r o u g h  a  s h o r t  c a p i l la r y , 10 d e p e n d  p r i ­
m a r i l y  o n  t h e  d is t r ib u t io n  o f m e c h a n is m s  w it h  
t h e  lo n g e s t  r e la x a t io n  t im e s .

E x a m i n a t i o n  o f t h e  s lo w  r e la x a t io n  m e c h a n is m s  
c a n  n o w  b e  f a c il i t a t e d  b y  t w o  re c e n t  d e v e lo p m e n ts . 
O n e  is t h e  e la b o r a t io n  o f m o le c u la r  t h e o r ie s 11-12 
f o r  t h e  r e la x a t io n  p ro c e s s , w h ic h  a re  q u it e  succe ss­
f u l in  p r e d ic t in g  t h e  t im e -d e p e n d e n t  b e h a v io r  o f 
p o ly m e r s  h o m o g e n e o u s  w i t h  re s p e c t t o  m o le c u la r  
w e ig h t ,  e s p e c ia lly  i n  d i lu t e  s o lu t io n . 11 T h e y  s h o w  
t h a t  t h e  r e la x a t io n  d is t r ib u t io n  f u n c t io n  in  t h is  r e -

(1 ) P a r t  X I Y  o f  a  ser ies  o n  M e c h a n ic a l  P r o p e r t ie s  o f  S u b s ta n c e s  o f  
H ig h  M o le c u la r  W e ig h t .

(2 ) U n io n  C a rb id e  a n d  C a r b o n  F e l lo w  in  P h y s ic a l  C h e m is tr y ,  1 9 5 2 -  
195 4 .

(3 ) L . D .  G ra n d in e , J r ., a n d  J . D .  F e r r y , J. Appl. Phys., 2 4 , 679 
(1 9 5 3 ).

(4 ) J . D . F e r r y , I .  J o r d a n , W . W . E v a n s  a n d  M .  F . J o h n so n , J. 
Polymer Sci., in  press .

(5 ) J . D .  F e r r y , L . D . G ra n d in e , J r ., a n d  E . R .  F itz g e r a ld , J. Appl. 
Phys., 2 4 , 911 (1 9 5 3 ) .

(6 ) J . D .  F e r r y  a n d  E . R . F itz g e r a ld , P r o c .  2 n d  In te r n . C o n g re ss  o n  
R h e o lo g y ,  1 9 5 4 , p . 140 .

(7 ) S m a lle r  s e c o n d a r y  m a x im a  m a y  o c c u r  a t  s t ill  s h o r te r  t im e s , as 
fo u n d  in  u n d ilu te d  p o ly m e r s  b y  H o f f8 a n d  o th e rs .

(8 ) K .  D e u tsc h , E .  A .  W . H o f f  a n d  W . R e d d is h , J . Polymer Sci., 13 , 
565  (1 9 5 4 ).

(9 ) F . W .  S ch re m p , J . D .  F e r r y  a n d  W . W . E v a n s ,  J. Appl. Phys.,2 2 ,  
711 (1 9 5 1 ).

(1 0 ) T .  L . S m ith , J. Polymer Sci., in  press .
(1 1 ) P . E . R o u s e ,  J r ., J. Chem. Phys., 2 1 , 1 27 2  (1 9 5 3 ).
(1 2 )  F . B u e ch e , ibid., 2 2 ,  6 0 3  (1 9 5 4 ).

g io n  is d is c re te  r a t h e r  t h a n  c o n t in u o u s , t h e  d is ­
c re te  c o n t r ib u t io n s  c o r r e s p o n d in g  t o  d if fe re n t  m o d e s  
o f m o le c u la r  m o t io n . T h e  m a g n it u d e s  o f t h e  re la x ­
a t io n  t im e s  d e p e n d  o n  a  s e g m e n ta l m o b i l i t y , 11 B, 
o r  its  r e c ip r o c a l ,12 / , w h ic h  c a n n o t  b e  s p e c if ie d  b y  
t h e o r y .  I n  d i lu t e  s o lu t io n , B  c a n  b e  t a k e n  as t h e  
s a m e  f o r  a ll  s e g m e n ts  a n d  m o d e s  o f s e g m e n ta l m o ­
t i o n ;  a n d  s in c e  t h e  s t e a d y  f lo w  v is c o s it y  a lso  d e ­
p e n d s  o n  B, t h e  la t t e r  q u a n t i t y  c a n  b e  e lim in a t e d  
a n d  t h e  t im e -d e p e n d e n t  p r o p e r t ie s  a re  e x p re s se d  in  
t e r m s  o f t h e  v is c o s it y  w i t h  n o  u n k n o w n  p a r a m e ­
t e r s .11 I n  c o n c e n tr a te d  s o lu t io n s  a n d  u n d i lu t e d  
p o ly m e r s . B is  n o t  t h e  s a m e  f o r  a ll  s e g m e n ts ; t h e  
in t e r la c in g  o f m o le c u le s  p r o lo n g s  t h e  lo n g  r e la x a t io n  
t im e s  m o r e  t h a n  t h e  s h o r t  o n e s ,4 a n d  t h e  e ffe c tiv e  
v a lu e  o f B  d e r iv e d  f r o m  s t e a d y  f lo w  v is c o s i t y  d e ­
cre ase s m a r k e d ly  w i t h  in c re a s in g  m o le c u la r  
w e i g h t .13 N e v e r th e le s s , if  t h e  e ffe c tiv e  v a lu e  o f B 
is t h e  s a m e  f o r  t h e  f o u r  o r  f iv e  m o d e s  o f m o t io n  
w i t h  t h e  lo n g e s t r e la x a t io n  t im e s , t h is  p a r a m e t e r  
c a n  s t il l  b e  e lim in a t e d  in  t e r m s  o f t h e  v is c o s it y , 
s in c e  th e  la t t e r  is s t r o n g ly  d o m in a t e d  b y  t h e  s lo w ­
e st re la x a t io n  t im e s . I t  s h o u ld  t h e n  b e  p o s s ib le  
t o  p r e d ic t  t im e -d e p e n d e n t  b e h a v io r  a t  t h e  s lo w  e n d  
o f t h e  t im e  scale  f r o m  s im p ly  t h e  s te a d y  f lo w  v is ­
c o s it y  a n d  t h e  m o le c u la r  w e ig h t .

T h e  o t h e r  re c e n t  d e v e lo p m e n t  is a  m a c r o s c o p ic  
t h e o r y 14 w h ic h  in d ic a te s  t h a t  m e a s u re m e n ts  of 
n o n -N e w t o n ia n  f lo w  in  v is c o e la s t ic  s y s t e m s  a re  
e q u iv a le n t  t o  m e a s u re m e n ts  o f d y n a m ic  v is c o s it y .

T a b l e  I
M o l e c u l a r  W e i g h t s  o f  P o l y m e r  S a m p l e s

D e s c r ip ­
N o .
a v .

V is ­
c o s it y

a v .
W t .
a v . R e fe r ­

P o ly m e r t io n X  10  -s X  1 0 -6 X  1 0 -e e n ce

P o ly  is o b u  t y le n e H B le n d 0 .2 2 0 .6 9 0 .8 3 16

F J S h a rp
fr a c t io n

1 .0 0 1 .0 0 17

N U n fr a c ­
t io n a t e d

1 .1 17

W -2 R o u g h
fr a c t io n

2 .5 1 17

P o ly s t y r e n e 1 9 F U n fr a c ­
t io n a t e d

0 . 2 0 0 . 3 7 3

P o ly v in y l  A  Y  A X
a c e ta te

U n fr a c ­
t io n a t e d

0 .1 4
“

15

° Probably 
sample).

quite; high (a high-conversion commercial

(1 3 ) F . B u e ch e , ibid., 2 0 , 1959  (1 9 5 2 ).
(1 4 ) T .  W .  D e W it t ,  J. Appl. Phys., in  press .
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T h i s  a ffo rd s  t h e  o p p o r t u n i t y  o f u t i l i z in g  p r e v io u s ly  
u n p u b lis h e d  d a t a  f o r  t h e  d e p e n d e n c e  o f v is c o s it y  o n  
r a t e  o f s h e a r, a n d  c o m p a r in g  t h e  re s u lts  w i t h  th o s e  
o f d y n a m ic  v is c o s it y  a n d  stre ss re la x a t io n , as w e ll  
as w i t h  t h e  p r e d ic t io n s  o f t h e  R o u s e  t h e o r y  m o d i ­
fie d  f o r  c o n c e n tr a te d  s o lu tio n s .

M a t e r i a l s .— T h e  s ix  p o ly m e r  s a m p le s  f o r  w h ic h  
d a t a  a re  c o m p a r e d  h e re  h a v e  b e e n  d e s c rib e d  in  
m o r e  d e ta il  i n  p r e v io u s  p u b lic a t io n s .3'4’16-17 T h e i r  
a v e ra g e  m o le c u la r  w e ig h ts  a re  g iv e n  in  T a b l e  I .

Fig. 1.-—-Points, reduced apparent viscosity, qa/q, plotted 
against reduced rate of shear for six polymer samples. Solid 
curves, reduced dynamic viscosity plotted against reduced 
circular frequency (19F and AYAX). Dashed curves, pre­
diction of modified Rouse theory.

N o n -N e w t o n i a n  F l o w
T h e  d e p e n d e n c e  o f ra te  o f s h e a r  ( 7 )  o n  s h e a r in g  

stre ss  ( t ) ,  o b ta in e d  f r o m  m e a s u re m e n ts  i n  c o a x ia l 
c y l in d e r  a p p a r a t u s , h a s  b e e n  p r e v io u s ly  r e p o r t e d 9 
f o r  s o lu t io n s  o f p o ly m e r s  N ,  W - 2 ,  a n d  1 9 F  in  D e c a -  
l i n ; a t  v a r io u s  t e m p e r a t u r e s  a n d  c o n c e n tr a t io n s , i t  
c o u ld  b e  f it te d  b y  t h e  e q u a t io n  y =  ki s in h  fc2$ ,  a n d  
v a lu e s  o f ki a n d  fc2 w e re  t a b u la t e d .9 S im i la r  d a ta  
o n  p o ly m e r s  H  a n d  F J  in  D e c a li n ,  n o t  p r e v io u s ly  
p u b lis h e d , c a n  b e  f it te d  b y  t h e  s a m e  e q u a t io n ; 
v a lu e s  o f ¿1 t h u s  o b ta in e d  h a v e  b e e n  u s e d  f o r  a n a ly z ­
in g  stre ss r e la x a t io n  d a t a  o n  t h e i r  s o lu t io n s .4 D a t a  
o n  s o lu t io n s  o f p o ly m e r  A Y A X  in  1 ,2 ,3 -t r i c h lo r o -  
p r o p a n e  d o  n o t  f o l lo w  th e  a b o v e  e q u a t io n , h o w e v e r ;  
t h e y  r e q u ir e  t h e  p a r a b o lic  r e la t io n  7  =  k:l£  +  
ktX2, o r ig in a l ly  p r o p o s e d  f o r  l iq u id  p o ly i s o b u t y l ­
e n e 18 a n d  la t e r  u s e d  f o r  v a r io u s  p o ly m e r  s o lu t io n s .19'20

A c c o r d in g  t o  " h e  t h e o r y  o f D e W i t t ,14 t h e  f o r m  
o f  t h e  d e p e n d e n c e  o f 7  o n  j  s h o u ld  b e  re la te d  t o

(1 5 ) W . M .  S a w y e r  a n d  J . D . F e rry , J. Am. Chem. Soc., 72, 5 0 3 0  
(1 9 5 0 ).

(1 6 ) K . E . V a n  H o ld e  a n d  J. W . W illia m s , J. Polymer Sci., 11 , 243  
(1 9 5 3 ) .

(1 7 )  M .  F . J o h n so n , W . W . E v a n s , I . J o r d a n  a n d  J . D . F e rry , J. 
Colloid Sci., 7, 4 9 8  (1 9 5 2 ).

(1 8 )  J , D .  F e r r y  a n d  G . S. P a rk s , Physics, 6 , 3 5 6  (1 9 3 5 ).
(1 9 )  J . D . F e r r y , J. Am. Chem. Soc.t 6 4 , 1 33 0  (1 9 4 2 ).
(2 0 )  A .  B . B e s tu l a n d  H . V . B e lch e r , J. Colloid Sci., 5 , 3 0 3  (1 9 5 0 ).

t h e  f o r m  o f t h e  re la x a t io n  d is t r ib u t io n  f u n c t io n , 
a n d  i t  is th e re fo re  n o t  s u r p r is in g  t h a t  d if fe re n t  
p o ly m e r s  s h o u ld  s h o w  d if fe re n t  b e h a v io r .  I t  
w o u ld  b e  e x p e c te d  t h a t  a  s a m p le  h o m o g e n e o u s  w i t h  
re s p e c t t o  m o le c u la r  w e ig h t  w o u ld  f o llo w  a  d e p e n d ­
e n c e  re s e m b lin g  t h e  h y p e r b o lic  s in e  e q u a t io n  a t  
q u it e  lo w  stresses, w h ile  s a m p le s  w i t h  b r o a d  m o le c ­
u la r  w e ig h t  d is t r ib u t io n s  m i g h t  d e v ia te . A c c o r d ­
in g ly ,  r a t h e r  t h a n  a t t e m p t  a n  a n a ly t ic a l  d e s c r ip t io n , 
w e  n o w  s im p ly  e x a m in e  t h e  n o n -N e w t o n ia n  b e h a v ­
io r  g r a p h ic a l ly ,  t a k in g  a d v a n t a g e  o f D e W i t t ’s 
d e m o n s t r a t io n  t h a t  re d u c e d  v a r ia b le s 21 a re  a p p lic ­
a b le  a n d  m e a s u re m e n ts  a t  d if fe re n t  c o n c e n tra t io n s  
a n d  te m p e r a t u r e s  c a n  b e  c o m b in e d  t o  f o r m  a  s in g le  
c o m p o s ite  c u r v e  f o r  a  g iv e n  s a m p le .

I f  a l l  r e la x a t io n  t im e s  a re  id e n t ic a l ly  d e p e n d e n t  
o n  c o n c e n t r a t io n  a n d  t e m p e r a t u r e ,21 a  s in g le  c u r v e  
s h o u ld  b e  o b ta in e d  b y  p lo t t in g  t h e  r e d u c e d  v a r ia b le s  
i)ar =  q jq  a g a in s t  7 r =  yqTo/Tc. H e r e  r; is t h e  
s t e a d y  f lo w  v is c o s it y  a t  v a n is h in g  r a t e  o f s h e a r, 7;a 
t h e  a p p a r e n t  v is c o s it y  ( T / y ) ,  c t h e  p o ly m e r  c o n ­
c e n t r a t io n  i n  g ./ c c .,  T  t h e  a b s o lu te  t e m p e r a t u r e , 
a n d  T 0 a  s t a n d a r d  t e m p e r a t u r e  (2 9 8 ° K . ) .

T h e  v a lu e  o f q o b ta in e d  b y  e x t r a p o la t io n  o f t h e  
n o n -N e w t o n ia n  f lo w  m e a s u re m e n ts 9 w a s  u s u a l ly  in  
f a i r ly  c lose a g re e m e n t  w i t h  t h a t  m e a s u re d  b y  th e  
f a l l in g  b a l l  m e t h o d  a t  lo w  s h e a r ra te s , 17 a n d  t h e  
f o r m e r  w a s  u s e d  f o r  t h e  c a lc u la t io n  o f r e d u c e d  
v a r ia b le s . H o w e v e r ,  f o r  s a m p le  H  i t  w a s  n e c e s s a ry  
t o  u s e  t h e  f a l l in g  b a l l  v a lu e s  o f q t o  o b t a in  re a s o n ­
a b le  re s u lts ; t h e  e x t r a p o la t io n  f r o m  n o n -N e w t o n ­
ia n  f lo w  (w h ic h  g a v e  c o n s id e r a b ly  lo w e r  v a lu e s )  
w a s  u n s a t is f a c t o r y , p r o b a b ly  b e c a u s e  o f t h e  w id e  
s p re a d  o f  m o le c u la r  w e ig h ts  i n  t h is  p o ly m e r .  T h e  
e x t r a p o la t e d  v a lu e s  o f lo g  q f o r  s a m p le  1 9 F  w e r e  
a lso  d o u b t f u l  a n d  h a d  t o  b e  in c re a s e d  b y  0 .0 5  to  
0.10  t o  o b t a in  c o n s is te n t re s u lts .

T h e  v a lu e  o f 7  f o r  th e s e  c a lc u la t io n s  w a s  t a k e n  
as t h e  a v e ra g e  in t e g r a t e d  o v e r  t h e  a n n u la r  sp a c e  b e ­
t w e e n  th e  c o a x ia l c y lin d e r s , w h ic h  f o r  o u r  in s t r u ­
m e n t 9 d iffe rs  b y  o n ly  0 . 5 %  f r o m  t h e  a r b i t r a r y  a v ­
e ra g e  p r e v io u s ly  u s e d  ( t h e  g e o m e tr ic  m e a n  o f th e  
v a lu e s  a t  t h e  s u rfa c e s  o f t h e  t w o  c y l in d e r s ) .

T h e  c o m p o s ite  g ra p h s  o f qar a g a in s t  y r a re  s h o w n  
in  F i g .  1. T h e  in d i v i d u a l  t e m p e r a t u r e s  (1 5 , 2 5  a n d  
3 5 °  in  e a c h  case ) a n d  c o n c e n tra t io n s  a re  n o t  i d e n t i ­
fie d , b u t  t h e  c o n c e n t r a t io n  ra n g e s  m a y  b e  s u m m a r ­
iz e d  as f o llo w s : H ,  3 3 . 3 % ;  F J ,  1 5 . 8 - 2 4 . 8 % ;  N ,  
1 5 - 2 5 % ;  W - 2 ,  1 2 - 2 0 % ;  1 9 F , 3 0 . 4 - 4 6 . 4 % ;
A Y A X ,  4 0 . 3 % .  I n  e a c h  case t h e  p o in t s  s u p e rp o s e  
v e r y  w e ll  t o  f o r m  a s in g le  c u r v e , s u p p o r t in g  
D e W i t t ’s p r e d ic t io n 14 t h a t  re d u c e d  v a r ia b le s  a p p ly  
t o  t h is  s o r t  o f p lo t .

A c c o r d in g  t o  D e W i t t ’s t h e o r y ,  t h is  p lo t  s h o u ld  b e  
id e n t ic a l  w i t h  t h a t  f o r  q'/q  a g a in s t  tor =  wqTo/Tc, 
w h e r e  q' is  t h e  re a l p a r t  o f t h e  c o m p le x  d y n a m ic  
v is c o s it y  a n d  co t h e  c ir c u la r  f r e q u e n c y .213 D y ­
n a m ic  v is c o s i t y  m e a s u re m e n ts  i n  t h e  a p p r o p r ia t e  
f r e q u e n c y  ra n g e  a re  a v a ila b le 3'22 f o r  1 9 F  a n d

(2 1 ) J . D .  F e r r y ,  J. Am. Chem. Soc., 7 2 , 3 7 4 6  (1 9 5 0 ) .
(2 1 a ) A c c o r d in g  t o  a  v e r y  r e c e n t  m o le c u la r  t h e o r y  o f  D r .  F . B u e ch e  

(p r iv a te  c o m m u n ic a t io n ) ,  th e s e  t w o  fu n c t io n s  sh o u ld  b e  s im ila r  b u t  n o t  
id e n t ic a l . T h e  B u e ch e  t h e o r y  g iv e s  ij'  v a lu e s  s o m e w h a t  lo w e r  th a n  
th o se  o f  th e  R o u s e  t h e o r y  (e q . 1 a n d  2 ) ,  b u t  v a lu e s  s l ig h t ly  h ig h e r  
th a n  th e  c o r re s p o n d in g  R o u s e  v a lu e s  o f  i/.

(2 2 )  J . D . F e r r y , W .  M .  S a w y e r , G . V . B r o w n in g  a n d  A . H . G r o t h , 
J r ., J. Appl. Phya., 2 1 , 5 1 3  (1 9 5 0 ).
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A Y A X ,  d e r iv e d  la r g e ly  f r o m  s in g le  t r a n s d u c e r  
m e a s u r e m e n ts ; t h e y  a re  d r a w n  as s o lid  c u r v e s  in  
F i g .  1. F o r  1 9 F  t h e  a g re e m e n t  b e tw e e n  t h e  t w o  
f u n c t io n s  is  e x c e lle n t. F o r  A Y A X  t h e  r e d u c e d  d y ­
n a m ic  v is c o s i t y  lie s  t o  t h e  r i g h t  o f t h e  r e d u c e d  n o n -  
N e w t o n ia n  v is c o s it y .  T h e  s o u rc e  o f t h is  d is c re p ­
a n c y  is  n o t  u n d e r s t o o d ; i t  m a y  b e  re la te d  t o  th e  
w id e  s p re a d  o f  m o le c u la r  w e ig h ts  a n d  b r a n c h in g  t o  
b e  e x p e c te d  i n  t h is  c o m m e r c ia l  s a m p le .

Comparison of t\Jr\ with Rouse Theory
T h e  t h e o r y  o f R o u s e  p r e d ic ts  t h e  f r e q u e n c y  d e ­

p e n d e n c e  o f t] ' / ij f o r  a  v e r y  d i lu t e  s o lu t io n  o f a 
h o m o g e n e o u s  p o ly m e r  as f o l lo w s 11

v' ~  vq _  .6 v2 / 1 \
t )  —  >)0 7T2 p 4 +  w 2 7 l 2

ti = 6 (1; — 770) /  ir2nkT (2)
w h e r e  p0 is  t h e  s o lv e n t  v is c o s it y ,  n t h e  n u m b e r  o f 
m o le c u le s  p e r  c c ., a n d  k B o l t z m a n n ’s c o n s ta n t . 
T h e  in d e x  p  re fe rs  t o  d if fe re n t  m o d e s  o f c o o r d in a ­
t io n  o f t h e  p o ly m e r  s e g m e n ts ; t h e  u p p e r  l i m i t  N  is  
o f n o  s ig n if ic a n c e  in  t h e  p re s e n t  a p p lic a t io n , s in c e  
a t  lo w  f re q u e n c ie s  t h e  series  c o n v e rg e s  r a p id ly .  
T h e s e  e q u a t io n s  c a n  b e  r e a d i ly  e x te n d e d  t o  c o n c e n ­
t r a t e d  s o lu t io n s  if  i t  is a s s u m e d  t h a t  a ll  r e le v a n t  re ­
la x a t io n  t im e s  a re  p r o lo n g e d  b y  t h e  s a m e  f a c t o r  b y  
th e  in t e r la c in g  o f f o r e ig n  m o le c u le s  t h r o u g h  a  g iv e n  
p o ly m e r  c o il. S in c e  w e  a re  c o n c e r n e d  h e re  w i t h  
th e  s lo w  e n d  o f t h e  r e la x a t io n  s p e c t r u m , a n d  t h e  
b e h a v io r  is d o m in a t e d  b y  t h e  f irs t  f iv e  m o d e s  o r  so, 
i t  is n e c e s s a ry  o n ly  t h a t  t h e  f iv e  lo n g e s t r e la x a t io n  
t im e s  o b e y  t h is  c o n d it io n . ( T h e  s h o r te r  on e s, as  a 
m a t t e r  o f fa c t , b e h a v e  d if f e r e n t ly .4)  F o r  th e  c o n ­
c e n t r a t e d  s o lu t io n s  o f F i g .  1, 770 is  q u it e  n e g lig ib le . 
I t  is  c o n v e n ie n t  t h e n  t o  re c a s t e q u a tio n s  1 a n d  2 
in  te r m s  of re d u c e d  v a r ia b le s , n o t in g  t h a t  nk = 
cR/M, w h e r e  M  is  t h e  m o le c u la r  w e ig h t

wti =  a,(QM/ir2RTo) (4)
I f  p ' r as  a  f u n c t io n  o f uT is  e q u i v a le n t 14 t o  par as a 
f u n c t io n  o f yT, e q u a t io n s  3 a n d  4  s h o u ld  p r e d ic t  a lso  
re d u c e d  c u r v e s  o f t h e  t y p e  o f F i g .  1.

F o r  h o m o g e n e o u s  p o ly m e r s , in  t h is  f o r m u la t io n , 
p lo ts  o f lo g  p ' r a g a in s t  lo g  a> s h o u ld  a ll  h a v e  t h e  s a m e  
s h a p e , a n d  t h e i r  lo c a t io n s  o n  t h e  a b scissa  a x is  s h o u ld  
d e p e n d  o n ly  o n  t h e i r  m o le c u la r  w e ig h ts . F o r  a  
h e te ro g e n e o u s  p o ly m e r ,  0:  c o u rs e , t h e  s h a p e  o f th e  
c u r v e  s h o u ld  d e p e n d  o n  t h e  m o le c u la r  w e ig h t  d is ­
t r i b u t io n ,  a n d  f o r  p u rp o s e s  o f q u a l i t a t iv e  c o m p a r i ­
s o n  t h e  c h o ic e  o f a n  a v e ra g e  m o le c u la r  w e ig h t  in
(4 )  is a r b i t r a r y .  T h e  w e ig h t  o r  v is c o s it y  a v e ra g e  
h a s  b e e n  u s e d  f o r  a ll  e x c e p t A Y A X ,  w h e r e  o n ly  th e  
n u m b e r -a v e r a g e  is a v a ila b le . T h e  t h e o re t ic a l  
c u r v e s  a re  d r a w n  as d a s h e d  lin e s  in  F i g .  1 f o r  c o m ­
p a r is o n  w i t h  t h e  e x p e r im e n t a l  v a lu e s  o f r/ar. F o r  
t h e  s h a r p  f r a c t io n  F J ,  t h e  a g re e m e n t  is v e r y  close, 
a l t h o u g h  t h e  e x p e r im e n t a l  c u r v e  d o e s  n o t  f a l l  q u it e  
so s te e p ly  as t h e  R o u s e  f u n c t io n , as w o u ld  b e  e x ­
p e c te d  f o r  a  m o d e r a te  d e g re e  o f m o le c u la r  w e ig h t  
d is t r ib u t io n .  F o r  s a m p le s  W - 2  a n d  N  t h e  e x p e r i­
m e n t a l  c u r v e s  a re  a ls o  c lo s e ly  s im ila r  in  s h a p e  t o  th e  
R o u s e  f u n c t io n  a n d  lie  f a i r l y  n e a r  t h e  p r e d ic t e d  p o ­
s it io n  o n  t h e  yT sca le . T h e  o t h e r  th re e  e x p e r i­

m e n t a l  c u r v e s  a re  less s h a r p ly  c u r v e d  t h a n  t h e  
R o u s e  f u n c t io n  a n d  h e  t o  t h e  le f t , as w o u ld  b e  e x ­
p e c te d  f o r  a w id e  d is t r ib u t io n  o f m o le c u la r  w e ig h ts . 
T h e  d e v ia t io n  b e tw e e n  t h e o r y  a n d  e x p e r im e n t  is 
p a r t ic u la r ly  m a r k e d  f o r  H  (a  b le n d  o f h ig h  a n d  lo w  
m o le c u la r  w e ig h t  f r a c t io n s )  a n d  A Y A X  (a  h ig h  
c o n v e r s io n  p o ly m e r ,  p r o b a b ly  b r a n c h e d ) .

T h e  c o m p a r is o n s  s h o w n  in  F i g .  1 in d ic a t e  t h a t  
t h e  R o u s e  t h e o r y  c a n  s u c c e s s fu lly  p r e d ic t  t h e  d y ­
n a m ic  v is c o s it y  a t  lo w  fre q u e n c ie s , a n d  t h e  n o n -  
N e w t o n ia n  f lo w  a t  lo w  s h e a r  ra te s , f o r  c o n c e n tr a te d  
s o lu t io n s  o f m o d e r a t e ly  h o m o g e n e o u s  p o ly m e r s . 
T h e  o n ly  d a t a  r e q u ir e d  a re  t h e  s t e a d y  f lo w  v is c o s ­
i t y  a n d  t h e  m o le c u la r  w e ig h t .  S in c e  t h e  B u e c h e  
t h e o r y 12 p r e d ic t s  a  c lo s e ly  s im ila r  f o r m  f o r  t h e  d y ­
n a m ic  v is c o s it y , i t  s h o u ld  h a v e  a p p r o x im a t e ly  t h e  
s a m e  succe ss. T h e  e ffe c t o f  m o le c u la r  w e i g h t  h e t ­
e r o g e n e ity  (a n d  b r a n c h in g )  is  q u a l i t a t i v e ly  in  t h e  
d ir e c t io n  e x p e c te d ; in  p r in c ip le ,  t h e  m o d if ie d  
R o u s e  t h e o r y  c o u ld  a lso  b e  a p p lie d  t o  a  d is t r ib u t io n  
o f m o le c u la r  w e ig h ts , b u t  o n ly  w i t h  v e r y  te d io u s  
c a lc u la t io n s .

Comparison with Stress Relaxation Data
E q u i v a l e n t  in f o r m a t io n  c o n c e r n in g  t h e  s lo w  

r e la x a t io n  m e c h a n is m  s h o u ld  a lso  b e  p r o v id e d  b y  
stre ss  r e la x a t io n  d a ta . R e la x a t io n  d is t r ib u t io n  
f u n c t io n s  d e r iv e d  f r o m  stre ss r e la x a t io n  m e a s u re ­
m e n t s  f o l lo w in g  c e s s a tio n  of s t e a d y -s t a t e  f lo w  h a v e  
b e e n  p r e v io u s ly  p u b lis h e d 4'9 f o r  a ll  t h e  a b o v e  s a m ­
p le s  e x c e p t  A Y A X .  T o e x tr a p o la te  t h e  n e w  m e a s ­
u r e m e n t s  o n  t h e  la t t e r  t o  z e ro  s h e a r  ra te  in  t h e  
u s u a l m a n n e r ,9 a  re v is e d  c a lc u la t io n  is n e c e s s a ry  
b e c a u s e  t h e  h y p e r b o l ic  s in e  f u n c t io n  p r e v io u s ly  
u s e d  is in a p p lic a b le . T h e  c o r r e s p o n d in g  c a lc u la ­
t io n  f o r  p a r a b o lic  f lo w  r e la x a t io n , o u t l in e d  in  A p ­
p e n d ix  I ,  g iv e s

$ (In t) = — (d j /d ln  t)2r/t(R — 1) (5)

w h e r e  r  =  k jk ^  a n d  R =  (4 ry  +  l ) 1/!. T h e  la t ­
t e r  q u a n t it ie s  a re  o b t a in e d  f r o m  a n a ly s is  o f  t h e  n o n -  
N e w t o n ia n  f lo w  a n d  f r o m  t h e  ra te  o f s h e a r, 7 , p r e ­
c e d in g  re la x a t io n . V a lu e s  o f <f> c a lc u la te d  f r o m  
m e a s u re m e n ts  f o l lo w in g  d if fe re n t  ra te s  o f s h e a r  
a g re e  q u it e  w e ll. V a lu e s  o f t h e  re d u c e d  d is t r ib u ­
t io n  f u n c t io n , 4>r =  $ T 0/ T c ,  a re  p lo t t e d  a g a in s t  r e ­
d u c e d  t im e , tt = tcT /T w, in  F i g .  2 f o r  d if fe re n t  
ra te s  o f s h e a r  a t  th re e  t e m p e r a t u r e s  a t  4 0 . 3 %  a n d  
a t  5° a t  3 5 . 0 % .  T h e  r e d u c e d  v a r ia b le s  b r in g  a ll  
th e s e  d a t a  in t o  c lo se s u p e rp o s it io n .

F o r  a  h o m o g e n e o u s  p o ly m e r  w h o s e  t im e -d e p e n d ­
e n t  b e h a v io r  fo llo w s  R o u s e ’s t h e o r y ,  s u c h  a  f u n c t io n  
is f ic t it io u s ,4 s in c e  t h e  r e la x a t io n  s p e c t r u m  a t  t h e  
s lo w  e n d  is  d is c re te  r a t h e r  t h a n  c o n t in u o u s ; a n d  
t h e  f ic t it io u s  $ ’s c a lc u la te d  f r o m  stre ss re la x a t io n  
a n d  f r o m  17' ( o r  Va.) d o  n o t  c o in c id e . F o r  a  h e te r o ­
g e n e o u s  p o ly m e r ,  h o w e v e r , a  c o n t in u o u s  <t> s h o u ld  
h a v e  m e a n in g , a n d  t h e  v a lu e s  p r e v io u s ly  c a lc u ­
la te d  f r o m  stre ss r e la x a t io n  m a y  b e  c o m p a r e d  w i t h  
v a lu e s  d e r iv e d  f r o m  t h e  c u r v e s  s h o w n  i n  F i g .  1 . 
F o r  t h e  la t t e r  c a lc u la t io n , a  s e c o n d  a p p r o x im a t io n  
is u s e d , a n a lo g o u s  t o  t h a t  e m p lo y e d  f o r  d y n a m ic  
v is c o s i t y 23

$ r  =  — B y r n * , d log Var/d log y T (6)

w h e r e  B is  a n u m e r ic a l  c o r re c t io n  f a c t o r .23 T h e
(23) J. D. Ferry and M. L. Williams, J Colloid Sci.. 7, 3a7 (1952).
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re s u lts  a re  c o m p a r e d  i n  F i g .  3 f o r  p o ly m e r s  W - 2 ,  H ,  
1 9 F  a n d  A Y A X .  T h e  d is t r ib u t io n  f u n c t io n s  d e ­
r i v e d  f r o m  n o n -N e w t o n ia n  f lo w  a n d  f r o m  stre ss 
r e la x a t io n  lie  c lose t o g e t h e r  i n  e a c h  case. I t  a p p e a rs  
t h a t  t h e  t w o  t y p e s  o f m e a s u re m e n t  d o  in d e e d  g iv e  
e q u iv a le n t  in f o r m a t io n .

Fig. 2.—Reduced distribution function of relaxation times 
for polyvinyl acetate AYAX, calculated from measurements 
of stress relaxation following cessation of steady-state 
flow at various shear rates. Open circles, concentration 
35.0%, 5°. Other circles, concentration 40.3%; pip 
down, 15°; right, 25°; up, 35°.

Calculation of Steady-State Compliance
T h e  t o t a l  e la s tic  c o m p lia n c e  o f l in e a r  p o ly m e r s  

in  s te a d y -s ta te  f lo w , J, h a s  r e c e n t ly  b e e n  f o u n d  t o  
d e p e n d  m a r k e d ly  o n  m o le c u la r  w e ig h t  d is t r ib u ­
t i o n . 16'24'25 F o r  a  c o n c e n tra te d  s o lu t io n , in  te r m s  
o f  re d u c e d  v a r ia b le s , th is  q u a n t i t y  is re la te d  t o  th e  
r e la x a t io n  s p e c t r u m  as fo llo w s

Jr =  J "  7-r2<f>r d In Tr (7)

o r
J r  = 2 r y d pr (8)

f o r  a  c o n t in u o u s 3 o r  a d is c re te  s p e c t r u m , re s p e c ­
t i v e ly  (see A p p e n d i x  I I ) .  H e r e  J r =  JTc/Tn, 
tt =  tcT /T w, an  1 l7pr is t h e  e la s tic  c o n t r ib u t io n  
a s s o c ia te d  w i t h  t in '  p ’ t-h d is c re te  re la x a t io n  t im e , 
a lso  r e d u c e d  b y  th e  f a c t o r  T0/Tc. B o t h  e x p re s ­
s io n s  a re  w e ig h te d  b y  lo n g  re la x a t io n  t im e s , so th e  
c o m p lia n c e  d e p e n d s  p r i m a r i l y  o n  t h e  s lo w  re la x a ­
t io n  m e c h a n is m s  w h o s e  d is t r ib u t io n s  a re  p o r t r a y e d  
in  F i g .  3 . I t  is o f in te r e s t  t o  c a lc u la te  J  f r o m  b o t h  
t h e o r y  a n d  e x p e r im e n ta l  d a ta .

F o r  a  h o m o g e n e o u s  p o ly m e r ,  t h e  R o u s e  t h e o r y  
e x p re s se d  in  re d u c e d  v a r ia b le s  spe cifies  t h a t  Gpr =

(2 4 ) H . L e a d e rm a n , p r iv a t e  c o m m u n ic a t io n .
(2 5 )  R .  L . Z a p p  a n d  F . P . B a ld w in , Ind. Eng. Chem., 3 8 , 9 4 8  (1 9 4 6 ).

Fig. 3.—Reduced distribution function of relaxation times 
for four polymer samples. Solid lines, from reduced ap­
parent viscosity in non-Newtonian flow; dashed lines, from 
stress relaxation following cessation of steady-state flow.

RT0/M  a n d  r pr =  6M /p2ir2RT0. I t  fo llo w s  f r o m  
t h e  s u m m a t io n  ( 8)  t h a t

JT = (2/5)M/RTe (9)
so t h e  s t e a d y -s t a t e  c o m p lia n c e  s h o u ld  b e  d i r e c t ly  
p r o p o r t io n a l  t o  m o le c u la r  w e i g h t .26

F o r  a  h e te ro g e n e o u s  p o ly m e r ,  if  i t  c a n  s t i l l  b e  
a s s u m e d  t h a t  t h e  lo n g  r e la x a t io n  t im e s  c a n  b e  c a lc u ­
la te d  b y  t h e  R o u s e  t h e o r y ,  J T c a n  b e  e x p re s se d  
in  t e r m s  o f m o le c u la r  w e ig h t  d i s t r i b u t i o n ; as s h o w n  
in  A p p e n d i x  I I ,  t h e  r e s u lt  is

Jr =  (2/5 )Mt+1Mx/M„RTo (10)
w h e r e  t h e  s y m b o ls  f o r  m o le c u la r  w e ig h t  a v e ra g e s  
h a v e  t h e i r  u s u a l s ig n if ic a n c e . T h u s  t h e  c o m p lia n c e  
s h o u ld  in c re a s e  m a r k e d ly  w i t h  s p re a d  o f m o le c u la r  
w e ig h t  d is t r ib u t io n ,  e s p e c ia lly  a t  t h e  h ig h  e n d  w h ic h  
w e ig h ts  M z a n d  M z +  x. T h i s  is in  q u a l i t a t iv e  a c ­
c o r d  w i t h  e x p e r im e n t .16-24 F r o m  t h e  B u e c h e  t h e ­
o r y , 12 a  c o r re s p o n d in g  e q u a t io n  c a n  b e  d e r i v e d 273 
w h ic h  is id e n t ic a l  w i t h  e q . 10 e x c e p t t h a t  t h e  f a c t o r  
2 / 5  is re p la c e d  b y  1 / 3 .

T h e  o n ly  s a m p le  t o  w h ic h  e q . 10 c a n  b e  a p p lie d  is 
p r o b a b ly  1 9 F , f o r  w h ic h  J T h a s  a lr e a d y  b e e n  d e ­
r i v e d 9 b y  in t e g r a t io n  o f stre ss r e la x a t io n  d a t a  in  
c o n c e n tr a te d  s o lu t io n s , in  a c c o rd a n c e  w i t h  e q . 7 , 
as 1 .6 9  X  1 0 ~5 ( c m .2/ d y n e )  ( g ./ c m .3) .  S in c e  t h e  
w e ig h t  a n d  n u m b e r  a v e ra g e  m o le c u la r  w e ig h t s  a re  
a p p r o x im a t e ly  i n  t h e  r a t io  o f 2 : 1 , i t  m a y  b e  as­
s u m e d  t h a t  t h e  m o le c u la r  w e ig h t  d is t r ib u t io n  f o l ­
lo w s  t h e  “ m o s t  p r o b a b le ”  f o r m  a n d  M z +  i  :M Z:M W

(2 6 )  In  th is  c o n n e c t io n  i t  is  o f  in te re s t  th a t  S p e n ce r 's  p a r a m e t e r 27 
d e s c r ib in g  n o n -N e w t o n ia n  f lo w  in  m o lte n  p o ly s ty r e n e s  is d ir e c t ly  
p r o p o r t io n a l  t o  m o le c u la r  w e ig h t . T h is  p a r a m e te r  k m a y  b e  id e n t i ­
f ie d 27’ 18 w ith  ( 4 / 5 ) / ;  th e  lo w e s t  v a lu e s  o f  k/M in  S p e n ce r 's  ta b le , c o r ­
re s p o n d in g  p r e s u m a b ly  t o  th e  le a s t  p o ly d is p e r s it y ,  a re  a b o u t  0 .8  X  
1 0 -11 c m .2 d y n e -1 g . _1, f o r  t e m p e ra tu re s  in  t h e  n e ig h b o r h o o d  o f  2 2 5 ° .  
A c c o r d in g  t o  th is , Jr ~  1 .6 7  X  1 0 -11 M. E q u a t io n  9  g iv e s  1 .6 2  X  
10  - n  M, in  v e r y  g o o d  a g re e m e n t .

(2 7 ) R .  S. S p e n ce r , J. Polymer Sci., 5 , 591 (1 9 5 0 ).
(27a ) F . B u e ch e , p r iv a t e  c o m m u n ic a t io n .
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=  4 : 3 : 2 .  T h e n  e q u a t io n  10, w i t h  M w =  3 7 0 ,0 0 0 , 
g iv e s  J r =  1 .8  X  10 ~ 6, i n  q u it e  g o o d  a g re e m e n t  
w i t h  t h e  v a lu e  o b t a in e d  f r o m  e x p e r im e n t a l  d a t a . A  
s t il l  m o r e  d ir e c t  e x p e r im e n t a l  m e a s u r e m e n t  w o u ld  
b e  f r o m  e la s tic  re c o il  f o l lo w in g  s t e a d y  f lo w , b u t  th is  
is n o t  a v a ila b le .

T h e  v a lu e  o f J  h a s  b e e n  d e t e r m in e d  f o r  s a m p le  
H  i n  t h e  u n d i lu t e d  s t a t e .16 I t  is im p o s s ib le  t o  c a l­
c u la te  J r f r o m  stre ss r e la x a t io n  d a t a  ( F i g .  3 )  a n d  
e q . 7 b e c a u s e  t h e  m e a s u re m e n ts  d o  n o t  e x te n d  to  
s u f f ic ie n t ly  lo n g  t im e s  t o  o b t a in  t h e  c o m p le te  in t e ­
g ra l. T h e  v a lu e  o f  J r p r e d ic t e d  f r o m  e q . 10, u s in g  
m o le c u la r  w e ig h t  a v e ra g e s  d e r iv e d  f r o m  e q u i l ib ­
r i u m  u lt r a c e n t r i f u g e  m e a s u r e m e n t s ,16 is  t o o  la r g e  
b y  a b o u t  a  f a c t o r  o f 5. T h i s  m a y  b e  d u e  in  p a r t  t o  
u n c e r t a in t y  i n  M z + j, a n d  in  p a r t  t o  f a ilu r e  o f t h e  
a s s u m p t io n  t h a t  t h e  f irs t  f o u r  o r  f iv e  m o d e s  o f re ­
la x a t io n  a re  e q u a l ly  a ffe c te d  b y  t h e  p o ly m e r ic  m e ­
d i u m  f o r  a l l  m o le c u le s . F o r  a n  e x t r e m e ly  b r o a d  
d is t r ib u t io n ,  e s p e c ia lly  in  t h e  a b s e n c e  o f a n y  d i lu ­
e n t , t h is  a s s u m p t io n  m a y  n e t  b e  s a t is fa c to r y .

Conclusions
D y n a m i c  v is c o s i t y  a t  lo w  fre q u e n c ie s , s tre ss  r e ­

la x a t io n  f o l lo w in g  s t e a d y -s t a t e  f lo w , a n d  n o n - N e w ­
t o n ia n  v is c o s it y  a t  m o d e r a t e ly  lo w  s h e a r  ra te s  a p ­
p e a r  t o  p r o v id e  e q u iv a le n t  in f o r m a t io n  c o n c e r n in g  
t h e  c o n t r ib u t io n s  o f s lo w  r e la x a t io n  m e c h a n is m s  t o  
t im e -d e p e n d e n t  m e c h a n ic a l  b e h a v io r  i n  c o n c e n ­
t r a t e d  p o ly m e r  s o lu t io n s . O f  th e s e , t h e  n o n - N e w ­
t o n ia n  v is c o s it ie s  a re  t h e  ea sie st t o  m e a s u re . F o r  
h o m o g e n e o u s  a n d  p e rh a p s  m o d e r a t e ly  h e te ro g e n e ­
ou s p o ly m e r s , t h e  t im e -d e p e n d e n t  b e h a v io r  a t  th e  
s lo w  e n d  o f  t h e  t im e  scale c a n  b e  a p p r o x im a t e ly  
p r e d ic t e d  b y  a  s lig h t  m o d if ic a t io n  o f t h e  R o u s e  
t h e o r y ,  o n ly  t h e  m o le c u la r  w e ig h t  a n d  t h e  s te a d y  
f lo w  v is c o s it y  b e in g  r e q u ir e d  f o r  t h e  c a lc u la t io n . 
F o r  h e te ro g e n e o u s  p o ly m e r s , t h e  re la x a t io n  m e c h a ­
n is m s  a re  n a t u r a l ly  s p re a d  o v e r  a  w id e r  ra n g e  o f t im e  
scale . T h e  m o d if ie d  R o u s e  t h e o r y  c a n  b e  u s e d  t o  
p r e d ic t  t h e  s t e a d y -s t a t e  c o m p lia n c e  o f a  h e te r o ­
g e n e o u s  p o ly m e r  w i t h  s o m e  success.
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Appendix I
Non-Newtonian Stress Relaxation for a Para­

bolic Dependence of Rate of Shear Upon Stress.—
T h e  c a lc u la t io n  is a n a lo g o u s  t o  t h a t  p r e v io u s ly  
p re s e n te d  f o r  r e la x a t io n  o f h y p e r b o l ic  s in e  f lo w  
m e c h a n is m s .9 I t  a p p lie s  t o  r e la x a t io n  a f te r  cessa­
t io n  o f s t e a d y -s t a t e  f lo w , n o t  r e la x a t io n  a f te r  s u d ­
d e n  s tr a in . W e  c o n s id e r  a se rie s  o f r i g i d i t y  m e c h ­
a n is m s  (G¡) in  p a r a lle l  ( t h e  M a x w e l l  m o d e l ) ,  e a c h  
re la x e d  b y  a  n o n -N e w t o n ia n  p a r a b o lic  f lo w  m e c h ­
a n is m  s u c h  t h a t  7 , =  kaZi +  fc4¡ T i 2. I n  s u c h  a
m o d e l, a l l  y, m u s t  b e  id e n t ic a l ,  a n d  i t  c a n  b e  s h o w n  
t h a t  t h e  r e la t io n  b e tw e e n  y  a n d  total stre ss c a n  b e  
p a r a b o lic  o n ly  i f  kn/k&- is  t h e  s a m e  f o r  a ll  e le m e n ts ; 
t h is  r a t io  w i l l  b e  d e n o te d  b y  r. I n  t h is  case, th e

s tre ss  o n  t h e  f ’t h  e le m e n t  i n  s t e a d y -s t a t e  f lo w  is 
J i o  = (R —  l ) / 2r& 3i, a n d  t h e  t o t a l  stre ss is

£o = KR -  l)/2r]2(lA >0 (11)
w h e r e  R —  ( 4 r y  +  1 ) 1/2.

T h e  r e la x a t io n  a t  c o n s ta n t  s t r a in  f o r  a  single p a r a ­
b o lic  M a x w e l l  e le m e n t  c a n  b e  d e r iv e d  f r o m  t h e  
d if fe re n tia l e q u a t io n

7 = (1/GiXdTi/di) +  fc,i£ i +  h&i* = 0

S in c e  a t  t =  0  (c e s s a tio n  o f s t e a d y -s t a t e  f lo w  a n d  
b e g in n in g  o f r e la x a t io n )  £ ;  =  T ; 0, t h e  s o lu t io n  is
Ti/(fei +  &4iji) =  [Tio/(&3i +  &4iTio)]eXp { —G\kz\t) (12)
T h e  r e la x a t io n  t im e ,  n, m a y  b e  d e f in e d  as u s u a l as 
t h e  r a t io  o f t h e  d a s h p o t  v is c o s i t y  a t  v a n is h in g  J ,  
t o  t h e  s p r in g  r i g i d i t y ,  viz., l/k^Gi. S o lv i n g  (1 2 )  
f o r  (T i in  t e r m s  o f n, r  a n d  R y ie ld s

_  (R —
^  “  r[R +  1 — (R -  De-t/y] y 1

T h e  t o t a l  stre ss as a  f u n c t io n  of t im e  is  2  J j ,  w h ic h  
m a y  n o w  b e  re p la c e d  b y  a n  in t e g r a l ,  s u b s t it u t in g  
$  d  I n  r f o r  Gi. T h i s  is t h e n  a p p r o x im a t e d  b y  a 
c u t -o f f  in  w h ic h  e x p  (  —  t/n )  is  re p la c e d  b y  z e ro  f o r  
n  <  t a n d  u n i t y  f o r  t\ >  t. T h e  r e s u lt  is

£w = ̂ 27i X>*dIn’-
T h e  u s u a l f irs t a p p r o x im a t io n  c a lc u la t io n  o : F  is 
t h e n

$ (In t) = - ( d £ /d  In t)2r/t(R -  1) (5)

S in c e  t h e  s lo p e  o f t h e  l o g - l o g  p lo t  in  F i g .  2 is n e a r  
—  2 , c o r re s p o n d in g  t o  a s e c o n d  a p p r o x im a t io n  c o r ­
r e c t io n  f a c t o r  o f u n i t y , 23 th e  la t t e r  c o r r e c t io n  h a s  
n o t  b e e n  a p p lie d .

Appendix II
Steady State Compliance of a Heterogeneous 

Polymer Derived from Modified Rouse Theory.—
F o r  a  l in e a r  v is c o e la s t ic  b o d y ,  th e  e n e r g y  p e r  cc. 
s to r e d  i n  s t e a d y -s t a t e  f lo w  u n d e r  stre ss J is J j 2/2, 
w h e r e  J  is t h e  s t e a d y -s t a t e  c o m p lia n c e . E x p r e s s e d  
in  te r m s  o f a  series o f M a x w e l l  e le m e n ts , t h is  e n e r g y  
is ( T 2/ 2 )  [ 2 G i r i2/ ( 2 G ir 0 2] .  T h u s

J  = 2GGi7(2(7iT;)2 (14)

I n  t h e  R o u s e  t h e o r y ,11 G i is in d e p e n d e n t  o f m o ­
le c u la r  w e ig h t  a n d  e q u a l t o  nkT  f o r  e v e r y  m o d e  o f 
m o le c u la r  m o t io n . F o r  lo n g  r e la x a t io n  t im e s , t \ 

a s s o c ia te d  w i t h  t h e  p ’t h  m o d e  f o r  m o le c u le s  of m o ­
le c u la r  w e ig h t  M  is

t\ = <T2M,/ftir2p2BkTMB'1 (15)

w h e r e  M„, a a n d  B a re , r e s p e c t iv e ly , t h e  m o le c u la r  
w e ig h t ,  r o o t  m e a n  s q u a re  e n d -t o -e n d  s e p a ra t io n , 
a n d  m o b i l i t y  o f a  s u b m o le c u le  o r  s e g m e n t. ( T h e  
e x a c t  d e f in it io n  o f t h e  s u b m o le c u le  d o e s  n o t  m a t t e r  
s in c e  th e s e  th r e e  q u a n t it ie s  w i l l  c a n c e l o u t . )

F o r  a  h e te ro g e n e o u s  p o ly m e r ,  le t  <p(M)&M b e  t h e  
n o r m a liz e d  n u m b e r  d is t r ib u t io n  o f m o le c u la r  
w e ig h ts , so t h a t

f  M ipdM = Mn 
f M*<pAM/fM<pàM = Mv 
f  MiipàM / f  M‘1<pdM = M,

= Mz+i
[ (16)
j
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T h e  s u m s  i n  (1 4 )  a re  t h e n  g iv e n  b y

02
SGin1 2 = Y  T ( <pnkT<riMi/3(>jripiB2k2T2M,i)dM

p =  l

XGin =  Y  SivnkTvMyenr^BkTM^dM
v

a n d
2  {U V*)f<pM><lM

, p =  l
J =  Y  (1 / p i)S<pM '& M /nkT

p =  i
=  ( X V90 ) M n  i M M M J n k T i  x2/6 )2(M wM n)2 
= (2/5)MI+1M,/M*cRT

I n  te r m s  o f r e d u c e d  v a r ia b le s , s in c e  J T =  JT c/ To,
J r =  (2/5)M .̂lM,/MwRT0 (10)

STUDIES OF THE CROSS-LINKING PROCESS IN GELATIN GELS. III. 
DEPENDENCE OF MELTING POINT ON CONCENTRATION AND

MOLECULAR WEIGHT
B y  J ohn  E . E ldridge  and  John D . F erry  

Department of Chemistry, University of Wisconsin, Madison, Wisconsin
Received March 18, 195If.

The melting points of solutions of five degraded gelatin samples, with Mw ranging from 33,000 to 72,000, were measured 
over a concentration range from 20 to 60 g./l. A nearly linear relation was found between the logarithm of the gelatin con­
centration and the reciprocal absolute temperature of melting. The relation between the logarithm of M„ and the recipro­
cal absolute temperature of melting was also found to be nearly linear except for the sample of lowest Mw. Annealed gels 
had generally higher melting points than gels formed by quick chilling. The experimental results are discussed in relation 
to the cross-linking process considered responsible for the gelation of gelatin solutions. Exothermic heats of reaction ranging 
from 50 to 220 kcal./mole are calculated for the formation of cross-links if these are assumed to result from a binary associa­
tion of polymer chains.

Introduction
I n  a  p r e v io u s  p a p e r ,1 s tu d ie s  w e re  r e p o r t e d  o f th e  

r ig id it ie s  a n d  c p t ic a l  a c t iv it ie s  o f g e la t in  g e ls  p r e ­
p a r e d  f r o m  a  series  of d e g ra d e d  o sse in  g e la t in s  of 
k n o w n  a v e ra g e  m o le c u la r  w e ig h t .  W e  w is h  n o w  t o  
r e p o r t  t h e  m e lt in g  p o in t s  o f ge ls  p r e p a r e d  f r o m  th e  
s a m e  g e la t in  s to c k s . T h e s e  m e a s u re m e n ts  w e re  
o b t a in e d  a t  t h e  s a m e  t im e  as t h e  r ig id it ie s  a n d  o p t i ­
c a l a c t iv it ie s .  W e  w is h  a lso  t o  p r e s e n t  a  m e t h o d  
o f c a lc u la t in g  ‘ h e  h e a t  o f re a c t io n  f o r  t h e  c ro s s - 
l in k i n g  p ro c e s s  f r o m  t h e  d e p e n d e n c e  o f t h e  m e lt in g  
p o in t  t e m p e r a t u r e  o n  g e la t in  c o n c e n t r a t io n  o r  o n  
w e ig h t -a v e r a g e  m o le c u la r  w e ig h t .

Experimental
The following procedure2 was used to determine the melt­

ing points of a number of gelatin gels, all containing 0.15 M 
NaCl and at pH 7. A 5-ml. sample of the gelatin solution, 
contained in a stoppered test-tube 11 X 102 mm., was held

Fig. 1.—'Relation between gelatin concentration and ab­
solute temperature of melting. O , © , ©, ® , ® denote 
values of 72,100, 60,000, 52,700, 48,000 and 33,400, respec­
tively. All gels chilled at 0°.

(1) J. D . F e r r y  a n d  J. E.  E ld r id g e , T his J o u r n a l , 53, 184 (1949) .
(2 ) R . S. G o r d o n  a n d  J. D .  F e r r y , Federation Proc., 6 , 136  (1 9 4 6 ).

at a temperature of 37° for one hour. Then the test-tube 
was plunged into ice-water and stored at 0° for 24 hours. 
Finally it was placed upside down in a well stirred water-bath 
at approximately 0° and the bath was warmed at the rate 
of about 12° per hour. The temperature at which the gel 
fell to the bottom of the test-tube was taken to be the melt­
ing point. When this procedure was followed, the melting 
point was rather sharp and reproducible to within 0.2°.

Dependence on Gelatin Concentration and Molecular 
Weight.—Table I gives the results of an investigation of the 
dependence of the melting point of a gelatin gel on the 
weight-average molecular weight and concentration of the 
gelatin. As might be expected, the melting point rises as 
the concentration and molecular weight increase. In Fig. 1 
the logarithm of the gelatin concentration is plotted against 
the reciprocal absolute temperature of melting for samples 
of different average molecular weight. Using values inter­
polated from Fig. 1, the logarithm of the weight-average 
molecular weight can be plotted against reciprocal absolute 
temperature of melting, at constant concentrations, as 
shown by Fig. 2. The significance of these curves will be 
discussed subsequently.

Fig. 2.—-Relation between weight-average molecular 
weight and absolute temperature of melting, O , ©, •  denote 
gelatin concentration values of 55, 40 and 25 g./l., respec­
tively. All gels chilled at 0°.
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- T able I
D ependence of M elting  Point  on G elatin  C oncen­
tration , W eight^average  M olecular  W eight and 

C hilling  T emperature
S to c k
so in .

d ilu te d Mw X  10 " s

G ela tir .
co n e n .,

g . / l .

M e lt in g  p o in t ,  ° C .  
C h il le d  a t  C h il le d  a t  

0 °  1 5 °

P6-Q0 72.1 20.3 27.0 29.2
28.6 28.0 29.7-,8
41.6 29.0 30.2
59.6 29.9 30.5

P6-20 60.0 20.3 22.3
28.8 23.6 Not tested
42.3 24.9
59.2 25.9

L3-80 52.7 20.9 19.5 23.7
29.5 20.8 24.7
42.9 22.0 25.4
61.4 23.0 25.9

Ll-120 48.0 19.6 17.2 18.0-.2
27.7 18.7 22.5
40.3 19.9 23.8
57.7 21.0 24.4

P6-180 33.4 20.1 10.9 Did not
28.4 13.4 gel
41.4 14.8
59.2 16.0

Effect of Thermal History.—The melting point of a gelatin 
gel, like many other of its ph}’sical properties, is not a func­
tion of state, but depends on the thermal history of the gel. 
To investigate this effect, the melting points of several 
samples were determined in the usual way except that the 
solutions were chilled at 15° instead of 0°. In every case 
where gelation occurred within the 24-hour gelling period, the 
gel melted at a higher temperature than formerly. Fur­
thermore, the dependence of the melting point on concen­
tration was generally diminished. The data are summarized 
in Table I. In Fig. 3 the logarithm of the gelatin concen­
tration is plotted against the reciprocal absolute temperature 
of melting for gels chilled at 15°.

Other experiments have confirmed the general rule that 
the stability of a gelatin gel against thermal disruption is 
favored if the gel structure is formed slowly or if the gel is 
annealed before melting. For example, the melting point 
could be raised if the gelatin solution was cooled from 37 to 
0° gradually (over the course of 50 minutes) rather than 
suddenly, or if the chilled gel was warmed more slowly than 
12° per hour during the melting point determination. 
Similar conclusions have been reached by earlier investiga­
tors.3

Discussion
T h e  g e l p o in t  i n  a  p o ly m e r iz i n g  s y s t e m  is c o n ­

s id e re d  t o  b e  t h e  p o in t  a t  w h ic h  a  t h r e e -d im e n s io n a l 
n e t w o r k ,  in f in it e  i n  e x te n t , f irs t  a p p e a r s .4 F o r  th e  
c r o s s -l in k in g  o f l in e a r  m a c r o m o le c u le s  h a v in g  a n y  
a r b i t r a r y  in it ia l  s ize  d is t r ib u t io n ,  S t o c k m a y e r 5 h a s  
s h o w n  t h a t  a t  th e  g e l p o in t

Po = 1 /p(X„ -  1) (1)
I n  t h is  e q u a t io n , A w is  t h e  w e ig h t -a v e r a g e  d e g re e  of 
p o ly m e r iz a t io n  o f t h e  o r ig in a l  m a c r o m o le c u le s , p 
is  t h e  f r a c t io n  o f m o n o m e r  u n it s  c a r r y in g  g ro u p s  
c a p a b le  o f f o r m i n g  c ro s s -lin k s  (e it h e r  p r i m a r y  o r  
s e c o n d a r y  b o n d s ) ,  a n d  pc is  t h e  f r a c t io n  o f th e s e  
c r o s s -l in k a b le  u n it s  (d i s t r ib u t e d  a t  r a n d o m  a lo n g  
t h e  c h a in s )  w h ic h  h a v e  a c t u a l ly  f o r m e d  c ro s s -

(3) L. A r is z , K o U o id -B e ih . , 7, 12 (1 9 1 5 ).
(4) P. J. F lo r y ,  J. Am. Chem. Soc., 63, 3 0 8 3 , 3 0 9 1 , 3 0 9 6  (1 9 4 1 ).
(5 ) w . H . S to c k m a y e r ,  J. Chem. Phys., 11, 45 (1 9 4 3 ) ;  12. 125 

(1944).

1000/T.
Fig. 3.—Relation between gelatin concentration and ab­

solute temperature of melting. O ,  ©, © denote Mw values 
of 72,100. 52,700 and 48,000, respectively. All gels chilled 
at 15°.

l in k s . E q u a t i o n  1 is v a l id  o n ly  if  n o  c y c lic  s t r u c ­
tu r e s  a re  fo r m e d . I f  Xw > >  1, e q . 1 m a y  a lt e r n a ­
t i v e ly  b e  w r i t t e n 6

m„ i = c/2Mw (2)
w h e r e  mci is th e  c o n c e n t r a t io n  o f c ro s s -lin k s  in  m o le s  
p e r  l i t e r  a t  t h e  g e l p o in t ,  c is t h e  c o n c e n t r a t io n  of 
p o ly m e r  in  g ./ l . ,  a n d  M w is th e  w e ig h t -a v e r a g e  m o le c ­
u la r  w e ig h t  o f t h e  p o ly m e r  b e fo re  c r o s s -l in k in g . 
I n  a p p ly in g  t h is  e q u a t io n  t o  g e la t in , i t  is  a s s u m e d  
t h a t  s in g le  c ro s s -lin k s  a re  f o r m e d  b y  b i n a r y  a s s o cia ­
t io n s  b e tw e e n  c h a in s . A c t u a l l y ,  c r y s t a ll it e s  m a y  
a c t  as m u lt ip le  c ro s s -lin k s , b u t  f o r  t h e  p u rp o s e s  of 
t h e  p re s e n t  d is c u s s io n  t h e  c ro s s -lin k s  a re  t r e a t e d  
as s in g le , a ll  w i t h  t h e  s a m e  fre e  e n e r g y  o f a s s o c ia ­
t io n .

I f  t h e  g e la t in  is in  d i lu t e  s o lu t io n , t h e  f o r m a t io n  
o f c y c lic  s t ru c tu re s , i.e., c ro s s -lin k s  b e tw e e n  t w o  
s e g m e n ts  o f t h e  s a m e  m o le c u le , o r  c ro s s -lin k s  b e ­
t w e e n  m o le c u le s  a lr e a d y  jo in e d , is  v e r y  p r o b a b le . 
I n  fa c t , re c e n t  l ig h t  s c a t t e r in g  s tu d ie s  b y  B o e d t k e r  
a n d  D o t y 6a in d ic a te  t h a t  t h e  f irs t  s ta g e  o f g e la t io n  
is t h e  f o r m a t io n  o f r a t h e r  f i r m l y  l in k e d  a g g re g a te s  
w h ic h  la t e r  jo in  t o  g iv e  t h e  g e l. I n  t h is  case, p„ 
>  l / p ( A w —  1) a n d  mci >  c/2M v a t  th e  g e l p o in t .  
W e  a s s u m e , h o w e v e r , t h a t  if  w e  d e s ig n a te  t h e  c o n ­
c e n t r a t io n  o f n o n -c y c l ic  c ro s s -lin k s  b y  fm c\, t h e n  th e  
e q u a t io n

fmc i =  c/2Mw (3)
w i l l  h o ld  a t  t h e  g e l (o r  m e lt in g )  p o in t  e v e n  f o r  d i ­
lu t e  s o lu t io n s . T h e  c o e ffic ie n t /  c a n  b e  c o n s id e re d  
as a f u n c t io n  o f c, d f w, t h e  a b s o lu t e  t e m p e r a t u r e  
T, a n d  o t h e r  v a r ia b le s  a ffe c t in g  c r o s s -l in k in g .

Dependence on Concentration.— I f  w e  d e n o te  
th e  m o la r  c o n c e n t r a t io n  o f fre e  c r o s s -l in k in g  lo c i 
o n  th e  g e la t in  m o le c u le  c h a in s  b y  mi, t h e n  w e  m a y  
w r i t e  t h e  e q u i l ib r iu m  c o n s ta n t  f o r  t h e  b i n a r y  asso­
c ia t io n  o f th e s e  lo c i t h u s

TOel/W = K{T,M„) (4)
A l t h o u g h  in d e p e n d e n t  o f  c, K  w o u ld  g e n e r a l ly  d e ­
p e n d  o n  o t h e r  v a r ia b le s , s o m e  o f w h ic h  m a y  n o t  y e t  
b e  id e n t if ie d .615 H o w e v e r ,  in  o u r  s e rie s  o f  s a m p le s  
th e r e  w a s  a  o n e -t o -o n e  c o r re s p o n d e n c e  b e tw e e n  
th e s e  o t h e r  v a r ia b le s  a n d  M w. T h u s ,  f o r  o u r

(6 ) J . D . F e r r y , Advances in Protein Chem., 4, 1 (1 9 4 8 ).
(6 a ) H . B o e d tk e r  a n d  P . M . D o t y ,  T h i s  J o u r n a l , 58, 96S  (1 9 5 4 ).
( 6 b )  A .  G . W a r d , Brit. J. Appl. Phys., 5, 85  (1 9 5 4 ) .
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p u rp o s e s , K  is  f ix e d  b y  T a n d  M w. E q u a t i o n s  3 
a n d  4 , o n  t a k in g  lo g a r it h m s  a n d  d if f e r e n t ia t in g  
w i t h  re s p e c t t o  t e m p e r a t u r e , h o ld in g  M w c o n s ta n t , 
c a n  b e  c o m b in e d  w i t h  v a n ’t  H o f f ’s la w  t o  g iv e
/ d In c\ r  0 d In mCI AH°
V dT )  mAS d In c J RTi +

/ d In A  d In mi
V d r  )  Mw + dT

*■

(5)

H e r e  dT  d o e s  n o t  d e n o te  s im p ly  a n  in f in ite s im a l 
c h a n g e  in  t e m p e r a t u r e , b u t  r a t h e r  a c h a n g e  in  th e  
gel point temperature, a c c o m p a n ie d  b y  a  c h a n g e  in  c 
t o  k e e p  fmc]/c a t  t h e  c r i t ic a l  v a lu e  o f 1 / 2 M w w h ic h  
is s p e c if ie d  b y  e q . 3 . A H° re p re s e n ts  t h e  h e a t  of 
re a c t io n  f o r  t h e  p ro ce s s

2 moles cross-linking loci — >• 1 mole cross-links
T h i s  re a c t io n  is  u n d e r s t o o d  t o  b e  c a r r ie d  o u t  a t  t h e  
g e l p o in t  t e m p e r a t u r e , a n d  in  a q u e o u s  s o lu t io n  s u f­
f ic ie n t ly  d i lu t e  t h a t  t h e  s o lu t io n  m a y  b e  c o n s id e re d  
id e a l. I f  w e  a s s u m e  n o w  t h a t  t h e  p r o p o r t i o n  of 
c r o s s -l in k in g  lo c i c o m b in e d  is  a lw a y s  s m a ll, as s u g ­
g e s te d  b y  t h e  p r o p o r t i o n a l i t y  b e tw e e n  r i g i d i t y  o f  th e  
g e l a n d  t h e  s q u a re  o f t h e  g e la t in  c o n c e n t r a t io n 1 a t  
t e m p e r a t u r e s  b e lo w  t h e  m e lt in g  p o in t ,  w e  m a y  
w r i t e ,  t o  a  g o o d  a p p r o x im a t io n , d  In  m\/d In  c =  1, 
a n d  d  In  mi/dT  =  0.

W e  h a v e  a ls o  a s s u m e d  t h a t  ( d  In  f /d T ) i iw =  0 , 
i.e., t h a t  t h e  r a t io  o f t h e  n u m b e r  o f n o n -c y c l i c  cro ss­
l in k s  t o  t h e  t o t a l  n u m b e r  o f c ro s s -lin k s  is  u n ­
c h a n g e d  w h e n  a g e la t in  s o lu t io n  a t  t h e  g e l p o in t  is 
w a r m e d  a n d  t h e  c o n c e n t r a t io n  in c re a s e d  t o  k e e p  t h e  
s y s t e m  a t  t h e  g e l p o in t .  F o r  t h is  a s s u m p t io n  t o  b e  
v a l id ,  i t  is  s u ff ic ie n t t h a t  t h e  h e a t  o f t h e  c r o s s -l in k ­
in g  r e a c t io n  b e  t h e  s a m e  f o r  c y c lic  a n d  n o n -c y c l ic  
c ro s s -lin k s , a n d  t h a t  t h e  c o n c e n t r a t io n  o f n o n -c y c l ic  
c ro s s -lin k s  b e  p r o p o r t io n a l  t o  t h e  s a m e  p o w e r  o f c 
as is  t h e  t o t a l  c o n c e n t r a t io n  o f c ro s s -lin k s . I t  
se e m s l ik e ly  e n o u g h  t h a t  t h e  f o r m e r  c o n d it io n  w i l l  
b e  fu lf il le d , b u t  th e r e  m i g h t  b e  s o m e  d o u b t  r e g a r d ­
in g  t h e  la t t e r  i f  t h e  c h a in s  w e r e  h i g h l y  c ro s s -lin k e d , 
s in c e  t h e  c o n c e n t r a t io n  o f n o n -c y c l i c  c ro s s -lin k s  
c a n n o t  e x c e e d  t h e  c o n c e n t r a t io n  o f  o r ig in a l  m o le ­
c u le s , c/M n. A t  t h e  g e l p o in t ,  h o w e v e r ,  t h e  c o n ­
c e n t r a t io n  o f n o n -c y c l ic  c ro s s -lin k s , c/2M w, is 
o n ly  a b o u t  o n e -f o u r t h  o f t h is  l i m it i n g  c o n c e n t r a ­
t io n , a n d  p r o b a b ly  is n o t  y e t  in f lu e n c e d  b y  t h is  
l im it .  W e  s h o u ld  t h e n  e x p e c t t h e  c o n c e n tr a t io n  
o f n o n -c y c l ic  c ro s s -lin k s  a n d  t h e  t o t a l  c o n c e n t r a t io n  
o f c ro s s -lin k s  b o t h  t o  b e  p r o p o r t io n a l  t o  c 2 i n  t h is  
re g io n .

E q u a t i o n  5 c a n  n o w  b e  w r i t t e n  a p p r o x im a t e ly  as 
- ( c  In c/dT)Mw = AH°/RT2 (6)

w h ic h  o n  in t e g r a t io n  g iv e s
logic c = AH°/2.303RT -f- constant, (7)

A  p lo t  o f lo g  c vs. re c ip r o c a l a b s o lu te  te m p e r a t u r e  
o f g e la t in  (o r  m e lt in g )  s h o u ld  th e r e fo r e  g iv e  a 
s t r a ig h t  l in e ; th e  fa c t  t h a t  t h e  c u r v e s  in  F i g .  1 a re  
so  n e a r ly  l in e a r  s u g g e s ts  t h a t  t h e  a p p r o x im a t io n s  
m a d e  a re  p e rm is s ib le . D e v ia t io n s  f r o m  l in e a r it y ,  
o n  t h e  o th e r  h a n d , w o u ld  n o t  n e c e s s a rily  i m p l y  t h a t  
t h e  a p p r o x im a t io n s  w e re  t o o  r o u g h . T h e  t e n d e n c y  
t o w a r d  u p w a r d  c o n c a v i t y  i n  t h e  lo w e r  c o n c e n tr a ­
t io n  r a n g e  o f  t h e  c u r v e s  (F ig s .  1 a n d  3 )  m a y  m e a n , 
f o r  e x a m p le , t h a t  in  o r d e r  t o  e ffe ct g e la t io n  a t  lo w  
c o n c e n tr a t io n s , c ro s s -lin k s  h a v in g  lo w e r  h e a ts  of

re a c t io n  m u s t  b e  f o r m e d  in s te a d  of o r  in  a d d i t io n  t o  
t h e  m o r e  s ta b le  on e s. I t  h a s  b e e n  r e m a r k e d 8 t h a t  
a  c o n t in u o u s  t h r e e -d im e n s io n a l  s t r u c t u r e  c a n n o t  b e  
f o r m e d  in  a  p o ly m e r iz i n g  s y s t e m  if  t h e  c o n c e n t r a t io n  
o f t h e  p o ly m e r  is  so  lo w  t h a t  t h e  d is p e rs e d  c h a in s  
c a n n o t  re a c h  e a c h  o th e r . T h e  m i n i m u m  c o n c e n t r a ­
t io n  r e q u ir e d  f o r  g e la t io n  of th e s e  g e la t in  s o lu t io n s  
is  a b o u t  1 % ,  a n d  if  a t  t h is  c o n c e n t r a t io n  a  g e l d o e s 
f o r m , i t  is  p r o b a b ly  c o n n e c te d  b y  c ro s s -lin k s  c o n ­
c e n t r a t e d  a t  t h e  e x tr e m it ie s  o f t h e  c h a in s .

T a b l e  I I  lis ts  v a lu e s  o f t h e  h e a t  o f re a c t io n  A H° 
c a lc u la te d  f r o m  e q . 7 a n d  t h e  s lo p e s  o f c u r v e s  
s h o w n  in  F ig s .  1 a n d  3 . T h e  s lo p e s  w e r e  m e a s u re d  
in  t h e  h ig h e r  c o n c e n t r a t io n  ra n g e  w h e r e  t h e  c u r v e s  
a re  m o s t  n e a r ly  l in e a r  a n d  w h e r e  c ro s s -lin k s  w o u ld  
n o t  b e  r e s t r ic t e d  t o  c h a in  e x tr e m it ie s . T h e  h e a t  of 
r e a c t io n  c a lc u la te d  f r o m  t h e  m e lt in g  p o in t  d a t a  o f 
ge ls  c h il le d  a t  15° is m u c h  h ig h e r  t h a n  t h a t  c a lc u ­
la te d  f r o m  d a t a  o f t h e  s a m e  s o lu t io n s  c h il le d  a t  0 ° . 
W e  in t e r p r e t  t h is  fa c t  t o  m e a n  t h a t  s o m e  c ro ss ­
l in k s  a re  m o r e  s ta b le  t h a n  o th e rs , a n d  w h e n  t h e  
g e la t io n  p ro c e s s  is a llo w e d  t o  p ro c e e d  s lo w ly ,  th e s e  
c ro s s -lin k s  a re  f o r m e d  in  p re fe re n c e  t o  o th e rs . 
W h e n  t h e  s o lu t io n  is c h ille d  q u ic k ly ,  h o w e v e r ,  
c ro s s -lin k s  a re  f o r m e d  in  a  m o r e  h a p h a z a r d  m a n n e r .  
T h e  v a lu e  o f  A H° d e r iv e d  f r o m  t h e  d a t a  o f  ge ls  
c h il le d  a t  0°  a re  t h u s  b e lie v e d  t o  r e p re s e n t  a m o r e  
o r  less a v e ra g e  v a lu e  f o r  c ro s s -lin k s  w h ic h  c a n  f o r m  
a t  t e m p e r a t u r e s  d o w n  t o  0 ° , 'w h ile  t h e  v a lu e s  d e ­
r i v e d  f r o m  d a t a  o f g e ls  c h il le d  a t  15° a p p r o a c h  t h e  
h e a ts  o f f o r m a t io n  f o r  t h e  m o s t  s ta b le  c ro s s -l in k s  
p o s s ib le . T h i s  v i e w  is s u p p o r t e d  b y  t h e  m o r e  r a p id  
s t r e n g t h e n in g  o f b o n d s  a t  h ig h e r  te m p e r a t u r e s  
w h ic h  h a s  b e e n  f o llo w e d  i n  d e t a i l  b y  m e a s u re m e n ts  
o f s tre ss  r e la x a t io n  in  t h is  L a b o r a t o r y .7

T a b l e  II
H e a t s  o f  R e a c t i o n  f o r  t h e  C r o s s - l i n k i n g  P r o c e s s

— A H°, k c a l . p e r  m o le  o f  c ro ss - lin k s
M w X  1 0 - » G e ls  c h ille d  a t  0 ° G e ls  c h ille d  a t  1 5 °

72.1 73 2 2 0

60.0 60
52.7 62 130
48.0 56 1 2 0

33.4 49

I t  is  in t e r e s t in g  t o  s p e c u la te  s o m e w h a t  c o n c e r n ­
in g  t h e  p h y s ic a l  n a t u r e  o f th e s e  c ro s s -lin k s . I f  w e  
a s s u m e , f o r  e x a m p le , t h a t  t h e y  a re  d u e  t o  h y d r o g e n  
b o n d in g  b e tw e e n  c h a in s , a n d  t h a t  t h e  h e a t  o f h y ­
d ro g e n  b o n d  f o r m a t io n  is  a b o u t  5 k c a l. p e r  m o le ,8 
t h e n , a c c o r d in g  t o  t h e  v a lu e s  lis te d  in  T a b l e  I I ,  a  
s in g le  c r o s s -l in k  m a y  c o n s is t o f fe w e r  t h a n  10 o r  as 
m a n y  as 4 5  h y d r o g e n  b o n d s , d e p e n d in g  o n  its  r e la ­
t i v e  s t a b i l i t y .

Dependence on Average Molecular Weight.—
E q u a t i o n s  3 a n d  4 , o n  t a k in g  lo g a r it h m s  a n d  d if fe r ­
e n t ia t in g  w i t h  re s p e c t to  te m p e r a t u r e , h o ld in g  th e  
g e la t in  c o n c e n t r a t io n  c o n s ta n t , c a n  b e  c o m b in e d  
w i t h  v a n ’t  H o f f ’s la w  to  g iv e  
/d  In M„\ I" d i n /  d In »ici~l 
V dT A L  +  d In +  d In MJ  ~

A H° din /  „  d In mi
RT2 dT dT W

(7 ) M .  M ille r , J . D . F e r r y , F . W .  S c h r e m p  a n d  J . E , E ld r id g e ,  T his 
J o u r n a l , 55, 1 3 8 7  (1 9 5 1 ).

(8 ) L .  P a u lin g , “ T h e  N a tu r e  o f  th e  C h e m ic a l  B o n d , "  C o r n e l l  U n iv . 
P re ss , I th a o a , N .  Y . ,  1942 .
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w h e r e  a g a in  ( I T  d e n o te s  a n  in f in it e s im a l c h a n g e  in  
t h e  g e l p o in t  t e m p e r a t u r e . T h i s  e q u a t io n  is n o t  as 
u s e fu l as e q . 5  f o r  c a lc u la t in g  AH0, b e c a u s e  t h e  
te r m s  b In  f /d  In  M v  a n d  d  In  mc\/b  In  M w a re  d if ­
f ic u lt  t o  e v a lu a te . N e v e r t h e le s s , w e  c a n  a s s ig n  a p ­
p r o x im a t e  v a lu e s  t o  th e s e  t e r m s  a n d  t h e r e b y  o b ­
t a in  a n  in d e p e n d e n t ,  i f  r o u g h , e s t im a te  o f AH0. I t  
s h o u ld  b e  r e m a r k e d  t h a t  th e  d e p e n d e n c e  o f th e  
e q u i l ib r iu m  c o n s t a n t  K  o n  M w, a n d  h e n c e  a la rg e  
p a r t  o f t h e  d e p e n d e n c e  o f  t h e  m e lt in g  p o in t ,  m a y  
a c t u a l ly  re f le c t  a n  u n k n o w n  v a r ia b le  w h ic h  h a p p e n s  
to  p a r a lle l  t h e  w e ig h t -a v e r a g e  m o le c u la r  w e ig h t  in  
t h is  p a r t ic u la r  s e rie s  b u t  d o e s  n o t  i n  f r a c t io n a t e d  
s a m p le s .613

T o  e v a lu a t e  d  I n  mcJb  in  M v, w e  m a k e  u s e  o f e q . 
1 g iv e n  i n  p a p e r  I  f o r  t h is  se rie s  o f g e la t in  s a m p le s , 
n a m e l y 1

G'h/c =  1.22 X 10- \ M „  -  3.1 X 101<>e-7900/ii7’) (9) 
w h e r e  G d e n o te s  t h e  r i g i d i t y  o f t h e  g e l. W a r d 9 h a s  
p o in t e d  o u t  t h a t  t h is  r e la t io n  m a y  b e  f o r t u it o u s  
a n d  t h a t  t h e  r i g i d i t y ,  l ik e  t h e  m e lt in g  p o in t ,  d e p e n d s  
p r i m a r i l y  o n  a n o t h e r  u n k n o w n  v a r ia b le  w h ic h  
h a p p e n s  t o  p a r a lle l  t h e  w e ig h t -a v e r a g e  m o le c u la r  
w e ig h t  in  t h is  p a r t ic u la r  se rie s . H o w e v e r ,  th e  
e q u a t io n  d o e s h o ld  f o r  t h is  series  a n d  so  w i l l  
suffice  f o r  t h e  c a lc u la t io n s  w h ic h  f o llo w . S in c e  w e  
a s s u m e  t h a t  G is  p r o p o r t io n a l  t o  t h e  t o t a l  c o n c e n ­
t r a t io n  o f c ro s s -lin k s , e x c e p t  i n  t h e  n e ig h b o r h o o d  
o f t h e  m e lt in g  p o in t  a n d  a t  h ig h e r  t e m p e r a t u r e s ,1 
w e  m a y  c h a n g e  e q . 9  t o  re a d

mcl/c 2 = k(Mv -  3.1 X 10I0e-7900/B3’)2 (10)
F r o m  th is

d In m„i __________2MW__________
d In M„ (M„ -  3.1 X 101»e-790»'B?’) 11

B e c a u s e  w e  w a n t  t h e  v a lu e  o f d  In  mc\/b  In  M w a t  
t h e  m e lt in g  p o in t ,  w e  ch o o se  a v a lu e  o f T as c lose 
as p o s s ib le  t o  t h e  m e lt in g  p o in t  w i t h o u t  je o p a r d iz ­
in g  t h e  p r o p o r t i o n a l i t y  b e tw e e n  G, c 2 a n d  h e n c e  
mci. F i g u r e  5 i n  p a p e r  I  s u g g e s ts  T  =  2 9 5 , M w =
6 0 ,0 0 0 . S u b s t i t u t io n  o f th e s e  v a lu e s  in t o  e q . 11 
g iv e s

d In »id/d In Mw = 7.0 (12)
a n d  w e  a s s u m e  t h a t  t h e  v a lu e  o f  t h is  d e r i v a t iv e  is 
n o t  f a r  d if fe re n t  a t  t h e  m e lt in g  t e m p e r a t u r e .

T h e  d e r i v a t iv e  £> l n / / d  In  M w is  p r o b a b ly  a  n e g a -
(9 ) A .  G . W a r d , r e p o r te d  a t  th e  2 n d  I n te r n a t io n a l  C o n g r e ss  on  

R h e o lo g y ,  O x fo r d ,  1 9 5 3 , a n d  p r iv a t e  c o m m u n ic a t io n .

t iv e  q u a n t i t y ;  i t  is re a s o n a b le  t o  s u p p o s e  t h a t  th e  
p r o p o r t io n  o f c ro s s -lin k s  w h ic h  a re  n o n -c y c l i c  w i l l  
d e c re a s e  w i t h  in c re a s in g  in it ia l  c h a in  le n g t h . F o r  
w a n t  o f b e t t e r  in f o r m a t io n ,  w e  s u p p o s e  t h a t  /  a n d  
M w a re  in v e r s e ly  p r o p o r t io n a l ,  m a k in g

d In f/ d  In M„ = —1 (13)
T h e  q u a n t it ie s  d  In  f /b T  a n d  d In  m\/bT  c a n  b e  

n e g le c te d  if  w e  a s s u m e  t h a t  c y c lic  a n d  n o n -c y c l ic  
c ro s s -lin k s  h a v e  t h e  s a m e  h e a ts  o f r e a c t io n , a n d  
t h a t  t h e  p r o p o r t io n  o f  c r o s s -l in k in g  lo c i c o m b in e d  
is a lw a y s  s m a ll, re s p e c t iv e ly .

E q u a t i o n  8 c a n  n o w  b e  w r i t t e n  a p p r o x im a t e ly  as 
(d In Aiw/dT )c = -AH°/7RT* (14)

w h ic h  o n  in t e g r a t io n  y ie ld s
logio = AHo/lftRT +  constant. (15) 

A c c o r d in g ly ,  t h e  c u r v e s  in  F i g .  2 s h o u ld  b e  l in e a r , 
as in  f a c t  t h e y  a re  e x c e p t  in  t h e  lo w e r  m o le c u la r  
w e ig h t  ra n g e . T h e  s lo p e s  o f t h e  l in e a r  s e c tio n s , 
c o m b in e d  w i t h  e q . 15, g iv e  v a lu e s  f o r  AH0 o f  a b o u t  
—  5 4  k c a l. p e r  m o le  f o r  g e ls  c h ille d  a t  0 ° . B e c a u s e  
o f t h e  r o u g h  a p p r o x im a t io n s  m a d e  i n  d e r i v i n g  e q . 
15 , th e s e  v a lu e s  a re  n o t  c o n s id e re d  as re lia b le  as 
th o s e  lis te d  in  T a b l e  I I .  I t  s e e m s s ig n if ic a n t , n e v ­
e rth e le s s , t h a t  t h e  v a lu e s  f o r  AH0 c a lc u la t e d  f r o m  
in d e p e n d e n t  se ts  o f d a t a  (c o n c e n t r a t io n  d e p e n d ­
e n c e  a n d  m o le c u la r  w e ig h t  d e p e n d e n c e ) a g re e  f a i r ly  
w e l l ;  t h is  f a c t  w o u ld  s e e m  t o  s u p p o r t  t h e  T a b l e  I I  
v a lu e s  a n d  t h e  a p p l ic a b i l i t y  o f e q . 3 t o  a g e la t in  
s o lu t io n  a t  t h e  g e l p o i n t .10

E q u a t i o n  3 m a y  b e  a p p lic a b le  t o  s o lu t io n s  of 
o t h e r  p o ly m e r s  w h ic h  y ie ld  t h e r m a l ly  re v e rs ib le  
g e ls . I f  so, t h e  m e t h o d s  ju s t  d e s c rib e d  c o u ld  p e r ­
h a p s  b e  u s e d  t o  c a lc u la te  t h e  h e a ts  o f re a c t io n  f o r  
t h e  c o r re s p o n d in g  c r o s s -l in k in g  p ro ce sse s.

Acknowledgment.— T h i s  w o r k  w a s  s u p p o r t e d  in  
p a r t  b y  th e  R e s e a r c h  C o m m it t e e  o f t h e  G r a d u a t e  
S c h o o l o f  t h e  U n i v e r s i t y  o f W is c o n s in  f r o m  f u n d s  
s u p p lie d  b y  t h e  W is c o n s in  A l u m n i  R e s e a r c h  F o u n ­
d a t io n .

(1 0 )  D a t a  o f  P o u ra d ie r  a n d  V e n e t n  o n  1 .5 %  g e ls , p r e p a r e d  fro m  
fr a c t io n a t e d  s a m p le s  (a n d  ch ille d  a t  0 ° ) ,  in d ica te  a  v a lu e  o f  [d  lo g  
M w /d f l /T O l c  a b o u t  2 .4  t im e s  as h ig h  as o u rs , w h ic h  w o u ld  in d ica te  
a  — A H° o f  1 2 7  k c a l . /m o le  i f  d  In w id /d  In Mw w e re  in  th is  c a s e  a lso  
7 .0 . H o w e v e r ,  f o r  fra c t io n s , i t  w o u ld  a p p e a r  f r o m  th e  w o rk  o f  W a r d  
a n d  h is a s s o c ia te s 9 t h a t  th e  la t te r  d e r iv a t iv e  w o u ld  b e  c o n s id e r a b ly  
s m a lle r , p e rh a p s  d e cre a s in g  — A H ° t o  a  v a lu e  c o m p a r a b le  w ith  th e  54 
k c a l . /m o le  o b t a in e d  a b o v e .

(1 1 ) J . P o u ra d ie r  a n d  A . M .  V e n e t , J. chim. phys., 47, 391 (1 9 5 0 ).
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Using the transpiration method, the vapor pressures of ZrF4 were measured over the temperature range of 616-881° 
and the pressure range of 0.3-470 mm. The extrapolated sublimation point is 903°.

Introduction
T h i s  w o r k  w a s  u n d e r t a k e n  b e c a u s e  n o  e x p e r i­

m e n t a l  d a t a  o n  v a p o r  p re s s u re s  o f  Z r F 4 w e r e  a v a i l ­
a b le . T h e  t r a n s p ir a t io n  m e t h o d  w a s  f o u n d  t o  b e  a 
p o w e r f u l  t o o l  i n  d e t e r m in in g  v a p o r  p re s s u re s  s in c e  
a  ra n g e  g r e a te r  t h a n  1 0 3 m m .  c o u ld  b e  c o v e re d  w i t h

(1 ) W o r k  p e r fo r m e d  u n d e r  A E C  C o n tr a c t  W -7 4 0 5 -e n g -9 2 .

g o o d  p r e c is io n  a n d  a c c u r a c y  u s in g  a  r e la t iv e ly  s im ­
p le  a p p a r a t u s .

Experimental
The method and apparatus are essentially the same as 

described previously,2 and will be briefly reviewed. An
(2 ) K .  A .  S e n se , M .  J. S n y d e r  a n d  J. W . C le g g , T h is  J o u r n a l , 58, 

223 (1954).
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inert gas (nitrogen in this case) is passed over the salt with 
which the gas becomes saturated. The saturated inert gas 
then passes through a condenser where the salt is deposited 
while the inert gas passes on through and is collected over 
water. From the moles of nitrogen collected over water, 
the moles of salt collected in the condenser, and the total 
pressure of salt and nitrogen in the apparatus, it is easy to 
calculate the vapor pressure of the salt. The amount of 
salt deposited in the condenser due to diffusion alone must 
be subtracted from the total quantity of salt deposited. 
The calculations were based on the ideal gas law and Dal­
tons’ law of partial pressures.

The following changes were made from previous proce­
dure. For ease of operation, the inlet openings of the con­
densers were decreased to diameters of only l/n  or V is ” - 
This change decreased the diffusion of the salt into the con­
denser to such an extent that the correction due to diffusion 
amounted at most to only 0.3% of the obtained vapor pres­
sure. Because of the low percentage correction, the con­
denser could be inserted into the apparatus at the beginning 
of a run while the latter was cold, as well as removed at the 
end of a run when the apparatus was cooled down again. 
Hence, when the desired temperature was reached it was 
necessary only to release a clamp (this action permitted 
the flow of nitrogen) at the exit end of the condenser to start 
the run. Conversely, at the end of the run, the same clamp 
was tightened and the apparatus was cooled rapidly by a 
jet of cold air. The condenser could then be removed with 
ease at a low temperature. The amount of salt diffusing 
into the condenser during the heating and cooling-off periods 
was negligible.

Temperatures were measured with a platinum vs. plati­
num-rhodium thermocouple which was periodically cali­
brated against the gold point. The temperature was con­
trolled by an electronic controller-recorder in conjunction 
with a chromel-alumel thermocouple located in the hot 
zone.

Other changes consisted in the use of nickel radiation 
shields in the apparatus in place of the alundum plugs. 
The latter were eliminated because porosity of the alundum 
made purging difficult.

The ZrF< was supplied by the Oak Ridge National 
Laboratories and reportedly had the following impurities 
present: 0.19% carbon; 0.01% chlorine; 250 p.p.m. iron; 
150 p.p.m. aluminum; 125 p.p.m. nickel; 100 p.p.m. haf­
nium; the other impurities were less than 100 p.p.m.

Discussion
A s  a n  o u t g r o w t h  o f  t h e  p r e v io u s  s t u d y  m a d e  o n  

B e F 2, 2 e ffo rts  w e r e  m a d e  t o  e s ta b lis h  t h e  m a x i m u m  
ra te  a t  w h ic h  n it r o g e n  w o u ld  b e  s a t u r a t e d  w h e n  
p a s s in g  o v e r  t h e  s a lt . T h i s  w a s  p a r t i c u l a r l y  im p o r ­
t a n t  a t  t h e  lo w  v a p o r  p re s s u re s  b e c a u s e  o f  th e  le n g th  
o f t im e  in v o lv e d  in  m a k in g  th o s e  r u n s . C o m p a r i ­
s o n  o f  t w o  r u n s  (see T a b l e  I )  m a d e  a t  a p p r o x im a t e ly  
1 m m .  p re s s u re  in d ic a te s  t h a t  s a t u r a t io n  o f t h e  
c a r r ie r  g a s  w a s  a c h ie v e d  a t  a  f lo w  r a t e  as  fa s t  as  51 
c m .3/ m i n .  T h e  p e rm is s ib le  f lo w  r a t e  w a s  th e re fo re  
m u c h  g re a te r  t h a n  w a s  p r e v io u s ly  s u p p o s e d  a n d  
p e r m it t e d  r u n s  t o  b e  m a d e  m u c h  fa s te r  t h a n  b e fo re , 
t h e  lo n g e s t r u n  r e q u ir in g  a  l i t t le  less t h a n  f iv e  
h o u r s .  A t  h ig h  v a p o r  p re s s u re s , i t  w a s  f o u n d  t h a t

c o n s id e r a b ly  lo w e r  f lo w  ra te s  m u s t  b e  u s e d  t o  as­
s u re  s a t u r a t io n . F o r  e x a m p le , a  r u n  m a d e  a t  
8 7 6 .1 °  w i t h  a  f lo w  r a t e  o f 7 .2  c m .3/ m i n .  g a v e  a  n e g a ­
t iv e  d e v ia t io n  o f 5 . 6 %  w h ic h  d e f in it e ly  in d ic a te s  
n o n -s a t u r a t io n .  M o r e  r u n s  w e r e  m a d e  i n  t h e  h ig h  
v a p o r  p re s s u re  r e g io n  t o  e s ta b lis h  w h e t h e r  s a t u r a ­
t io n  o c c u r r e d  f o r  c e r t a in  f lo w  ra te s . I t  a p p e a rs  
t h a t  s a t u r a t io n  w a s  a c h ie v e d  in  e v e r y  r u n  w i t h  th e  
e x c e p t io n  o f t h e  o n e  m a d e  a t  a  f lo w  r a t e  o f 7 .2  c m .3/  
m i n . C o n v e n ie n c e  w a s  t h e  o n ly  g u id e  in  m a k in g  
r u n s  a t  v a r io u s  f lo w  ra te s  in  t h e  m e d iu m  v a p o r  
p re s s u re  ra n g e .

T a b l e  I
V a p o r  P r e s s u r e s  o f  ZrF(

Temp.,
°C.

P re ssu re ,
O b sd .

m in .
C a lc d .

D e v ia t io n ,
%

Flow rate, nitrogen, cm.3/min.
616.6 0.310 0.310 0 . 0 49.8
651.9 1.053 1.051 +0 .2 50.9
652.3 1.064 1.065 - 0 . 1 31.5
676.4 2.29 2.33 -1 .7 32.5
713.3 7.24 7.15 +  1.3 25.9
757.1 24.4 24.4 0 . 0 14.5
798.0 70.0 70.2 -0 .3 21.1
838.3 186.6 184.1 +  1.4 6.1
856.9 284 281 +  1.1 6.5
872.0 389 392 -0 .8 4.4
872.6 392 397 - 1 .3 2.8
873.6 413 405 + 2 .0 3.6
873.9 401 408 -1 .7 2.9
876.1 404 428 - 5 .6 7.2
880.8 470 473 - 0 .6 4.7

Results
T h e  s t a n d a r d  e r r o r  o f  e s t im a te 3 is 0 . 6 4 %  w h e n  th e  

d a t a  l is te d  i n  T a b l e  I  (e x c e p t  f o r  t h e  r u n  a t  
8 7 6 .1 °  w h ic h  is  n o t  v a l i d )  w e r e  f it te d  t o  a  c u r v e  o f 
t h e  t y p e  lo g  p =  A  +  B /T .  T h e  d e r iv e d  re s u lts  
lis te d  a t  t h e  6 6 . 7 %  c o n f id e n c e  le v e l  w e re

log10 Pram = A + B/T 
A = 13.3995 ±  0.0078 
B = -12376.0 ± 8 . 1 °

A-tfaublimation = 56.63 ± 0 . 0 4  kcal./mole 
Extrapolated sublimation point = 903 0

T h e r e  w a s  n o  e v id e n c e  o f  d is s o c ia t io n  u p  t o  t h e  
h ig h e s t  t e m p e r a t u r e  s tu d ie d .
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(3 ) S ee , f o r  e x a m p le , M .  E z e k ie l ,  “ M e t h o d s  o f  C o r r e la t io n  A n a ly ­
s is ,”  J o h n  W ile y  a n d  S o n s , I n c .»  N e w  Y o r k ,  N . Y . ,  194 1 , C h a p . 7 .
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VAPOR PRESSURE STUDIES INVOLVING SOLUTIONS IN LIGHT AND 
HEAVY WATERS. I. THE APPARATUS AND THE DETERMINATION OF 

VAPOR PRESSURES AT 30° OF SOLUTIONS OF SODIUM AND 
POTASSIUM CHLORIDES IN ORDINARY WATER1

By Hilton A .  Smith, Robert L .  Combs and John M .  Googin

Contribution No. 124 from the Department of Chemistry, University of Tennessee, Knoxville, Tenn.
Received March 15, 1954

An apparatus for the determination of the vapor pressures of solutions relative to the vapor pressure of water has been 
described. The vapor pressure lowerings of water caused by the presence of various concentrations of sodium chloride and 
potassium chloride have been determined.

V a r io u s  m e t h o d s  f o r  p re c is e  d e t e r m in a t io n  o f 
t h e  v a p o r  p re s s u re  o f s a lt  s o lu t io n s  m a y  b e  f o u n d  
i n  t h e  l i t e r a t u r e . I n  g e n e ra l th e s e  a re  d if fe re n tia l 
m e t h o d s  b a s e d  o n  t h e  d e t e r m in a t io n  o f t h e  d iffe r ­
e n ce s  b e tw e e n  t h e  v a p o r  p r e s s u re  o f p u r e  w a t e r  a n d  
o f a  s a lt  s o lu t io n , b o t h  b e in g  m a in t a in e d  a t  th e  
s a m e  t e m p e r a t u r e . S t a t ic  m e t h o d s  h a v e  b e e n  
e m p lo y e d  b y  F r a z e r  a n d  L o v e la c e 2 w h o  u t i l i z e d  
th e  p r in c ip le  o f  t h e  R a y le i g h  m a n o m e t e r ,  C h a n d ­
l e r ,3 a n d  P u d d i n g t o n .4 5 S o m e  d if f ic u lt ie s  a n d  
s o u rc e s  o f  e r r o r  in  t h e  s ta t ic  m e t h o d  i n v o l v e  d is ­
s o lv e d  im p u r it ie s ,  in a d e q u a t e  s t i r r in g  o f s o lu t io n s , 
u n s te a d in e s s  a n d  u n e q u a l  d is t r ib u t io n  o f t e m p e r a ­
t u r e , a n d  c h a n g e  in  c o n c e n t r a t io n  i f  s m a ll  a m o u n t s  
o f s o lu t io n  a re  u s e d .

T h e  t r a n s p ir a t io n  o r  g a s  s a t u r a t io n  m e t h o d  w a s  
u s e d  i n  a  s im p le  f o r m  b y  W a l k e r 6 a n d  w a s  i m ­
p r o v e d  b y  B e r k e le y  a n d  H a r t l e y , 6 W a s h b u r n  a n d  
H e u s e ,7 G ib s o n  a n d  A d a m s ,8 P e a rc e  a n d  S n o w 9 a n d  
B e c h t o ld  a n d  N e w t o n . 10 I n  g e n e ra l t h e  i m p r o v e ­
m e n ts  in v o lv e d  t h e  ga s s a t u r a t o r  o r  c o n t r o l  o f t h e  
g a s  f lo w . T h e  t r a n s p ir a t io n  m e t h o d  as i t  h a s  
u s u a l ly  b e e n  e m p lo y e d  h a s  t h e  d is a d v a n t a g e  t h a t  a 
r e a l ly  e ff ic ie n t s a t u r a t o r  w i l l  g e n e r a l ly  c a u s e  s o m e  
p r e s s u re  d r o p  i n  t h e  g a s  s t r e a m  a n d  m a y  a ls o  ca u s e  
e n t r a in m e n t  o f m is t  o r  s p r a y .  I t  h a s  b e e n  s h o w n  
b y  M e n z ie s 11 12 13 t h a t  t h e  u s e  o f f in e  g la s s  w o o l t o  r e m o v e  
t h e  s p r a y  ca u se s  e r ro rs  d u e  t o  c o n d e n s a tio n  o n  t h e  
g la s s  s u rfa c e .

W h i l e  a  f e w  o t h e r  m e th o d s  h a v e  b e e n  u s e d  w i t h  
s o m e  su c c e s s , i t  s e e m e d  a d v a n t a g e o u s  t o  u s e  th e  
g a s -s a t u r a t io n  m e t h o d  f o r  t h e  w o r k  t o  b e  d e s c rib e d  
h e re , a n d  h e n c e  a t t e n t io n  w a s  g iv e n  t o  im p r o v e ­
m e n t  o f e a r lie r  d e s ig n s .

E x p e r im e n t a l
A schematic diagram of the apparatus finally adopted is 

shown in Fig. 1. The general design is similar to that of
(1 ) W o r k  s u p p o r t e d  b y  T h e  A t o m ic  E n e r g y  C o m m is s io n .
(2 ) J. C . W . F ra z e r , B. F . L o v e la c e ,  et al., J. Am. Chem. Soc., 36, 

2 4 3 9  (1 9 1 4 ) ;  ibid., 38, 5 1 5  (1 9 1 6 ) ;  ibid., 42, 1793 (1 9 2 0 ) ;  ibid., 43, 
102 (1 9 2 1 ) ;  ibid., 45, 2 9 3 0  (1 9 2 3 ) ;  T h i s  J o u r n a l , 30, 1 66 9  (1 9 2 6 ) .

(3 ) R .  C . C h a n d le r , iUd., 44, 5 7 4  (1 9 4 0 ) .
(4 ) I .  E .  P u d d in g t o n ,  Rev. Sci. Instruments, 19, 5 7 7  (1 9 4 8 ) ;  C an.J . 

Research, 27B, 1 (1 9 4 9 ) .
(5 )  J . W a lk e r ,  Z. physitc. Chem., 2, 6 0 2  (1 8 8 8 ) .
(6 )  E a r l  o f  B e r k e le y  a n d  E . G . J . H a r t le y ,  Proc. Roy. Soc. (London) ,  

A77, 156 (1 9 0 6 ) ;  Trans. Roy. Soc. {London), A218, 2 9 5  (1 9 1 9 ) .
(7 )  E . W . W a s h b u rn  a n d  E . O . H e u se , J. Am. Chem. Soc., 37, 309  

(1 9 1 5 ) .
(8 )  R .  E . G ib s o n  a n d  L .  H .  A d a m 3 , ibid., 55, 2 6 7 9  (1 9 3 3 ) .
(9 )  J . N . P e a r c e  a n d  R . D . S n o w , T h is  J o u r n a l , 31, 231  (1 9 2 7 ) .
(1 0 )  M .  F. B e c h t o ld  a n d  R .  F . N e w to n , J. Am. Chem. Soc., 62, 

1 39 0  (1 9 4 0 ).
(1 1 )  A .  W . C . M e n z ie s , ibid., 42, 9 7 8  (1 9 2 0 ) .

Bechtold and Newton,10 the major differences being in the 
saturators and absorbers. The outstanding features of 
these saturators, represented by A and B in Fig. 1, were 
their negligible pressure drop combined with almost com­
plete gas saturation in each stage. Each saturator contained 
four glass drums, 25 mm. in diameter, which dipped into the 
saturating liquid contained in four cells made of 38 mm. 
Pyrex tubing, each 7 inches long. The drums were ro­
tated at a speed of 300-400 r.p.m. by a nickel-plated rotating 
alnico magnet outside the saturator. This was coupled 
through the saturator with a second magnet sealed within 
one end of the drum assembly; the latter was mounted on 
Teflon bearings. This glass rotor exposed a fresh film of 
solution to the gas stream without the formation of a mist 
or spray, gave turbulent flow to the gas, and stirred the 
solution. Preliminary experiments established the ef­
ficiency of each unit of the cell as approximately 95% thus 
giving an efficiency of the four-cell saturator of better than 
99.999%. Furthermore, the vaporization of water, and 
hence the change in composition of the solution during a 
run, occurred primarily in the first cell. The saturator 
held 100 ml. of liquid.

It was found necessary to surround the exit tube with a 
vacuum jacket where the tubing emerged from the water 
bath; otherwise, there was slight condensation at this point. 
A drying cycle was employed to remove moisture from the 
connecting lines prior to the runs and after each run was 
completed. The cycles were controlled by means of mer­
cury stopcocks (X  and Y  in Fig. 1). The saturators were 
immersed in a water-bath, the temperature of which was 
maintained constant to ±0.01°.

The drying tubes used to absorb the water evaporated 
from the solutions (C and D in Fig. 1) were fashioned from 
thin-wall Pyrex tubing, and weighed 45-65 g. empty and 
160-190 g. when filled with desiccant. The desiccant, 
which was placed in the U portion, was usually non-in­
dicating Drierite covered on the exit side with a layer of 
Anhydrone, although for a few runs either Drierite or An- 
hydrone alone was used. The notch at the bottom of the U 
served to re-center the gas stream in the desiccant. In 
addition, the absorbers contained a water trap which was 
made to fit into a suitable hole in a 2-inch L-shaped copper 
rod. Part of the rod (inside the air bath) was insulated 
by means of a Dewar flask with a hole in the side to fit the 
water trap. The other end of the copper rod was immersed 
in a suitable coolant.

The drying tubes and connecting lines were covered with 
a hood which was maintained approximately 5° above the 
temperature of the thermostat. In Fig. 1, the portion of 
the apparatus in the hood is indicated by the heavy broken 
lines, and that in the thermostat by the light broken lines. 
The manometric fluid used to control both pressure and flow 
rate was a solution of o-nitrodiphenyl- and tetrabutylam- 
monium iodide in dibutyl phthalate. It possessed low 
density, negligible volatility, and satisfactory electrical 
conductivity. These manometers as well as the thermo­
stat were controlled by suitable electronic circuits.12'13

Oil-pumped nitrogen passed through Anhydrone was used 
as the carrier gas in all runs. It was passed through the 
apparatus at a rate of 25 to 30 liters per hour. Preliminary

(1 2 )  R .  H , L in n e ll  a n d  H .  M .  H a e n d le r , Rev. Sci. Instruments, 20 , 
3 6 4  (1 9 4 9 ) .

(1 3 )  W . P .  R a t c h fo r d  a n d  M .  L .  F e in , ibid., 2 1 ,  188  (1 9 5 0 ) .
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sure variations; O and P are manometers from which may be read the pressure difference in the two saturators; Q is the 
stopcock used to set the pressure for a run; R  and T are three-way stopcocks by which one mav switch from run to drying 
cycle; S is a stopcock used to test for possible leaks in the system prior to a run; U leads to a drying tube and thence to a 
tank of oil-pumped nitrogen; V and W are ground glass stoppers which may be removed in order to obtain solution for 
analysis; and X  and Y are the inlet tubes of the drying cycle. The circuit is shown open for a run; the drying section is 
closed. The part of the system which is in either the water-bath or the hood is surrounded by a dashed line, and that which 
is in the bath is surrounded by a dotted line.

runs showed that variation in the gas flow between 5 and 
35 liters per hour gave no variance in the results. The usual 
length of each run was one hour.

Evaporation of liquid from the saturators into the gas 
stream would cause cooling of the liquid, while the energy 
resulting from the motion of the glass drums in the satura­
tors would cause a slight heating. Ordinarily these effects 
should be similar in the two saturators, so that any varia­
tions from thermostat temperature would compensate each 
other. Thermocouples placed in the gas stream immediately 
following the saturators indicated variations in tempera­
ture of less than 0.31°. The glass tubing near the thermo­
couples was wrapped with tinfoil to ehminate effects of 
radiation. The agreement of the results obtained with this 
apparatus with the best data found in the literature also 
indicates no appreciable differences in the temperatures of 
the exit gas streams.

Since the saturator involves a series of four efficient 
saturating cells, there should be a negligible amount of 
evaporation from the fourth cell. Any heat generated by 
the rotation of the glass drums would have to be dissipated 
by heat exchange through the glass walls of the saturator. 
It is conceivable that the heat generated might not be 
negligible, and might not be the same for water and con­
centrated salt solutions. In order to test the magnitude 
of this effect, a thermocouple was set up with one junction 
in liquid water in the saturator and one end in the bath. 
With no gas flowing through the saturator, the rotors were 
turned at speeds of from 110 to 640 r.p.m. The thermo­
couple indicated no differences in temperature within ex­
perimental error (0.01-0.02°) between the bath and the 
liquid saturator, even at the highest speed of rotation.

These experiments were repeated using saturated sodium 
chloride solution (in contact with excess salt). Speeds of 
rotation greater than 530 r.p.m. were not used because of

difficulty caused by solid sodium chloride in the bearings. 
Again no indication of a rise in temperature in the salt solu­
tion was found at any speed. It thus appears evident that 
errors caused by heat generated through rotation of the 
drums in the saturators were negligible for the solutions 
studied.

Sodium chloride was J. T. Baker C.p. grade, and the potas­
sium chloride was J. T. Baker C.p. specially purified grade. 
The same quality distilled water was used in both the water 
and solution saturators.

Weights obtained for the drying tubes were reproducible 
to ±0.0004 g. The capped tubes were weighed before each 
run; the caps were then removed and the drying tubes 
placed in the lines. Synthetic rubber gaskets were used to 
seal the ball and socket joints which were held together with 
spring clamps. After each run the tubes were allowed to 
cool, wiped with a damp cloth, and allowed to equilibrate 
with room conditions for at least an horn before they were 
weighed. The usual weighing precautions were observed.

Gravimetric analyses of the salt solutions were made 
before and after each run. The samples for analysis were 
taken from the last cell of the saturator through the ground 
glass plug provided for this purpose.

Calculations and Results
T h e  v a p o r  pressures o f th e  sa lt  so lu tio n s w ere  

ca lcu lated  fro m  th e  relation

Vo — P i _  m a(B  +  A p o )  +  po(TOi — m o ) — to, ( B  +  A p i)  
Po m0(B +  Ap0) +  po(mi — to0)

w h ere p a is th e sa tu rated  v a p o r  pressure o f pure  
w ater  a t  th e  tem p e ra tu re  o f th e  th e r m o sta t , a n d  p x 
is th e  v a p o r  pressure o f th e  liq u id  in  th e  sa tu ra to r ;
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Fig. 2.—Vapor pressure lowering of sodium chloride solu­
tions: O, Bousfield and Bousfield (18°) (Proc. Roy. Soc. 
{London), A103, 429 (1923)); Gibson and Adams (25°); 
• , this investigation (30); this investigation (25°).

T a b l e  I

V a p o r  P ressu r e s  o f  Sa l t  S o lu tio n s  a t  30 .01°
Vapor pressure 

lowering
Vapor pressure 

lowering
po — Pi Po — Pi

Molality Po Molality Po
NaCl KC1

3.755 0.139 0.754 0.0225
4.563 .174 1.081 .0341
4.910 .190 1.665 .0559
5.070 .196 1.869 .0593
5.162 .200 2.629 .0845
4.910(25.00°) .188 2.824 .0925

3.957 .130

r ie s  o f r u n s  w a s  0 .0 0 0 1  ±  0 .0 0 1 8 . T h e  v a p o r  p r e s ­
s u re  lo w e r in g s  o f t h e  s o lu t io n s  o f s o d iu m  a n d  p o ta s ­
s iu m  c h lo r id e s  a re  g iv e n  i n  T a b l e  I .  T h e  d e v ia ­
t io n s  ( 9 5 %  c o n fid e n c e  le v e l)  f o r  t h e  s o d iu m  c h lo ­
r id e  s o lu t io n s  a re  0 .0 0 3 -0 .0 0 4  a n d  f o r  t h e  p o ta s ­
s iu m  c h lo r id e  s o lu t io n s  a re  0 .0 0 1 -0 .0 0 2 .

A c c o r d in g  t o  R a o u l t ’s la w , a  p lo t  o f (p0 —  Pi)Po 
a g a in s t  m o le  f r a c t io n  (o r  f o r  th e s e  s o lu t io n s  a g a in s t

m 0 is  t h e  w e ig h t  g a in  o f t h e  d r y i n g  t u b e  a f te r  t h e  
w a t e r  s a t u r a t o r ,  m i  is  t h e  w e ig h t  g a in  o f t h e  d r y i n g  
t u b e  a f te r  t h e  s o lu t io n  s a t u r a t o r ,  A p0 a n d  Apl 
a re  t h e  p r e s s u re  d ro p s  a c ro s s  t h e  s a t u r a t o r -a b s o r b e r  
c o m b in a t io n  f o r  t h e  p u r e  w a t e r  a n d  t h e  s o lu t io n  
d u e  a lm o s t  e n t ir e ly  t o  t h e  a b s o r b e r , a n d  B  is  th e  
b a r o m e t r ic  p re s s u re . W h e n  w a t e r  w a s  r u n  in  
b o t h  s a t u r a t o r s , t h e  v a lu e  o f ( po —  Pi)/po f o r  a  s e -

m o l a l i t y )  s h o u ld  g iv e  a  l in e  w h ic h  is  e s s e n t ia lly  
s t r a ig h t ,  a n d  w h ic h  is  in d e p e n d e n t  o f t e m p e r a ­
t u r e . F i g u r e  2  s h o w s  s u c h  a  p lo t  f o r  t h e  s o d iu m  
c h lo r id e  s o lu t io n s  a n d  F i g .  3 f o r  th o s e  o f p o t a s s iu m  
c h lo r id e . T h e  re s u lts  s h o w  t h a t  t h is  a p p a r a t u s  
g iv e s  e x c e lle n t a g re e m e n t  w i t h  t h e  b e s t d a t a  in  t h e  
l i t e r a t u r e , e v e n  t h o u g h  s u c h  d a t a  w e r e  o b t a in e d  a t  
o t h e r  t e m p e r a t u r e s .
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VAPOR PRESSURE STUDIES INVOLVING SOLUTIONS IN LIGHT AND 
HEAVY WATERS. II. THE VAPOR PRESSURE OF HEAVY WATER AND 

THE SEPARATION FACTOR OF THE MIXED WATERS1
B y  R obert L .  C ombs, John M .  G oogin and  H ilt o n  A .  Sm ith

Contribution No. 125 from the Department of Chemistry, University of Tennessee, Knoxville, Tenn.
Received March 15, 195J).

The vapor pressure of deuterium oxide has been precisely determined over the temperature 10 to 55°. The results are 
slightly different from those previously reported. The separation factor a = (H/D)gM/(H /D )iiquid has also been deter­
mined for a mixture of the two waters.

I n  a  p r e v io u s  p a p e r 2 a n  a p p a r a t u s  f o r  t h e  p r e ­
cise  d e t e r m in a t io n  o f v a p o r  p r e s s u re  d iffe re n c e s  
h a s  b e e n  d e s c rib e d . T h i s  a p p a r a t u s  h a s  n o w  b e e n  
u s e d  i n  t h e  d e t e r m in a t io n  o f t h e  v a p o r  p r e s s u re  o f 
h e a v y  w a t e r  a n d  m ix t u r e s  c o n t a in in g  a p p r o x i ­
m a t e ly  5 0 %  D 23 .

E x p e r im e n t a l
For vapor pressure measurements, the two saturators 

which have already been described2 were filled, one with 
distilled water and one with deuterium oxide. The latter 
was stated by the suppliers3 to be 99.8% D20  and this 
analysis was checked by density measurements. Calcula­
tions showed that the errors caused by the 0.2% of ordinary 
water present were negligible. The heavy water gave no 
visible or weighable residue upon evaporation of a two-ml. 
portion. The drying tubes were filled with Drierite covered 
with a layer of Anhydrone.

For measurement of separation factors, one of the satura­
tors was filled with distilled water and the other with a mix­
ture of the two waters. At the end of each run a sample 
of the waters was withdrawn from the last stage of the satura­
tor and analyzed. For these runs the absorbers were filled 
with Drierite only (anhydrous calcium sulfate), and the 
total water absorbed from the mixed water saturator was 
recovered by heatir.g the absorbers at 290° in an evacuated 
system until all of the water was condensed in a cold trap 
kept at acetone-Dry Ice temperature. The water in this 
trap was then analyzed for isotopic hydrogen ratio.

All analyses of the water mixtures were made by the 
falling drop method. By this method drops of identical 
volume are allowed to fall through a liquid of constant den­
sity and the time of fall between certain reference marks 
established. The combination of liquids used for the refer­
ence fluids was 1-bromonaphthalene (d3s 1.474, b.p 281°) 
and 1-methylnaph‘ halene (d3!l 1.018, b.p. 241°). The 
latter liquid ha3 been used by others.4 Mixtures of these 
allowed the determination of the heavy water content in a 
concentration range from about 10% to 100%. It was 
found that these liquids of high and similar boiling points 
suffer negligible changes in composition under most condi­
tions of exposure to the air. A saturated solution of the 
a-bromonaphthalene in water at 35° was found to have a 
density only 17 p.p.m. greater than that of pure water. 
This solubility was low enough, even if the drops falling 
through the reference mixture became only partially satu­
rated before the measurements were made, to preclude serious 
errors from this source.

The materials used for the references had to be specially 
purified. The 1-methylnaphthalene was prepared from 
the diesel reference fuel grade supplied by the Reilly Tar 
and Chemical Co. This material had to be washed with 
50% sulfuric acid, 20% sodium hydroxide and 85% phos­
phoric acid solutions before the redistilled product was pure 
enough to eliminate discoloration on standing. The 1- 
bromonaphthalene was prepared by fractional distillation’ 
of Eastman Kodak Co. white label grade. The distillations 
were done in vacuo in a four-foot Vigreux column.

The pipet for the introduction of the drops into the refer-
(1 ) W ork  supported b y  the A tom ic  E n ergy C om m ission .
(2) H . A . Sm ith, R .  L . C om bs a n d  J. M . G oogin , T h i s  Joi.'RN'ai., 58, 

997 (1954).
(3) S tuart O xygen  C om pa n y, San Fran cisco, C aliforn ia.
(4) V . J . F rillette  an d  J. H anie, Anal. Chem., 19, 984 (1947).

ences fluid has appeared in several forms.5 6"7 The one used 
here differed from all of these. It was based on a_ com­
mercially available micro-buret control.8 With this it was 
found necessary to have a horizontal reservoir for the mer­
cury used to displace water. When this was not done, there 
was a drift in the drop sizes as the head of mercury on the 
screw of the control changed. It was also found advisable 
to have the amount of mercury in the pipet at a minimum 
to avoid significant, changes in the volumes of the drops as 
the temperature of the room, and hence of the pipet, 
changed. Since the drop size used was that delivered by 
one turn of the control screw, either the pipet had to be 
insensitive to temperature changes between drops, or two 
drops had to be expelled in quick succession to get an ac­
curate volume. A stop was added to the buret control to 
make precise duplication of one revolution possible. The 
drop delivered was 10 cubic millimeters in size, but a drop 
of half this size could have been used equally well. Another 
essential difference between this pipet and the ones used 
previously was the tip which delivered the drop into the refer­
ence solution. This tip has customarily been made of 
glass. The glass, wetted by the water, made it necessary 
to raise the tip through the surface of the reference liquid 
to force off the drop. It was found that this technique 
often led to errors in the drop size, and that the exposure 
of the tip to room temperature made it necessary to wait 
about ten minutes between drops for the currents generated 
by the motion of the tip and the difference in temperature 
of the tip and the solution to subside. Other investigators 
have used room temperatures controlled at one or two de­
grees above the temperature of the bath. This prevented 
interference because the tip after exposure to the air warmed 
the upper layers of the solution and the less dense warm layer 
floated without causing convection currents. The varia­
tions in room temperature experienced in the laboratory 
used in this investigation made such a procedure impractical.

To avoid these difficulties a tip was fashioned out of the 
plastic Teflon. This tip was about three inches long and 
had a fifteen thousandths of an inch capillary. The na­
ture of the Teflon surface allowed the reference solution to 
wet the tip in preference to the water, but the effect was not 
strong enough to cut the water column in the capillary im­
mediately. It was found that the drop would, in most 
cases, break free from the tip within a few seconds after it 
has been expressed. When it did not, a gentle tap on the 
pipet was sufficient to break the small thread of water hold­
ing the drop. Thus, with this tip there was no need to re­
move the pipet from the constant temperature bath after 
the formation of each drop, and the drops could be formed 
in quick succession without the introduction of errors due to 
convection currents in the reference solution tubes.

The liquid mixtures were contained in tubes of one cm. 
diameter and two reference marks 10 cm. apart were made 
on them. These were placed in a constant temperature bath 
held at 35° with a variation of less than 0.001°. Standard 
mixtures of deuterium oxide and water were prepared gravi- 
metrically. Table I shows the reproducibility of the drop­
time, and the analytical precision. Table II illustrates the 
stability of the reference solutions. A plot of the mole 
per cent, of D20  versus the reciprocal of the drop time is linear 
over a composition range of several per cent.

(5 ) S. H och berg  and  V . K . L a  M er, Ind. Eng. Chem., Anal. Ed., 9, 
291 (1937).

(6 ) F . R oseb u ry  and W . E . V an  H eyningen, ibid., 14, 363 (1942).
(7 ) E . S . Fetcher, ibid., 16, 412 (1944).
(8) A rth u r H . T h om as C o ., 1950 C ata logue, I tem  2461 F .
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T a b l e  I
S t a n d a r d i z a t i o n  o f  a  R e f e r e n c e  S o l u t i o n

D e v ia t io n  ( 9 5 %  c o n f id e n c e )
M o le  %  D 20 A v .  t im e , s e c .  S e c o n d s D 20 ,  %

48.23 51.9 0.2 0.01
47.18 86.2 .5 .008
46.65 130.3 .3 .002
46.26 207.6 .3 .001

T a b l e  II
S t a b i l i t y  o f  a  R e f e r e n c e  S o l u t i o n

D a y s  b e tw e e n  
d e te r m in a t io n s O rig in a l

D r o p - t im e  
a t  in d ic a te d  t im e

4 54.1 54.1
5 49.3 49.2
7 213.3 213.6

Experimental Calculations and Results
T h e  v a p o r  p re s s u r e  o f d e u t e r iu m  o x id e  w a s  c a l­

c u la t e d  u s in g  t h e  e q u a t io n

p a r is o n  o f  th e s e  v a p o r  p re s s u re  v a lu e s  w i t h  th o s e  
p r e v io u s ly  r e p o r t e d 9 is  g iv e n  i n  F i g .  1.

1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.19
p H 20 / p D 2O.

Pig. 1.-—Vapor pressure ratio of light and heavy water: O, 
data from this investigation; •, data from Kirschenbaum.

Po — Pi _ po{m/M\ -  (m/M)0 +  (m/M\{B +  Ap0) -{m/M)j{B +  ApQ 
Po Po ( m/M)i — {m/M)o +  {m/M)o{B +  Ap0)

w h e r e  p is  t h e  v a p o r  p re s s u re , m /M  t h e  n u m b e r  o f 
m o le s , B  t h e  b a r o m e t r ic  p r e s s u re , a n d  A p t h e  d if ­
fe re n c e  b e tw e e n  b a r o m e t r ic  p re s s u re  a n d  t h a t  
w i t h i n  t h e  s a t u r a t o r s . T h e  s u b s c r ip t  “ o ”  re fe rs  
t o  l ig h t  w a t e r  a n d  “ 1”  t o  h e a v y  w a t e r .  T h e  
v a lu e s  o f (p0 —  Pi)/po, t h e  r a t io  o f v a p o r  p re s s u re s  
o f t h e  t w o  w a t e r s , a n d  t h e  c a lc u la te d  v a p o r  p r e s s u re  
o f h e a v y  w a t e r  a re  s h o w n  i n  T a b l e  I I I .  A  c o m -

T a b l e  III
V a p o r  P r e s s u r e  o f  D20

D e v ia t io n
Temp., po — pi PH 2 0 / PH 2O“ , PH2O, ( 9 5 %

0 C . Vo PD 2O mm. mm. confidence)
1 0 . 0 0 0.164 1.196 9 . 2 1 7.70 0 . 0 2

14.98 .155 1.183 1 2 . 7 9 10.81 . 0 2

20.01 .146 1.171 17.54 14.98 .03
25.08 .137 1.158 23.76 20.51 .04
30.01 .129 1.148 31.82 27.72 .05
35.00 .120 1.137 42.18 37.11 .07
40.03 .115 1.130 55.32 49.0 .1
44.99 .107 1.119 71.88 64.2 .1
50.01 .101 1.112 92.5 83.2 .1
55.00 .0970 1.107 118.0 106.6 .2
° E. W. Washburn, Ed., “ International Critical Tables 

of Numerical Data, Physics, Chemistry and Technology,” 
Vol. I ll, McGraw-Hill Book Co., New York, N. Y., 1926- 
1933, p. 211-212.

(9 )  I s id o r  K ir s c h e n b a u m , “ P h y s ic a l  P ro p e r t ie s  a n d  A n a ly s is  o f  
H e a v y  W a t e r ,”  M c G r a w -H i l l  B o o k  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  195 1 ,
p . 25.

T h e  v a lu e s  o f th e  s e p a r a t io n  f a c t o r  a re  
c a lc u la te d  f r o m  t h e  d e f in in g  e q u a t io n

= ( H /D L  
“  (H /D)uqUid

t h e  v a lu e s  o f ( H / D )  h a v i n g  b e e n  d e t e r m in e d  in  th e  
m a n n e r  a lr e a d y  d e s c rib e d . T h e  re s u lts  a re  s h o w n  
in  T a b l e  I V .  T h e s e  v a lu e s  c a n n o t  b e  o b ta in e d  
d i r e c t ly  f r o m  t h e  v a p o r  p re s s u re s  o f l ig h t  a n d  h e a v y

T a b l e  I V

V a p o r  P r e s s u r e  a n d  S e p a r a t i o n  F a c t o r  f o r  W a t e r  

M i x t u r e s

Temp., %  D iO po — pi P, ^/p°H 2C
0  C . in  l iq u id P0 mm. a P°D2C
9.84 48.23 0.0824 8 . 4 5 1 . 1 0 0 3 1.094

20.00 45.97 .0705 16.30 1.0873 1.082
25.00 45.97 .0659 22.19 I.O8 I5 1.076
30.00 45.97 .0602 29.91 1.0747 1.071
30.01 48.24 .0615 29.87 1.0749 1.071
40.01 48.22 .0544 52.31 1.0629 1.063
50.00 48.21 .0503 87.86 1.051o 1.055

w a t e r  b e c a u s e  o f t h e  p re s e n c e  o f t h e  e q u i l ib r iu m  
H 20  - j -  D 20  2 H D O .  T h e y  m a y ,  h o w e v e r ,  b e  
a p p r o x im a t e ly  c a lc u la te d  f r o m  t h e  r e la t io n s h ip 10

T h e  v a lu e  o f t h is  la t t e r  q u a n t i t y  is  in c lu d e d  in  T a b l e  
I V  f o r  c o m p a r is o n  p u rp o s e s .

(1 0 ) G .  N .  L e w is  a n d  R .  E .  C o rn is h , J. Am. Ckem. Soc., 55, 2 6 1 6  
(1 9 3 3 ) .
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SOLVENT EFFECTS IN ORGANIC SPECTRA: DIPOLE FORCES AND THE
FRANCK-CONDÔN PRINCIPLE

By Noel S . Bayliss and Eion G .  McRae
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All organic electronic spectra in solution are subject to a generalized polarization red shift which is due to solvent polariza­
tion by the transition dipole and which depends on the solvent refractive index. This can be obscured by the effect of 
dipole-dipole and dipole-polarization forces if the solute is polar, when the application of the Franck-Condon principle 
shows that the solvent cage around the excited solute molecule is momentarily strained. Orientation strain and packing 
strain are defined, of which the former is more important. The absorption frequencies of polar solutes are shifted to the 
red in solution if the dipole moment increases during the transition; they may be shifted to the blue (relative to the gas) 
if the dipole moment decreases. Four cases are discussed according to whether solute and solvent are polar or non-polar. 
The place of w* •*— n transitions is discussed.

T h e r e  h a v e  b e e n  s e v e ra l p a p e rs  r e c e n t ly  i n  w h ic h  
s o lv e n t  effects o n  o r g a n ic  s p e c tra  h a v e  b e e n  c o r re ­
la te d  w i t h  v a r io u s  p r o p e rt ie s  o f t h e  s o lu te  a n d  th e  
s o lv e n t . F o r  e x a m p le  K a s h a 1 a n d  M c C o n n e l l 2 
h a v e  p r o p o s e d  t h e  u s e  o f  s o lv e n t  e ffe cts  as a n  a id  
t o  t h e  d is t in c t io n  b e tw e e n  t * ■*— t  a n d  ir* ■*— n 
t r a n s it io n s , N a g a k u r a  a n d  B a b a 3 h a v e  e x p la in e d  
s o lv e n t  s h ifts  i n  a r o m a t ic  c o m p o u n d s  b y  a s s u m in g  
t h a t  h y d r o g e n  b o n d in g  cau ses a n  e le c tro n  m ig r a ­
t io n  in  t h e  s o lu te  m o le c u le , a n d  B r o o k e r 4 a n d  a lso  
U n g n a d e 5 h a v e  s u g g e s te d  t h a t  s o m e  s o lv e n t  effects 
a re  d u e  t o  t h e  s t a b il iz a t io n  o f  p r e f e r re d  re s o n a n c e  
s tr u c tu r e s  i n  t h e  s o lu te  b y  c e r t a in  s o lv e n ts  as th e  
r e s u lt  o f t h e i r  d ie le c tr ic  c o n s ta n ts  o r  o f  t h e i r  ele c­
t r o n  d o n o r -a c c e p t o r  p r o p e rt ie s . C o g g e s h a ll  a n d  
L a n g 6 in  d e a lin g  w i t h  s o lv e n t  effects i n  t h e  s p e c tra  
o f  p h e n o ls  h a v e  d r a w n  a t t e n t io n  t o  t h e  im p o r t a n c e  
o f  d ip o le -d ip o le  in t e r a c t io n , o f h y d r o g e n  b o n d in g , 
a n d  o f t h e  c h a n g e  i n  d ip o le  m o m e n t  d u r i n g  th e  
s o lu te  t r a n s it io n .

N o w  t h e  in t e r p r e t a t io n  o f  s o lv e n t  effects is m a d e  
d if f ic u lt  b e c a u s e  t h e y  a r e  o fte n  s m a ll  a n d  n o t  e a s y  
t o  m e a s u re  p r e c is e ly , a n d  a ls o  b e c a u s e  t h e y  a re  
o fte n  t h e  r e s u lta n ts  o f s e v e ra l i n d i v i d u a l  effects 
w h ic h  s o m e tim e s  re in fo rc e  o n e  a n o t h e r  a n d  s o m e ­
t im e s  c a n c e l o u t .  T h e r e  is  a ls o  s o m e  d if f ic u lt y  in  
t h e  f a c t  t h a t  t h e  m o s t  e a s ily  m e a s u re d  a n d  m o s t  
o fte n  re c o r d e d  s o lv e n t  e ffe ct is t h e  d is p la c e m e n t  o r  
s h if t  o f t h e  a b s o r p t io n  m a x i m u m , w h e re a s  t h e o r e t i ­
c a l c o n s id e ra t io n s  o f e le c tro n ic  e n e r g y  s ta te s  s h o u ld  
b e  re la te d  t o  t h e  p o s it io n  o f t h e  (0 ,  0 )  b a n d ,  w h ic h  
is n o t  n e c e s s a rily  a ffe c te d  in  t h e  s a m e  w a y  as th e  
m a x i m u m . S in c e  i t  is p r a c t ic a l ly  im p o s s ib le  t o  lo ­
c a te  t h e  (0 ,  0 ) b a n d  in  d iffu s e  o r  s tru c tu re le s s  s o lu ­
t io n  s p e c tra , t h e  s p e c tra l s h ifts  d is c u s s e d  h e re  a n d  
i n  t h e  f o l lo w in g  p a p e r  a re  re f e rr e d  t o  a b s o r p t io n  
m a x im a , w h ic h  p r o v id e  t h e  o n ly  p o s s ib le  e x p e r i­
m e n t a l  re fe re n c e  p o in ts . I t  is t h e  p u rp o s e  o f th is  
p a p e r  t o  p r e s e n t  a  s c h e m e  b y  w h ic h  m a n y  s o lv e n t  
effects in  o r g a n ic  s p e c tra  c a n  b e  in t e r p r e t e d  a t  le a s t 
q u a l i t a t iv e ly  i n  te r m s  o f d ip o le , p o la r iz a t io n  a n d  
h y d r o g e n  b o n d in g  fo rc e s  b e tw e e n  s o lu te  a n d  so l­
v e n t ,  b e a r in g  in  m in d  th re e  fa c to rs  t h a t  h a v e  n o t  a l ­
w a y s  b e e n  g iv e n  d u e  r e c o g n it io n , n a m e ly ,  t h e  (a )  
m o m e n t a r y  t r a n s i t io n  d ip o le  d u r i n g  t h e  o p t ic a l

(1 ) M .  K a s h a , Discs. Faraday Soc., N o .  9 , 14 (1 9 5 0 ) .
(2 ) H . M c C o n n e l l ,  J. Chem. Phys., 2 0 , 7 0 0  (1 9 5 2 ) .
(3 ) S . N a g a k u r a  a n d  H . B a b a , J. Am. Chem. Soc., 7 4 ,  5 6 9 3  (1 9 5 2 ) .
(4 )  L . G . S . B r o o k e r ,  et al., ibid., 7 3 , 5 3 3 2 , 5 3 5 0  (1 9 5 1 ).
(5 ) H . E . U n g n a d e , ibid., 7 5 ,  4 3 2  (1 9 5 3 ).
(6 )  N . D .  C o g g e s h a ll  a n d  E . M .  L a n g , ibid., 7 0 , 3 2 8 3  (1 9 4 8 ).

a b s o r p t io n  p ro c e s s , ( b )  t h e  d iffe re n c e  in  p e r m a n e n t  
d ip o le  m o m e n t  b e tw e e n  t h e  g r o u n d  a n d  e x c ite d  
s ta te s  o f t h e  s o lu te  a n d  (c )  t h e  e ffe ct o f t h e  F r a n c k -  
C o n d o n  p r in c ip le .  I t  w i l l  b e  seen t h a t  th e  e ffect 
o f  h y d r o g e n  b o n d in g  fits  n a t u r a l l y  in t o  th e  p r o p o s e d  
s c h e m e , w h ic h  c a n  p r o v id e  a  c o n s is te n t e x p la n a t io n  
o f t h e  e x p e r im e n ta l  re s u lts  re f e rr e d  t o  in  t h e  p r e ­
c e d in g  p a r a g r a p h . A  f o l lo w in g  p a p e r 7 w i l l  g iv e  
a d d it io n a l  e x p e r im e n t a l  e x a m p le s .

T w o  re c e n t  p a p e rs 8'9 f r o m  t h is  L a b o r a t o r y  h a v e  
d e a lt  w i t h  t h e  s o lv e n t  e ffe ct t h a t  re s u lts  f r o m  t h e  
m o m e n t a r y  p o la r iz a t io n  t h a t  is in d u c e d  i n  t h e  s o l­
v e n t  b y  t h e  t r a n s it io n  d ip o le  o f t h e  s o lu te , t h e  p r e ­
d ic t e d  r e s u lt  b e in g  a  re d  s h if t  t h a t  is a  f u n c t io n  o f 
t h e  s o lv e n t  r e f r a c t iv e  in d e x , t h e  t r a n s i t io n  in t e n s it y  
a n d  t h e  s ize  o f t h e  s o lu te  m o le c u le . T h e  t h e o r y  of 
t h is  polarization shift, as w e  m a y  c a ll  i t ,  is  q u it e  
g e n e ra l e v e n  t h o u g h  i t  is a p p r o x im a t e , a n d  th e r e ­
fo re  s h o u ld  b e  a p p lic a b le  t o  a ll  s o lu t io n  s p e c tra . 
H o w e v e r  a l t h o u g h  th e  p o la r iz a t io n  s h if t  se e m s e x ­
p e r im e n t a l ly  t o  b e  d o m in a n t  w h e n  th e  s o lu te  is n o n ­
p o la r , w e  s h a ll see b e lo w  t h a t  i t  c a n  b e  o b s c u r e d  b y  
o t h e r  effects w h e n  t h e  s o lu te  is p o l a r ,10 in c lu d in g  
th o s e  cases w h e n  th e r e  is  h y d r o g e n  b o n d in g  b e ­
t w e e n  s o lu te  a n d  s o lv e n t .

I t  is  c o n v e n ie n t  t o  re la te  t h e  f r e q u e n c y  s h if t  o f 
a n  a b s o r p t io n  s p e c t r u m  in  s o lu t io n  t o  w h a t  w e  s h a ll  
f o r  t h e  p r e s e n t  c a ll th e  s o lv a t io n  e n e rg ie s  o f t h e  s o l­
u t e  in  i ts  g r o u n d  a n d  e x c ite d  s ta te s . I f  th e s e  a re  
s" a n d  s ', r e s p e c t iv e ly , i t  is o b v io u s  f r o m  F i g .  1 
t h a t  t h e  f r e q u e n c y  d is p la c e m e n t  A v  =  r (s o ln )  —  
r (g a s )  is  g iv e n  b y  A v =  s" —  s', s b e in g  t a k e n  
as p o s it iv e  i f  t h e  e n e r g y  o f t h e  s o lu te  is d e c re a s e d  
in  s o lu t io n . T h e  i m p o r t a n t  p o in t  is  t h a t  w h i le  s " 
is  t h e  n o r m a l  s o lv a t io n  e n e r g y  o f th e  s o lu te  i n  its  
g r o u n d  s ta te  a n d  in  e q u i l ib r iu m  w i t h  t h e  s o lv e n t , 
th e  a p p lic a t io n  o f t h e  F r a n c k - C o n d o n  p r in c ip le  
w i l l  s h o w  t h a t  th e  a p p r o p r ia t e  s' f o r  t h e  e x c ite d  
s o lu te  m o le c u le  is not necessarily t h e  e q u i l ib r iu m  
v a lu e .

S o lv a t io n  e n e rg ie s  d e p e n d  o n  v a r io u s  t y p e s  of 
in t e r m o le c u la r  in t e r a c t io n  s u c h  as d ip o le -d ip o le ,  
d ip o le -p o la r iz a t io n ,  d is p e rs io n  a n d  h y d r o g e n  b o n d ­
in g  fo rc e s . D is p e r s io n  fo rc e s  a re  u s u a l ly  s m a lle r  
t h a n  t h e  o th e rs  m e n t io n e d , b u t  in  a n y  case t h e y  a re

(7 )  N . S . B a y lis s  a n d  E . G. M c R a e ,  T h i s  J o u r n a l , 58, 1006 (1 9 5 4 ).
(8 )  N .  S . B a y lis s , J. Chem. Phys., 18, 2 9 2  (1 9 5 0 ) .
(9 ) N ,  S . B a y lis s  a n d  L . H u lm e , Australian J. Chem., 6 , 2 5 7  (1 9 5 3 ) .
(1 0 )  W e  u se  th e  te r m  polar t o  d e s c r ib e  a  m o le c u le  w it h  a  p e r m a n e n t  

d ip o le  m o m e n t ,  o r  w ith  s t r o n g ly  lo c a liz e d  g r o u p s  t h a t  a re  p e r m a n e n t  
d ip o le s .U *K J  j
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a lw a y s  o p e r a t iv e  w h e t h e r  s o lu te  a n d  s o lv e n t  a re  
p o la r  o r  n o n -p o la r .  I n  t h is  p a p e r  w e  s h a ll r e g a r d  
t h e m  as c o n t r i b u t in g  e q u a l ly  t o  s" a n d  s', a n d  w e  
s h a ll  t h e r e fo r e  c o n f in e  o u r  a t t e n t io n  t o  t h e  d i p o l e -  
d ip o le , d ip o le -p o la r iz a t io n  a n d  h y d r o g e n  b o n d in g  
fo rc e s . W e  f ir s t  c o n s id e r  t h e  n a t u r e  o f  t h e  o p t ic a l  
t r a n s i t io n  a n d  t h e  e ffe c t o f  th e  F r a n c k - C o n d o n  
p r in c ip le .

The Optical Transition.— I n  c la s s ic a l t h e o r y  th e  
a b s o r p t io n  o f  l ig h t  is a s s o c ia te d  w i t h  t h e  fo rc e d  
o s c illa t io n  o f  a n  e le c tr ic  d ip o le . I n  q u a n t u m  
t h e o r y  th e  a b s o r b in g  m o le c u le  u n d e rg o e s  a c h a n g e  
in  c h a rg e  d is t r ib u t io n  w h ic h  m a y  o r  m a y  n o t  
ca u se  a  c h a n g e  in  t h e  p e r m a n e n t  d ip o le  m o m e n t .  
I n  t h e  s im p le s t  p o s s ib le  e x a m p le  o f t h e  H  a t o m  i t  is 
o b v io u s  f r o m  t h e  w a v e  f u n c t io n s  t h a t  t h e  2 p  Is  
t r a n s i t io n  cau ses a  c h a n g e  i n  c h a rg e  d is t r ib u t io n ,  
y e t  n e it h e r  s ta te  h a s  a  d ip o le  m o m e n t .  I n  t h e  
m o r e  c o m p le x  e x a m p le  o f a  n o n -p o la r  m o le c u le  s u c h  
as b e n z e n e , i t  is c le a r f r o m  s y m m e t r y  c o n s id e ra t io n s  
t h a t  t h e  e x c ite d  s ta te s  as w e ll  as t h e  g r o u n d  s ta te  
h a v e  z e ro  d ip o le  m o m e n t ,  a n d  i t  is t h e  in s ta n ta n e o u s  
c h a n g e  in  c h a r g e  d is t r ib u t io n  w i t h o u t  t h e  c re a tio n  
o f  a  p e r m a n e n t  d ip o le  t h a t  le a d s  t o  t h e  p o la r iz a t io n  
s h if t  t h a t  is  m e n t io n e d  a b o v e . O n  t h e  o t h e r  h a n d  
i t  is  t o  b e  e x p e c te d  t h a t  a  m o le c u le  t h a t  is p o la r  in  
i ts  g r o u n d  s ta te  w i l l  h a v e  i n  e a c h  o f  its  e x c ite d  
s ta te s  a n  a lt e r e d  d ip o le  m o m e n t  w h ic h  m a y  b e  
g re a te r  o r  less t h a n  t h e  g r o u n d  s ta te  m o m e n t .

The Franck-Condon Principle.— C o n s id e r  a  
s o lu te  m o le c u le  in  its  g r o u n d  s ta te  w h ic h  is in  
e q u i l ib r iu m  (m o d if ie d  b y  t h e r m a l  m o t i o n )  w i t h  
th e  s u r r o u n d in g  s o lv e n t  m o le c u le s  t h a t  f o r m  its  
ca g e . T h e  s o lv a t io n  e n e r g y  o f t h is  e q u i l ib r iu m  
s ta te  in v o lv e s  ( a )  a  p a c k in g  f a c t o r  d e p e n d in g  o n  
th e  g e o m e t r y  o f  t h e  s o lu te  a n d  s o lv e n t  m o le c u le s , 
a n d  ( b )  a  f a c t o r  w h ic h  d e p e n d s  o n  t h e  d e g re e  of 
m u t u a l  o r ie n t a t io n  in t e r a c t io n  i f  s o lu te  a n d  s o lv e n t  
a re  p o la r  o r  if  th e r e  is h y d r o g e n  b o n d in g  b e tw e e n  
t h e m . B o h o n  a n d  C la u s s e n 11 f o r  e x a m p le  h a v e  
d is c u s s e d  t h e  c o n t r ib u t io n s  o f p a c k in g  a n d  o r ie n t a ­
t io n  e n t r o p y  t o  t h e  e n t r o p y  o f  s o lu t io n  o f a r o m a t ic  
c o m p o u n d s  in  w a t e r .  T o  t h e  e x te n t  t h a t  th e  s ize , 
c h a rg e  d is t r ib u t io n  a n d  d ip o le  m o m e n t  o f t h e  s o lu te  
m o le c u le  a re  d if fe re n t  in  t h e  e x c ite d  s ta te , th e  c o n ­
f ig u r a t io n  o f  t h e  s o lv e n t  ca g e  i n  e q u i l ib r iu m  w i t h  
t h e  e x c ite d  s ta te  is d if fe re n t  f r o m  t h a t  o f  t h e  g r o u n d  
s ta g e  ca g e . N o w  i t  is t h e  essence o f t h e  F r a n c k -  
C o n d o n  p r in c ip le  t h a t  a n  o p t ic a l  t r a n s i t io n  o c c u rs  
w i t h i n  a t im e  t h a t  is  s h o r t  c o m p a r e d  w i t h  t h e  p e ­
r io d  o f n u c le a r  m o t io n s . A t  t h e  in s t a n t  o f it s  f o r m a ­
t io n ,  i.e., w h e n  i t  is i n  w h a t  m i g h t  b e  c a lle d  th e  
Franck-Condon state, t h e  e x c ite d  s o lu te  m o le c u le  is 
m o m e n t a r i ly  s u r r o u n d e d  b y  a  s o lv e n t  c a g e  w h o s e  
size  a n d  o r ie n t a t io n  a re  th o s e  t h a t  a re  a p p r o p r ia t e  
t o  t h e  g r o u n d  s ta te . T h e  e q u i l ib r iu m  e x c ite d  c o n ­
f ig u r a t io n  is  o n l y  re a c h e d  s u b s e q u e n t ly  b y  a  p ro ce s s  
o f re la x a t io n , w h ic h  re q u ire s  a t  le a s t s e v e ra l m o ­
le c u la r  v i b r a t i o n  p e rio d s  ( ~ 1 0 -1 3  s e c .) as f a r  as re ­
a d ju s t m e n t  f o r  s ize  is  c o n c e rn e d , a n d  a  t im e  o f t h e  
o r d e r  o f 1 0 -11 s e c .12 if  a r e a d ju s t m e n t  o f  t h e  s o lv e n t  
o r ie n t a t io n  is r e q u ir e d . T h e  l if e t im e  o f t h e  e x c ite d  
s ta te  is k n o w n  t o  b e  o f  t h e  o r d e r  o f 1 0 -8  se c ., w h ic h  
is  a m p le  f o r  e q u i l ib r iu m  w i t h  t h e  s o lv e n t  t o  b e  e s -

(11) R. L. B o h o n  a n d  W. F. Claussen, J .  Am. Chem. Soc., 73, 1571
(1951).

(12) D . H. Whiffen, Quart. R e v s ., 4, 131 (1950).
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Fig. 1.—Formal diagram of the effect of the solvation 
energies s' and s" on the relation between the absorption 
frequencies in the gas state and in solution.

t a b lis h e d  b e fo re  d e a c t iv a t io n  e v e n t u a l ly  o c c u rs . 
( T h i s  t im e  f a c t o r  m a y  b e  o f  im p o r t a n c e  in  c o m ­
p a r in g  s o lv e n t  effects in  a b s o r p t io n  a n d  in  f lu o re s ­
c e n c e .) T h e  F r a n c k - C o n d o n  e x c ite d  m o le c u le  a n d  
its  s o lv e n t  c a g e  a re  t h u s  i n  a  s ta te  o f s t r a in  w h o s e  
e n e r g y  is  n e c e s s a rily  g r e a te r  t h a n  t h a t  o f th e  e q u i l ib ­
r i u m  s ta te , a n d  t h e  e x c ite d  s ta te  s o lv a t io n  e n e r g y  
s' t o  b e  u s e d  i n  f in d in g  Av is  less t h a n  t h e  e q u i l ib ­
r i u m  v a lu e  (a n d  in  c e r ta in  cases a s  in  case I V a  b e ­
lo w  i t  m a y  e v e n  b e  n e g a t iv e ) . I n  d is c u s s in g  th is  
s t r a in  i t  is c o n v e n ie n t  t o  u s e  t h e  g e n e ra l t e r m  
Franck-Condon strain, w h i le  its  t w o  c o m p o n e n ts  
c a n  b e  c a lle d  packing strain a n d  orientation strain.

O r ie n t a t io n  s t r a in  m a y  b e  e x p e c te d  w h e n  s o lu te  
a n d  s o lv e n t  a re  p o la r ,  a n d  w h e n  t h e  s o lu te  d ip o le  
m o m e n t  c h a n g e s  d u r in g  t h e  t r a n s i t io n . I t  is s im i­
l a r ly  t o  b e  e x p e c te d  if  th e r e  is h y d r o g e n  b o n d in g  b e ­
tw e e n  s o lu te  a n d  s o lv e n t  t h a t  is c h a n g e d  in  d e g re e  
as a  r e s u lt  o f t h e  t r a n s it io n . P a u l i n g 13 s h o w e d  t h a t  
w h a t  w e  h a v e  h e re  c a lle d  o r ie n t a t io n  s t r a in  is a  m a ­
j o r  f a c t o r  in  c a u s in g  th e  la r g e  p o s it iv e  d is p la c e m e n t  
( t o  t h e  b lu e )  o f t h e  a b s o r p t io n  s p e c tra  o f h a lid e  io n s  
in  s o lu t io n . P a c k in g  s t r a in  is  t o  b e  e x p e c te d  w h e n  
t h e  s o lu te  m o le c u le  is  s u b s t a n t ia l ly  b ig g e r  in  th e  
e x c ite d  t h a n  in  t h e  g r o u n d  s ta te . T h i s  c o n c e p t  h a s  
b e e n  u s e d  b y  o n e  o f  t h e  a u t h o r s 14 a n d  b y  R e e s 14a' 15 
t o  e x p la in  t h e  p o s it iv e  s h if t  :n  t h e  “ b r o w n ”  s o lu ­
t io n s  o f  io d in e  a n d  b r o m in e , a n d  a l t h o u g h  a n  a l ­
t e r n a t iv e  e x p la n a t io n  o f th is  p h e n o m e n o n  in  te r m s  
o f  c o m p le x  f o r m a t io n  is c u r r e n t l y  a c c e p t e d ,16 p a c k ­
in g  s t r a in  see m s t o  b e  t h e  o n l y  w a y  o f a c c o u n t in g  
f o r  P r i k h o t k o ’s o b s e r v a t io n 17 o f a  p o s it iv e  s h if t  o f 
1 3 0 0  c m . - 1  in  t h e  s p e c t r u m  o f  b r o m in e  i n  p e n ta n e  
a t  lo w  t e m p e r a t u r e s .14b H o w e v e r ,  p a c k in g  s t r a in  
is  p r o b a b ly  u n i m p o r t a n t  in  m a n y  o r g a n ic  s p e c tra  
w h e r e  t h e  r e la t iv e  c h a n g e s  in  s ize  o n  e x c it a t io n  a re  
n o t  m a r k e d .

Blurring of Vibrational Structure.— T h e r e  is a n  
im p o r t a n t  c o n s e q u e n c e  o f t h e  c o n c e p t  o f  F r a n c k -  
C o n d o n  s t r a in  a n d  o f  t h e  r e la x a t io n  t im e  o f th e  
s o lv e n t  ca g e . T h e  F r a n c k - C o n d o n  e x c ite d  s ta te  
as s u c h  is o f v e r y  s h o r t  life  o w in g  t o  t h e  re la x a t io n  
o f  t h e  s o lv e n t  d u r in g  a t im e  o f  t h e  o r d e r  o f m o le c ­
u la r  v ib r a t i o n s .  I n  te r m s  o f  th e  p r in c ip le  o f 
in d e t e r m in a c y  t h is  w i l l  p r e v e n t  th e  e s ta b lis h m e n t  o f

(1 3 )  L . P a u lin g , Phys. Rev., 3 4 , 9 5 4  (1 9 2 9 ).
(1 4 )  (a ) N . S. B a y lis s  a n d  A . L . G . R e e s , J. Chem. Phys., 8 ,  377  

(1 9 4 0 ) ;  (b )  N . S. B a y lis s , A .  R .  H . C o le  a n d  B . G . G re e n , Australian 
J. Sci. Res., A l ,  4 7 2  (1 9 4 8 ).

(1 5 )  A . L . G . R e e s , J. Chem. Phys., 8 , 4 2 9  (1 9 4 0 ) .
(1 6 )  R .  S . M u llik e n , J. Am. Chem. Soc., 7 2 , 6 0 0  (1 9 5 0 ) ;  7 4 , 811

(1 9 5 2 ) .
(1 7 )  A . P r ik h o t k o ,  Acta Physicochim. U.R.S.S., 1 6 , 125  (1 9 4 2 ).
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Fig. 2.—The effect of solvation energies on the solution 

absorption frequency when dipole-polarization forces are 
dominant and when there is no orientation strain, i.e., 
when the Franck-Condon and the equilibrium excited state 
have the same solvation energy: (a) solute dipole moment 
decreases, and (b) it increases, during the transition.

v ib r a t i o n a l  q u a n t iz a t io n  i n  t h e  e x c ite d  s ta te , w i t h  
t h e  re s u lt  t h a t  t h e  v ib r a t i o n a l  s t r u c t u r e  o f  t h e  sp e c ­
t r u m  is  b lu r r e d .  T h i s  w e  b e lie v e  is a  f r e q u e n t  
ca u se  o f t h e  b lu r r i n g  o r  o b l it e r a t io n  o f  s t r u c t u r e  in  
t h e  s p e c tra  o f  p o la r  m o le c u le s  i n  p o la r  s o lv e n ts . 
I n  cases s u c h  as n o n -p o la r  b e n z e n e , w h e r e  s t r a in  is 
a b s e n t, v ib r a t io n a l  s t r u c t u r e  is p r e s e r v e d  i n  p o la r  
s o lv e n t s .9

W e  n o w  d is c u s s  t y p ic a l  cases as fo llo w s
Case I, non-polar solute in non-polar solvent 
Case II, non-polar solute in polar solvent 
Case Ilia, polar solute in non-polar solvent; solute dipole 

moment decreases during the transition 
Case Illb, polar solute in non-polar solvent; solute dipole 

moment increases during the transition 
Case IVa, polar solute in polar solvent; solute dipole 

moment decreases during the transition 
Case IVb, polar solute in polar solvent; solute dipole 

moment increases during the transition
C a s e s  I V a  a n d  I V b  in c lu d e  h y d r o g e n  b o n d in g  

t h a t  is , r e s p e c t iv e ly , d e c re a s e d  o r  in c re a s e d  b y  t h e  
t r a n s it io n .

Case I.— T h e  s o lv a t io n  e n e r g y  in  b o t h  g r o u n d  
a n d  e x c ite d  s ta te s  is d u e  to  d is p e rs io n  fo rc e s  a n d  
is a s s u m e d  t o  b e  a b o u t  th e  s a m e  in  th e  t w o  sta te s . 
S in c e  th e r e  is n o  d ip o le  m o m e n t  i n  e ith e r  s ta te , 
th e r e  a re  n o  s o lu t e -s o lv e n t  o r ie n t a t io n  fo rc e s , a n d  
h e n c e  th e r e  is n o  o r ie n t a t io n  s t r a in  i n  t h e  F r a n c k -  
C o n d o n  s ta te . I n  t h e  a b s e n c e  o f p a c k in g  s t r a in , 
w h ic h  as m e n t io n e d  a b o v e  see m s u s u a l ly  t o  b e  
s m a ll  in  th e  case o f  r e la t iv e ly  la rg e  o r g a n ic  m o le ­
c u le s , t h e  s o lu t io n  s p e c t r u m  is  s h if te d  t o  t h e  r e d  o w ­
in g  t o  t h e  p o la r iz a t io n  e ffe c t; t h e  s h if t  d e p e n d s  o n  
t h e  s o lv e n t  r e f r a c t iv e  in d e x .8 T h e  s o lu t io n  sp e c ­
t r u m  w i l l  t e n d  t o  r e t a in  v ib r a t i o n a l  s t r u c t u r e  i f  i t  is 
p re s e n t  in  th e  gas.

Case II.— A l t h o u g h  th e  s o lv e n t  is  p o la r ,  th e  
a b s e n c e  o f a  s o lu te  d ip o le  m o m e n t  m e a n s  t h a t  th e re  
a re  n o  s o lu t e -s o lv e n t  o r ie n t a t io n  fo rc e s  a n d  o r ie n t a ­
t io n  s t r a in  is th e re fo re  a b s e n t. T h e  case is t h u s  
id e n t ic a l  w i t h  case I ,  a n d  t h e  d o m in a n t  s o lv e n t  e f­
fe c t  is  t h e  r e d  p o la r iz a t io n  s h if t  d e p e n d in g  o n  t h e

s o lv e n t  r e f r a c t iv e  in d e x . T h e  e ffe ct o f s l ig h t  p a c k ­
in g  s t r a in  w i l l  p r o b a b ly  b e  m o r e  im p o r t a n t  t h a n  in  
case I ,  s in c e  d ip o la r  a n d  m o r e  p a r t i c u l a r l y  h y d r o g e n  
b o n d in g  fo rc e s  b e tw e e n  t h e  s o lv e n t  m o le c u le s  t h e m ­
s e lve s  w i l l  t e n d  t o  in c re a s e  t h e  s o lv e n t  ca g e  r e la x a ­
t io n  t im e  a f t e r  t h e  t r a n s i t io n .143 T h u s  th e r e  m a y  
b e  in c re a s e d  b lu r r i n g  t h o u g h  n o t  n e c e s s a rily  o b l i t ­
e r a t io n  o f  v ib r a t i o n a l  s t r u c t u r e .

Case Hla.— S in c e  t h e  s o lv e n t  is  n o n -p o la r ,  th e r e  
w i l l  b e  n o  o r ie n t a t io n  s t r a in . T h e  fo rc e s  c o n ­
t r i b u t i n g  t o  t h e  s o lv a t io n  e n e r g y  a re  d is p e rs io n  
fo rc e s  a n d  d ip o le -p o la r iz a t io n  fo rc e s  (p o la r iz a t io n  
o f  s o lv e n t  m o le c u le s  b y  t h e  s o lu te  d ip o le ) ,  a n d  t h e  
la t t e r  a r e  p r o b a b ly  t h e  g re a te r . W h e n  t h e  s o lu te  
d ip o le  m o m e n t  d e cre a se s  as a r e s u lt  o f  t h e  t r a n s i ­
t io n , t h e  c o n t r i b u t io n  o f t h e  d ip o le -p o la r iz a t io n  
fo rc e s  t o  t h e  s o lv a t io n  e n e r g y  is  d e c re a s e d , a n d  s' is  
less t h a n  s" (see  F i g .  2 a ) .  T h i s  w i l l  ca u s e  t h e  s o lu ­
t io n  s p e c t r u m  t o  s h if t  t o  t h e  b lu e  b y  a n  a m o u n t  t h a t  
d e p e n d s  o n  t h e  s o lv e n t  r e f r a c t iv e  in d e x  a n d  o n  t h e  
c h a n g e  in  t h e  s o lu te  d ip o le  m o m e n t .  O n  t h is  s h if t  
w i l l  b e  s u p e r im p o s e d  t h e  p o la r iz a t io n  r e d  s h if t ,  a n d  
t h e  r e s u lt a n t  s h if t  m a y  b e  e ith e r  t o  t h e  re d  o r  t o  t h e  
b lu e , d e p e n d in g  o n  th e  r e la t iv e  m a g n it u d e s  o f  
t w o  effects. V i b r a t io n a l  s t r u c t u r e  w i l l  t e n d  t o  b e  
p r e s e r v e d .

Case I l l b . — T h e  a r g u m e n t  is t h e  s a m e  as i n  case 
I l i a ,  e x c e p t t h a t  t h e  in c re a s e d  s o lu te  d ip o le  
m o m e n t  in  t h e  e x c ite d  s ta te  m a k e s  s' g re a te r  t h a n  
s" (see  F i g .  2 b ) .  T h u s  t h e  s o lu t io n  s p e c t r u m  is 
s h if te d  t o  t h e  re d  b y  a n  a m o u n t  d e p e n d in g  o n  t h e  
s o lv e n t  r e f r a c t iv e  in d e x . T h e  p o la r iz a t io n  r e d  s h if t  
is  a lso  o p e r a t iv e , so  t h a t  t h e  r e s u lt a n t  is a lw a y s  t o  
t h e  r e d . V i b r a t io n a l  s t r u c t u r e  w i l l  t e n d  t o  b e  p r e ­
s e r v e d .

Case IVa.— T o  m a k e  t h e  a r g u m e n t  c le a r  w e  ta k e  
t h e  e x tr e m e  case w h e r e  t h e  d ip o le  m o m e n t  in  t h e  
e x c ite d  s ta te  is z e ro . T h e  g r o u n d  s ta te  s o lv a t io n  
e n e r g y  is la r g e ly  d u e  t o  d ip o le -d ip o le  fo rc e s , a n d  
t h e  s o lv e n t  ca g e  is  o r ie n te d . I n  th e  e q u i l ib r iu m  ex­
c ite d  s ta te  t h e  s o lv a t io n  e n e r g y  is  m u c h  s m a lle r  
s in c e  th e r e  is n o  d ip o le -d ip o le  c o n t r i b u t io n  (see 
F i g .  3 a ) .  I n  t h e  F r a n c k - C o n d o n  s ta te , t h e  n o n ­
p o la r  e x c ite d  s o lu te  is in  a  c a g e  o f o r ie n t e d  d ip o le s  
(o r ie n t a t io n  s t r a in ) ,  a n d , as P a u l i n g 13 s h o w e d , t h is  
c o n t r ib u t e s  a  n e g a t iv e  t e r m  t o  t h e  F r a n c k - C o n d o n  
s o lv a t io n  e n e r g y  w h ic h  is e q u a l t o  t h e  e n e r g y  i n p u t  
r e q u ir e d  t o  o r ie n t  s o lv e n t  d ip o le s  a r o u n d  a  n o n -p o la r  
m o le c u le . A s  s h o w n  i n  F i g .  3 a  t h e  e ffe ct o n  t h e  
s o lu t io n  s p e c t r u m  w i l l  b e  t o  g iv e  i t  a  p o s it iv e  d is ­
p la c e m e n t  t o  t h e  b lu e  as c o m p a r e d  w i t h  t h e  gas. 
T h e  e ffe ct w i l l  b e  less, b u t  in  t h e  s a m e  d ir e c t io n , if  
t h e  d ip o le  m o m e n t  in  t h e  e x c ite d  s ta te  is n o t  z e ro , 
p r o v id e d  i t  is  less t h a n  th e  g r o u n d  s ta te  m o m e n t .

T h e  m a g n it u d e  o f t h e  b lu e  s h if t  w i l l  d e p e n d  o n  
s e v e ra l f a c to rs , in c lu d in g  th e  m a g n it u d e  o f  t h e  
c h a n g e  in  d ip o le  m o m e n t  d u r in g  t h e  t r a n s i t io n , th e  
v a lu e  o f t h e  s o lv e n t  d ip o le  m o m e n t ,  t h e  e x t e n t  to  
w h ic h  t h e  s o lu te  a n d  s o lv e n t  d ip o le s  a re  “ e x p o s e d ,”  
a n d  t h e  size s o f  s o lu te  a n d  s o lv e n t  m o le c u le s . I f  
t h e  s o lv e n t  m o le c u le s  a re  s m a ll, f o r  e x a m p le , m o r e  
o f t h e m  c a n  g e t  c lose t o  th e  s o lu te  d ip o le  w i t h  th e  
r e s u lt  o f g re a te r  in t e r a c t io n . T h e  s u p e rim p o s e d  
p o la r iz a t io n  re d  s h if t  w i l l  u s u a l ly  b e  d o m in a t e d  b y  
t h is  d ip o le  b lu e  s h if t .

T h e  s a m e  a r g u m e n t s  a p p l y  i f  t h e  s o lu t e -s o lv e n t
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forces (inclu din g  orien tation ) are largely  due to  
h yd rogen  bon d in g  p rov id ed  it  is less in  the excited  
state. O w ing to  the existence o f  orien tation  strain, 
v ib ra tion a l stru ctu re w ill be  ob literated .

Case IVb.— T h e  d ip o le -d ip o le  forces betw een  
solute and  so lven t are greater in the excited  state 
than  in the grou n d  state. T h e  F ra n ck -C on d on  
excited  state is form ed  in an a lready  p a rtly  oriented 
so lven t cage, so  th at even  th ou gh  there is orien ta­
tion  s tra in ,18 s' w ill be greater than  s", and  the solu ­
tion  spectru m  is sh ifted  to  th e  red. T h e  en ergy  re­
lations are show n  in  F ig . 3b . T h e  superim posed  
polarization  sh ift is a lso to  the red. T h e  m agni­
tu de  o f th e  sh ift depends on  the sam e factors  as in 
case IV a . V ibration a l structure is p rob a b ly  blurred 
or  ob litera ted ; b u t it  m ight be  preserved  i f  there is 
orien tation  saturation  in  th e  grou n d  sta te .18 T h e  
sam e red sh ift w ill occu r  in  the case o f  h ydrogen  
bon d in g  th at is increased in  th e  excited  state.

Discussion.— T h e  2600 and  2000 A . transitions 
o f benzene are exam ples o f  the n on -polar solute o f 
cases I and II. T h e  freq u en cy  displacem ents are 
to  the red b y  am ounts depending  on  the solven t 
refractive index w ith  slight anom alies in w ater 
(2600 A .) an d  ethanol (2000 A . ) .9 C ondensed  aro­
m atic h yd rocarbon s also sh ow  the polarization  shift 
o f  cases I and I I 19'20 a lthou gh  exception s h ave been 
rep orted .21 T h e  so lven t effects in  th e  spectra  o f 
toluene (2600 A .) and ch lorobenzene (2600 and 
2000 A .) are also dom inated  b y  the red polarization  
sh ift o f  cases I  and  I I ,9 even  th ou gh  the solutes 
are polar. T h e  reason is doubtless th at these transi­
tions are x *  x  and  close ly  resem ble the corre­
spon d in g  benzene transitions, and  th at th e  electron  
d isp lacem ent in the x  shell has little  effect on  the 
d ipole  m om en t o f the - C H 3 and - C l  substituent 
groups.

H ow ever w hen  th e  spectru m  o f a polar solute is 
defin itely  associated  w ith  th e  polar grou p , either 
one o f  cases I I I  and  IV  shou ld  app ly . T h u s H am ­
m on d  an d  M o d ic 22 h ave recen tly  show n th at the 
characteristic 2600 A . ban d  o f arom atic n itro  co m ­
pou nds has an increasing red sh ift in the solvents 
ethanol, w ater and su lfuric acid  in that order. T h is 
is a case IV b  effect, consistent w ith  the increase in 
d ipole  m om en t i f  the transition  in vo lves ob v iou s  
resonance form s such as

T h e  observed  red  sh ift is a lso consistent w ith  in­
creased H -b on d in g  in  th e  excited  state as suggested 
b y  H am m on d  and M o d ic .22 T h e  red sh ift in  n itro - 
olefin sp ectra  in  ethanol as com pared  w ith  '«-hexane 
as a solven t, described  b y  B raude, Jones and  R o s e ,23

(1 8 )  I f  s o lu t e -s o lv e n t  o r ie n ta t io n  h a s  r e a c h e d  “ s a t u r a t io n ”  in  th e  
g r o u n d  s ta te , th e r e  w ill  b e  n o  o r ie n ta t io n  s tr a in  in  t h e  F r a n c k -C o n d o n  
s ta te  s in c e  n o  fu r th e r  o r ie n ta t io n  is  p o s s ib le .

(1 9 ) N . D .  C o g g e s h a ll  a n d  A . P o z e fs k y , J. Chem. P h y s 19, 9 8 0  
(1 9 5 1 ).

(2 0 )  G . M .  B a d g e r  a n d  R .  S . P e a rc e ,  Spectrochim. Acta, 4 ,  2 8 0  
(1 9 5 1 ).

(2 1 )  R .  S c h n u r m a n n  a n d  W . F . M a d d a m s , J. Chem. Phys., 19, 1 43 0  
(1 9 5 1 ).

(2 2 )  G . S . H a m m o n d  a n d  F . J. M o d i c ,  J. Am. Chem. Soc., 75, 1385
(1 9 5 3 ).

(2 3 )  E . A . B r a u d e , E . R .  H . J o n e s  a n d  G . G . R o s e ,  J. Chem. Soc.t 
1 1 0 4  (1 9 4 7 ) .
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Fig. 3.—Solution spectrum when dipole-dipole forces are 
dominant between solute and solvent, and when there is 
orientation strain in the Franck-Condon excited state: 
(a) dipole moment of solute decreases, and (b) it increases, 
during the transition.

is also case IV b , suggesting a transition  such as

\  + /ft \  + + / O -

I t  is to  be n oted  th at the n orm al re fractive  index 
dependen t red sh ift has been  “ sw am ped”  in  these 
tw o  cases. (N itrom eth an e an d  n itrobenzene spec­
tra  are discussed in the fo llow in g  paper.7)

U n gn ade6 has q u oted  data  on  th e  “ p rim a ry”  
bands (analogous to  benzene 2000 A .) o f  ben zoic 
acid , acetoph en one and benzaldehyde, w h ich  all 
h ave a sm all red sh ift o f  2 to  9 A . in w ater as com ­
pared w ith  ethanol. T h e  transitions are x *  x, 
and each  com p ou n d  has a dou b le  b o n d  con ju gated  
w ith  the ring system . A n  increase in  the dipole 
m om en t (or  o f  H -b on d in g ) is to  be  exp ected  from

in con form ity  w ith  case IV b . T h e  analogous case 
o f croton a ldeh yde w ill be seen in the next paper to  
beh ave  sim ilarly .7 T h e  sam e au th or5 has show n 
th at the “ p rim ary”  and  “ secon d a ry ”  bands (analo­
gous, respectively , to  benzene 2000 an d  2600 A .) o f  
anisole, d iph en yl ether, acetanilide, d im ethylan iline 
and iodoben zen e sh ow  b lu e sh ifts in the order o f 
solvents cyclohexane, a lcoh ol and  w ater, th e  gas 
data  n o t being qu oted . In  term s o f the con cep ts o f 
this paper these shifts are in  the d irection  consistent 
w ith  the sh ift being p redom in an tly  the polarization  
sh ift o f  cases I and I I , since the solven t refractive 
indices decrease in the sam e order. T h e  transitions 
are x *  x , and  n one o f the com p ou n d s has a  d ou ­
ble b on d  con ju gated  w ith  the rin g ; the cases are 
therefore  analogous to  to luene an d  ch lorobenzene 
q u oted  previou sly .

Solvent Effect on x* x  and x* <— n  Transi­
tions.— K a sh a 1 and M cC o n n e ll2 h ave p rop osed  sol­
v en t effects as on e criterion  fo r  distinguishing 
betw een  x *  x  and  x *  n transitions, an d  the 
latter au th or describes bands as “ red  sh ift”  or “ b lue 
sh ift”  a ccord in g  to  their d isp lacem ent in rhe sol­
v en t order paraffin, a lcoh ol, w ater, w ith ou t reference 
to  the gas frequ en cy . M cC on n e ll states chat all
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k n ow n  7r* n  transitions are blue shift, b u t that
the converse is n ot necessarily  true, q u otin g  the 
case o f  the tv* ■*- r  2600 A . transition  o f benzene, 
w h ich  is b lue sh ift in his term in ology . N o w  the 
case o f  benzene has been show n defin itely  b y  B ayliss 
and H u lm e 9 to  be  a polarization  red sh ift (cases I 
and  I I ) ,  and  in  fa ct all polarization  red shifts are 
“ b lu e”  shifts in M cC o n n e ll’ s sense, since the refrac­
tive  indices decrease in the order paraffin, a lcohol, 
w ater. M cC o n n e ll ’s defin ition  fails to  m ake the 
im p ortan t d istin ction  betw een  (a) “ b lu e sh ifts”  
that are red  shifts com pared  w ith  the gas as in 
cases I  and I I , and (b ) “ blue sh ifts”  th at are blue 
shifts com pared  w ith  the gas as in cases I l i a  and 
IV a .

H ow ever it  is readily  seen th at a 7 r* n  transi­

tion  is lik ely  alw ays to  con form  to  cases I l i a  and 
IV a , since it in vo lves a n on -bon d in g  (n) e lectron  
loca lized  on  a h etero -a tom  w hich  is u sually  exposed  
or term inal to  a con ju gated  system . D u rin g  the 
transition  it is excited  in to  a r *  o rb ita l associated  
w ith  a n eighboring d ou b le  b on d  or w ith  a n on -lo - 
calized con ju gated  system . T here  is thus an elec­
tron  d isp lacem ent aw ay  from  the h etero-a tom , and 
this w ill u sually  decrease the d ipole  m om en t or the 
H -b on d in g  ca p a city . T h e  cases o f acetone, cro ton - 
a ldehyde, n itrom ethane and n itrobenzene are in ­
stru ctive in this regard, and are d escribed  in the fo l­
low in g  p aper . 7

Acknowledgment.— T h e authors are in debted  to  
the U n iversity  R esearch  F un d  for  financial assist­
ance.
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The ultraviolet absorption spectra of acetone (I), crotonaldehyde (II), nitromethane (III) and nitrobenzene (IV) have 
been measured in polar and non-polar solvents. The t * —  n transitions of I, II and III are accompanied by a decreased 
dipole moment in the excited state and relative to the gas are displaced to the blue in polar solvents, and either to the red 
(I, III) or to the blue (II) in non-polar solvents. The t *  ■*— v  transitions of II and IV have an increased dipole moment 
in the excited state and are displaced to the red in both polar and non-polar solvents. These effects are interpreted in 
terms of dipole-dipole, hydrogen bonding, dipole-polarization and transition dipole interactions in accordance with the 
general theory proposed by the authors in a previous paper. Quantitative data are given for the 2800 A. transition of 
nitromethane gas.

In the previous paper1 the authors outlined the 
solvent effects in electronic absorption spectra to 
be expected from (a) the presence of a dipole mo­
ment in the solute or solvent molecule, (b) the 
change in dipole moment during the optical transi­
tion, and (c) the operation of the Franck-Condon 
principle. The present paper describes solution 
spectrum data for acetone, crotonaldehyde, nitro­
methane and nitrobenzene, which illustrate these 
principles. The known ultraviolet absorption spec­
tra of these compounds and their probable assign­
ments are now summarized.

Acetone.—There are two diffuse ultraviolet 
bands; the first at 2800 A . is very weak with its 
oscillator strength /  ~  0.0004, and the second at 
about 1900 A. is moderately intense with a maxi­
mum extinction coefficient2 em ~  1000. McMurry3 
has identified the 2800 A . band as a forbidden tv* ■*— 
n  transition involving excitation of a non-bonding O 
electron to an anti-bonding t  orbital between the 
C and O of the carbonyl group. The 1900 A. band, 
which is not dealt with in this paper, is ascribed by 
McMurry to the excitation of a w electron into an 
orbital with a symmetry between the C and the O, 
i.e., it is a a* t  transition, although Hartmann 
regards it as tv* * -  r . 2

Crotonaldehyde.—Again there 0are twTo ultra­
violet bands; the first at 3300 A . is weak ( /  ~

(1 ) N .  S . B a y lis s  a n d  E . G . M c R a e ,  T h is Jo u r n a l , 58, 1002 (1 9 5 4 ).
(2 ) H . H a r tm a n n , Z  physik. Chem., 195, 58  (1 9 5 0 ).
(3 ) H. L . M c M u r r y ,  J. Chem. Phys., 9, 231 (1 9 4 1 ).

0 .0 0 0 4 )  a n d  t h e  s e c o n d o a t  2 2 0 0  A .  is  in t e n s e  ( /  ~  
0 .4 ) .  T h e  w e a k  3 3 0 0  A .  b a n d  is  a  x* n t r a n s i -  
t i o n  r e s e m b l in g  t h e  2 8 0 0  A .  b a n d  o f  a c e t o n e ,3 a n d  
i t s  a p p e a r a n c e  a t  l o w e r  f r e q u e n c y  in  c r o t o n a ld e h y d e  
is  b e c a u s e  o f  t h e  lo w e r  e n e r g ie s  o f  t h e  e x c i t e d  tv* o r ­
b i t a ls  in  t h e  m o r e  e x t e n d e d  c o n ju g a t e d  s y s t e m  C =  
C — C = 0 .  T h e  in te n s e  2 2 0 0  A .  b a n d  is  a  tv* w 
t r a n s i t io n  in v o lv in g  th is  c o n ju g a t e d  s y s t e m .3

Nitromethane.— T h e r e  is  a  w e a k  d if fu s e  b a n d  a t  
2 8 0 0  A D  w i t h  a b o u t  t h e  s a m e  in t e n s i t y  a s  a c e t o n e  
(2 8 0 0  A . ) .  T h is  s im i la r i t y  in  p o s i t i o n  a n d  in t e n ­
s i t y  s u g g e s ts  t h a t  th e  n i t r o m e t h a n e  c a s e  is  l ik e w is e  
a  f o r b id d e n  ir* ■ *- n t r a n s i t io n  in v o lv in g  a  n o n - b o n d ­
in g  O  e le c t r o n .  M o r e  in t e n s e  a b s o r p t io n ,  w it h  
w h i c h ow e  a r e  n o t  c o n c e r n e d  h e r e , s e ts  in  a t  a b o u t  
2 3 0 0  A . 46

Nitrobenzene.— T h e spectrum  is com p lex  and 
p ossib ly  consists o f  the fo llow in g  transitions: (a) 
an intense ban d  w hose m axim um  lies b e low  2000
o  o

A . ,  ( b )  a  s h o u ld e r  a t  a b o u t  2 1 5 0  A .  t h a t  a p p e a r s  
in  p o la r  s o lv e n t s ,  ( c )  a n  in te n s e  b a n d  ( /  ~  0 .1 )  a t  
2 6 0 0  A . ,  a n d  ( d )  t w o  w e a k  b a n d s  o r  s h o u ld e r s  a t  
a b o u t  2 9 0 0  a n d  3 6 0 0  A . 6 -8  W e  a r e  c o n c e r n e d  w it h

(4 )  A .P .I .  R e s e a rc h  P r o je c t  4 4 ; C a rn e g ie  In s t it u t e  o f  T e c h n o lo g y ,  
C a ta lo g  o f  U lt r a v io le t  S p e c tr a l  D a t a ;  S e ria l N o .  104 , N it r o m e th a n e .

(5 )  C o n tr ib u t e d  b y  C a li fo rn ia  R e s e a rc h  C o r p o r a t io n , R ic h m o n d , 
C a lif .

(6 )  L a n d o lt -B o r n s t e in ,  “ P h y s ik a lis c h -c h e m is c h e  T a b e lle n ,”  S p r in g e r , 
B e r lin , 195 1 , 6 th  e d ., P a r t  3 ( I I ) ,  p .  26 7 .

(7 ) G. S . H a m m o n d  a n d  F . M o d i c ,  J. Am. Chem. Soc., 75, 1385 
(1 9 5 3 ).

(8 ) H . U n g n a d e , ibid., 75, 4S2 (1 9 5 3 ).
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the 2600 A . ban d  w hich  has been  show n b y  D o u b  
and V a n d en b e lt 9 to  be  related  to  the ir* ■*- r  2000
o

A . ban d  o f benzene w hich  has abou t the sam e in ­
tensity .

Experimental
Purification of Materials.—-Acetone for use as solute was 

purified through the sodium iodide compound; b.p. 56.1° 
(56.2°), nwd 1.3609 (1.3616).10 For use as solvent, acetone 
of British Drug Houses Analar grade was dried over anhy­
drous calcum sulfate and fractionated; b.p. 56.1° (56.2°), 
n2° d 1.3591 (1.3591).

Crotonaldehyde (British Drug Houses laboratory re­
agent) was dried over calcium chloride and fractionated; 
b.p . 102° (104°), n20D 1.4381 (1.4375).“

Nitromethane (L. Light and Co.) was fractionated twice; 
b.p. 101.5° (101.2°), n»D 1.3820 (1.3820).

Nitrobenzene of commercial grade was dried over an­
hydrous calcium sulfate, six times fractionally crystallized 
and fractionated twice under reduced pressure; b.p. 101° 
(20 mm.) (100° (20 mm.)), n11 d 1.5546 (1.5545).

n-Heptane (technical) was repeatedly shaken with con­
centrated sulfuric acid and washed with water, sodium 
carbonate and water. It was dried over anhydrous calcium 
sulfate, refluxed over sodium and fractionated; b.p. 97.9° 
(98.4°), ra26D 1.3849 (1.3852).

Cyclohexane (British Drug Houses “ special for spectro- 
copy” ) was crystallized six times, refluxed over sodium and 
fractionated; b.p. 80.6° (80.8°), «%> 1.4261 (1.4263).

Benzene (British Drug Houses “ Analar” ) was shaken 
four times with concentrated sulfuric acid, washed and 
dried over calcium chloride. It was then crystallized three 
times, refluxed over sodium and fractionated; b.p. 80.1° 
(80.1°), b 25d 1.4980 (1.4981).

Carbon tetrachloride (technical grade) was shaken with 
sodium hydroxide in water-ethanol, washed, dried over 
potassium hydroxide and fractionated; b.p. 76.6° (76.7°), 
»%> 1.4600 (1.4604).

Chloroform (Judex analytical reagent) was dried with 
calcium chloride and fractionated less than six hours before 
use; b.p. 61.0° (61.2°), ra20D 1.4452 (1.4455).

Ethanol, a commercial “ absolute”  grade containing a 
trace of benzene was fractionated with ' / m of its volume of 
water, refluxed over calcium oxide in a nitrogen atmosphere, 
distilled, refluxed with silver nitrate and potassium hydrox­
ide, and fractionated; b.p. 78.2° (78.3°), w16d 1.3632 
(1.3633).

Sulfuric acid was a “ pure”  grade of local manufacture 
containing 90% by weight of H2S04.

Water was twice distilled.
Spectra.—The solution spectra were measured with a 

Beckman quartz spectrophotometer, model DU. Path 
lengths were 1 cm. or 0.1 cm. (1-cm. cell with 0.9-cm. 
spacer). Slit widths were kept as small as possible by sub­
stituting when necessary a 10,000 megohm phototube load re­
sistor for the usual 2000 megohm resistor. To ensure that 
comparisons were valid, the slit width was kept constant 
in spectra to be compared, i.e., for one solute in a series of 
solvents.

The gas spectra of acetone and nitromethane, which were 
investigated primarily to fix the position of their maxima, 
were measured12 by introducing into the 10-cm. Beckman 
gas absorption cell slightly more of the liquid than was re­
quired to saturate the space with the vapor. Ample time 
was allowed for equilibrium, and the temperature of the cell 
enclosure was continuously observed during the measure­
ments. The vapor concentration was obtained from re­
corded vapor pressures.13 Although positive thermostating 
was not employed, the temperature of the enclosure was 
quite steady on each occasion, and repeated measurements 
on days with different ambient temperatures were in good 
agreement.

(9) L. Doub and J. M. Vandenbelt, J .  A m .  C h e m . S o c . , 69, 2714 
(1947).

(10) Except where indicated otherwise, physical constants in 
parentheses are from Timmermans, "Physico-Chemical Constants of 
Pure Organic Compounds,” Elsevier, Amsterdam, 1950.

(11) "The Merck Index,” 5th ei., Merck & Co. Inc., 1940, p. 173.
(12) These measurements carried out by Mr. C. J. Brackenridge.
(13) Reference 10, pp, 354, 577.

Results
Q u an tita tive data  on  the 1800 A . sp ectru m  of 

n itrom ethane v a p o r  d o  n o t  seem  to  be  ava ilab le  in 
th e  literature, and are th erefore  presented  briefly  
in  T a b le  I  and  in  F ig . 1. O ur m easurem ents on

T able  I
Spectrum op N itrom ethane  V apor

V X 10-< 
(cm. ') €

V X 10-<
(cm. l) £

3.2 2.0 3.8 7.3'
3.4 5.0 4.0 4.5
3.6 7.7“ 4.1 (min.) 3.0
3.63 (max.) O00 4.3 10

There is a weak diffuse structure near the maximum.

Wave number, cm.-1 X 10~4.
Fig. 1.—The nitromethane (2800 A.) band in: V, vapor; 

B, benzene; CF, chloroform; CT, carbon tetrachloride; 
E, ethanol; S, sulfuric acid; W, water. Maxima are indi­
cated, and in ethanol only the portion of the curve near the 
maximum is shown. Note red shift in non-polar, and blue 
shift in polar, solvents (see text).

the 2800 A . spectru m  o f aceton e  va p or, using the 
sam e techn ique, w ere in g o o d  agreem ent w ith  those 
o f  P orter and Id d in g s . 1 4  T h e  n itrom eth ane spec­
trum  had w eak, diffuse and  rep rodu cib le  structure 
th at was m ost noticeab le  near the m axim um , and 
th at w as associated with a freq u en cy  in terva l o f 
the order o f  500 c m .-1 . T h e  a ceton e  gas spectrum  
show ed con siderab ly  w eaker, b u t w e believe defi­
n ite, ind ications o f  sim ilar s tru ctu re . 1 6

T h e  solu tion  spectra  are recorded  in T ab les II  
and I I I ,  w h ich  g ive  the w ave n um ber vm an d  the 
m olar extinction  coefficient em at the m axim um , as 
w ell as the oscilla tor strength  /  o f  each  band, e 
is defined b y  the relation

logic/o// =  eel
(14) C. W. Porter and C. Iddings, J .  A m .  C h e m . S o c . , 48, 40 (1926)-
(15) G. W. Luckey, A. B. F, Duncan and W. A. Noyes, J .  C h e m -  

P h y s  , 16, 407 (1948).
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T a b l e  II
ir* *- n T r a n s i t i o n s

Solvent n° Acetone, 2800 Á. Nitromethane, 2800 A. Crotonaldehyde, 3300 Â.

Solvent
2800
Â.

3300
Â.

rm X  10 -«  
c m .“ 1 era

/ X
10*

X  1 0 - «  
c m ." 1 em

/  X  
10*

X  10 "« 
c m ." 1 «m

1 X  
10*

Gas 3.62 11.2 3.4' 3.63 8 2.4' 3 .049d 18 4.7

Non-polar
n-Heptane 1.426 1.406 3.584 13.0 4.3 3.602 18.2 5.1 3.058 24 7.0
Cyclohexane 1.47 1.45 3.574 14.7 4.9 3.595 18.2 5.1 3.055 21 6.0
Carbon tetra-

chloride 1.52 1.49 3.571 20.1 6.5 3.612 20.5 5.7 .  .  .

Benzene 1.62 1.56 3.577 17.5 >3.6 >31 3.086 32 8.6

Polar
Chloroform 1.50 1.47 3.625 17.3 5.4 3.627 19.6 5.4
Acetone 1.40 1.39 3.060 24
Ethanol 1.37 1.38 3.677 16.0 5.1 3.65 16.9 4.8 3.300 40 9.7
Water 1.36 1.35 3.776 17.9 5.2 3.72 15.4 4.3
Sulfuric acid (90%) . . .  . . .  . . .  . . .  . . .  3.96 15.6

® Refractive indices from. Landolt-Börnstein, “ Physikalisch-chemische Tabellen,” 5th Ed., Springer, Berlin. b These 
values are actually for hexane. e Gas values for acetone and nitromethane by Mr. C. J. Brackenridge.12 d Gas values 
for crotonaldehyde from Blacet, Young and Roof, J. Am. Chem. Soc., 59, 608 (1937).

T a b l e  III
Tr * T T r a n s i t i o n s

Solvent
2500

n a
2200

Nitrobenzene, 2500 Â. vm X 10-4
Crotonaldehyde, 2200 Â.

Solvent â . A. (cm. 0 era / Km X 10-< em
Non-polar

n-Heptane 1.436 1.46 3.974 8350 0.23 4.704 16,000
Cyclohexane 
Carbon tetrachloride

1.48
1.54

1.52 3.954
3.917

9900
9790

0.26 4.675 13,000

Polar
Chloroform
Ethanol

1.52
1.40 1.44

3.815
3.858

8330
8240

0.25
0.26

Water
Sulfuric acid (90%)

1.38 1.40 3.737
3.456

8190
8500

0.26
0.30

4.476 15,000

a’b See a and b of Table II.

w here Jo and I  are in ciden t and  transm itted  intensi­
ties, c is con cen tration  in m ole l . -1 , and  l is path  
length  in cm . T h e  absorp tion  m axim a are rather 
flat, and  there is a consequent u n certa in ty  o f  the or­
der o f  50 cm . - 1  in our estim ates o f  vm. T h e  spec­
tra are a lso show n in F igs. 1 -5 .

Discussion
The 7r* ■*- n  Transitions.— T h e w eak bands in 

aceton e (2800 A .) , n itrom eth ane (2800 A .) and  cro ­
ton a ld eh yde (3300 A .) all in v o lv e  the transfer o f  a 
n on -b on d in g  O electron  to  a 7r* orb ita l w hose “ cen­
ter o f g ra v ity ”  is nearer the center o f the m olecule. 
S ince each o f these m olecules has a d ipole with the 
n egative end directed  tow ard  the oxygen , the trans­
fer o f  electron ic charge aw ay  from  the oxygen  will 
in each case cause the perm anent d ipole  m om en t to  
be  decreased in the excited  state. T hu s the spectra  
should  con form  to  cases I l i a  and IV a  o f the p reced ­
in g  p aper . 1

In  n on -polar solvents there is com p etition  be­
tw een  the polarization  shift (re fractive  index de­
pen den t and to  the red) and the d ip o le -p o la riza tion  
shift to  the blue (case I l i a )  depending  on the 
change in the perm anent d ipole  m om ent and  on 
the so lven t re fractive  index. T h ere  is n o  orienta­
tion  strain. N o w  in T a b le  I I  (a lso F ig. 2) it  is seen 
th a t there is a progressive sh ift t o  the red o f aceton e

(2800 A .), v a ry in g  w ith  refractive index, in the 
solvents heptane, cycloh exan e and carbon  tetrach lo ­
ride. T h is con form s to  predom inance o f the polari­
zation  shift. In  benzene, the n on -p olar so lven t o f 
h ighest re fractive  index, there is a lessened red shift 
w h ich  w e interpret as due to  the increasing im por­
tance, b u t n o t dom inance, o f the case I l i a  b lue 
shift. In  n itrom ethane (2800 A .) (F ig . 1) the re­
sults are sim ilar, excep t th at the case I l i a  b lue sh ift 
begins to  be apparent, b u t still n ot dom inant, in car­
bon  tetrach loride. T h e  v ery  high in ten sity  o f  n itro ­
m ethane in benzene suggests som e specific in terac­
tion  o f w hich  w e offer n o  explanation. In  croton a l­
deh yde (3300 A .) , the shifts in n on -polar solvents 
are all to  the blue and rou gh ly  parallel to  solven t 
re fractive  index, suggesting th at the case I l i a  blue 
sh ift has attained dom inance over  the polarization  
red shift (F ig . 3 ). I t  is obv iou s  th at this result can 
be  understood  on ly  if  the change in the perm anent 
d ipole  m om en t is con siderably  greater in the cro ­
ton a ldeh yde (3300 A .) transition  than in  aceton e  
(2800 A .) and n itrom ethane (2800 A .), since the 
m agn itude o f the case I l i a  b lu e sh ift depends on 
this change. N o w  the transition  in aceton e  trans­
fers electron ic charge from  the oxygen  to  a t * o rb i­
tal d istributed  ov er  C = 0 ,  w hile in croton a ld e ­
h y d e  the 7r* orb ita l is d istributed  over the longer 
con ju gated  system  C = C — C = 0 .  T h u s the e lec-
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Wavenumber, cm.-1 X 10-4.
Fig. 2.—The acetone (2800 A.) band in: V, vapor; B, 

benzene; CF, chloroform; CT, carbon tetrachloride; E, 
ethanol; H, ra-heptane; W, water. Only portions near the 
maxima are shown for B, CF and E. The blue shift V, E, 
W and the red shift V, H, B, CT are clearly shown, with 
CF little shifted (see text).

Wave number, cm.-1 X 10 4.
Fig. 3.—-The crotonaldehyde (3300 A.) band in: V,

vapor; A, acetone; B, benzene; H, n-heptane; W, water. 
The shifts are all to the blue, and the diffuse structure is 
absent in A and W (see text).

tron ic  d isp lacem ent, and hence the decrease in per­
m anent d ip ole  m om ent, should  be  greater in  cro to n ­
a ldeh yde than  in aceton e, in  agreem ent w ith  the

cyclohexane; H, n-heptane; W, water. The polar solvent 
here causes a red shift (see text).

' o
Fig. 5.—-The nitrobenzene (2500 A.) band in: CF, chloro­

form; CH, cyclohexane; CT, carbon tetrachloride; _ E, 
ethanol; H, n-heptane; S, sulfuric acid; W, water. Maxima 
only are shown for CF, CH and E. Polar solvents cause 
a red shift (see text).

a b ov e  in terpretation  o f th e  solu tion  spectra . N itro - 
m ethane appears t o  present an in term ediate  case.

In  polar solvents (case IV a ) there is the ad d i­
tiona l e ffect o f  d ip o le -d ip o le  in teraction  (and pos­
s ib ly  a lso o f h yd rogen  b on d in g ) togeth er w ith  or i-
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entation  strain. W e  h ave p rev iou sly  s ta ted 1  that 
d ip o le -d ip o le  forces should  be  dom inan t ov er  the 
e ffect o f  d ip o le -p o la riza tion  and  over the polariza­
tion  red shift. In  ch loro form ,ob o th  aceton e  (2800 
A .) and  n itrom ethane (2800 A .)  sh ow  a lm ost n o  
sh ift (T a b le  I I  and  Figs. 1 , 2 ), sh ow ing  th at the 
case IV a  blue sh ift has ju st cancelled  the polariza­
tion  red shift, since if  the latter a lone w ere operative 
the red sh ift w ou ld  be  sim ilar to  th at in  carbon  te t­
rach loride. In  acetone, ethanol and  w ater there 
are in  all spectra  increasingly  large blue sh ifts w hose 
m agn itude doubtless depends on  several fa ctors : 
(a ) orien tation  strain, (b ) decreased d ip o le -d ip o le  
in teraction  in  the excited  state, (c ) decreased  h y ­
drogen  b on d in g  in the excited  states and  (d ) de­
creasing size o f  the solven t m olecules so th at m ore 
o f them  com e w ith in  the range o f nearest n eighbor 
in teraction . C on form in g  w ith  our ease IV a  in ter­
pretation , it  is to  be n oted  that H artm an n  and 
S ch lä fer 1 6  have observed  progressive b lu e shifts 
w hen polar solvents (including aceton e  itself) are 
added  to  solutions o f  aceton e in cyclohexane.

I t  is also im p ortan t to  n o te  th at diffuse v ib ra ­
tional structure, w h ich  is present in  the n itrom eth ­
ane and  croton a ldeh yde spectra  in the gas and in  
n on -polar solvents, is ob literated  in  the polar sol­
vents (F igs. 1, 3 ). T h is is the pred icted  result of 
orien tation  strain. T here  m a y  w ell be  specific in ­
teraction  in  th e  case o f n itrom eth ane in  su lfuric 
acid  (F ig . 1).

The x *  <— 7r Transitions.— T h e  transitions con ­
cerned here are those o f  croton a ld eh yd e  (2200 A .) 
and n itrobenzene (2500 A .) . T h e  experim ental 
data  are show n in T a b le  I I I  and in F igs. 4 and  5. 
In  th e  absence o f  gas data  it is seen th at the cro ton ­
a ldeh yde b an d  is displaced to  the red in the solven t 
order heptane, cyclohexane, water. T h e  first tw o  
are non -polar, the spectrum  bein g  rather further 
to  the red in  the solven t o f  greater refractive index. 
T here  is a substantial further red sh ift in  the polar 
so lven t w ater. In  n itrobenzene, there are red 
shifts vary in g  qu a lita tive ly  w ith  re fractive  index 
in the n on -polar solvents heptane, cycloh exan e and  
carbon  tetrach loride. T here  are still greater red 
shifts in  polar solvents in the order ethanol, ch lo ro ­
form , w ater, su lfuric acid . (T h e  p ossib ility  o f  spe­
cific in teraction  in su lfuric acid  can not be  over­
look ed  ; b u t it  seem s to  b e  significant th at in  b o th  
n itrom ethane and  n itrobenzene th e  d isp lacem ent 
caused b y  su lfuric acid  is in the sam e d irection  as, 
b u t greater than, th at caused b y  w ater.)

T hese effects are all consistent w ith  cases IH b  
and IV b  o f the previou s p ap er , 1  i.e., w ith  w hat 
w ou ld  be  expected  if  the d ipole  m om en t increases 
during the transition . In  n on -p olar solvents (IH b ) 
the polarization  red sh ift and  the e ffect o f  dipole 
polarization  forces are in  the sam e d irection  (red 
sh ift) in con trad istin ction  to  case I l ia .  In  polar 
solvents (IV b ) the dom inan t d ip o le -d ip o le  forces 
or  h ydrogen  b on d in g  forces cause the greater shift 
to  the red.

C onsideration  o f  the ty p e  o f  transition  m akes it 
appear h igh ly  p robab le  th at th e  d ipole  m om en t in ­
creases; in  fa ct one m ight suggest th e  solven t ef-

(1 6 ) H . H a r tm a n n  a n d  H . L . S ch lä fe r , Z . E l e lc t r o c h e m .,  54, 3 3 7  
(1 9 5 0 ) .

feet as ev iden ce  fo r  the increase. U sing ob v iou s  
im portan t resonance form s, the transitions are 
p ro b a b ly  represented b y

^>C=C—C = 0  — =- ^>C—C =C —5

and b y

w here in b o th  cases there is a greater d ipole  m o ­
m ent in th e  excited  state. In  this con n ection  it 
should  be n oted  th at B raude, Jones and  R o s e 17 h a v e  
fou n d  th at the x *  ■«— x  transition  in  n itroolefins is 
sh ifted  to  the red  in ethanol as com p ared  w ith  h ex ­
ane, consistent w ith  the case IV b  effect o f  an in ­
creased d ipole  m om en t as a result o f

N c = C — — s- \ c —C = n / °
/  X) /  X)

F rom  the a b ov e  it is seen that the m easured sp ec­
tra con form  qu alita tive ly  to  the schem e described  
in the previous p a p er .1 W o rk  is n ow  in progress to  
p lace the th eory  on  a m ore  qu antita tive  basis, one 
o f the outstanding questions being w hether d ip o le - 
d ipole  in teraction  or h yd rogen  b on d in g  is the m ore  
im portan t ty p e  o f so lu te -so lv en t in teraction  b e ­
tw een  a polar solu te  and  a polar solvent. E a ch  
case considered here has oxygen  a t the n egative  end 
o f th e  solute d ipole, and either ty p e  o f  in teraction  
is qu a lita tive ly  consistent w ith  the experim ental 
facts. T h e  blue shifts in  the cases w here th e  solute 
d ipole  m om en t decreases, and the red shifts w here 
it  increases, occu r  in  either o f  the so lven t „orders 
ch loroform , ethanol, w ater (aceton e  2800 A ., n i­
trom ethane 2800 A .) or ethanol, ch loroform , w ater 
(n itrobenzene 2500 A .) . N o w  the order o f b o th  d i­
pole  m om ents and h yd rogen  bon d in g  ca p a city  is 
ch loroform , ethanol, wrater, and it appears as if  the 
anom alous position  o f ch loroform  in  th e  n itroben ­
zene case is due to  the superposition  o f th e  p olariza­
tion  red sh ift resulting from  its large re fractive  in ­
dex. T h e  order ch loroform , ethanol, w ater is also 
th at o f  decreasing m olecu lar size, and w hile this 
fa ctor  w ill n o t a ffect h ydrogen  bon d in g  in teractions, 
it  w ill a ffect the d ip o le -d ip o le  in teraction  since 
m ore  so lven t d ipoles are closer to  the solute d i­
p o le  if  the so lven t is sm all.

T h e  solven t d isplacem ents also co n fo rm  to  
M cC o n n e ll’ s 18 “ blue sh ift”  and “ red sh ift”  criteria 
to  distinguish  betw een  x* •«- n and x* x  transi­
tions. H ow ever w e have a lready  sh ow n 1 th at the 
M cC on n e ll criteria are a special case o f  ou r m ore 
general schem e, and m oreover th at th ey  h ave  the 
theoretical d isadvantage o f om ittin g  consideration  
o f the gas frequ en cy .

Solvent Effect on Spectral Intensity.— In  T ables 
I I  and  I I I  w e have presented for  record  purposes 
the oscillator strengths /  o f  the gas spectra  (w here 
availab le) and  o f th e  solu tion  spectra . T h ere  is 
cu rren tly  n o  sa tisfa ctory  th eoretica l ap p roach  to  
th e  p rob lem  o f spectra l intensities in  solu tion . 
T h e  rem ark ab ly  h igh in tensity  o f  n itrom eth ane

(17) E . A . Braude, E . R. H. Jonea and G . G . Rose, J. Chem. Soc., 
1104 (1947).

(18) H. McConnell, J. Chem. Phys., 20 , 700 (1952).
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(2800 A .) in  benzene is sim ilar to  oth er cases w here 
B ayliss and H u lm e19 h ave n oted  a specific enhance­
m ent w hen the solute has an a bsorp tion  ban d  close 
to  one o f th e  so lv en t; h ow ever it  is d ifficu lt t o  see 
w h y  aceton e  does n o t b eh ave  sim ilarly. T h e  h igh

(1 9 ) N . S . B a y lis s  a n d  L . H u lm e , Australian J. Chem., 6 , 2 5 7  (1 9 5 3 ) .

in tensity  o f  croton a ldeh yde (3300 A .)  in  w ater 
m u st be  due to  som e other cause. W e  feel th at fu r­
ther com m ent at present w ou ld  be  prem ature.

T h e  authors g lad ly  ackn ow ledge assistance from  
the U n iversity  R esearch  F un d , includ ing  the grant 
o f  a studentsh ip  to  one o f us.
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The adsorption isotherms for argon on pre-adsorbed krypton films on graphitized carbon black have been measured. After 
an initial decrease the volume of argon adsorbed increased steadily with the quantity of krypton, indicating a solution 
process. The data do not obey Raoult’s law or ideal solution theory and are interpreted on the basis of a modified regular 
solution theory. It is shown that there is a limiting value of the thickness of a krypton layer deposited on the adsorption 
sample. The solution of argon in bulk, krypton has been investigated at 77 °K.

Introduction
In  a previou s p a p er4 the adsorption  o f argon  on 

pre-adsorbed  layers o f  xen on  has been  reported. 
A t  the tem perature o f liqu id  n itrogen  th e  v a p o r  
pressure o f  k ry p ton  is low  enough  (1 .5  m m .) so 
that it was expected  th at sim ilar isotherm s for  argon 
on  k ry p ton  layers w ou ld  be  observed . H ow ever, 
it was fou n d  th at the argon d issolved  in the k ry p ­
ton . In stead  o f  ap p roach in g  a lim iting shape w ith  
increased p re-adsorbed  k ry p ton , the vo lu m e o f ar­
gon , adsorbed  at a g iven  partial pressure, increased 
indefin itely  w ith  the am ou n t o f  k ryp ton .

Experimental
The apparatus and adsorbent have been described in a 

previous paper.4 The sample of graphitized carbon black 
was maintained at a temperature of 77.1°K. by use of a cryo­
stat containing liquid nitrogen at a constant vapor pressure.6 
For the deposition of one or less layers of krypton the 
sample was slowly cooled to 77°K. in the presence of helium, 
as described for the deposition of xenon layers.4 With two 
or more krypton layers it was shown that identical results 
were obtained either by this method or by allowing the 
krypton to reach equilibrium with the sample by standing 
at 77°K. for four hours. As the vapor pressure of krypton 
was greater than 1 mm., it was not necessary to add helium 
to maintain temperature equilibrium in the sample during 
cooling. It was shown that the argon isotherms were re­
versible by making desorption measurements.

Krypton Isotherm.—To obtain the krypton isotherm at 
77°K. a small McLeod gage of about 50-ml. capacity was 
added to the adsorption system. The gage could also be 
connected to a krypton vapor pressure thermometer placed 
in the center of the sample bulb, to measure the krypton 
saturation pressure. The large increase in dead space did 
not appreciably reduce the accuracy of measurement because 
of the low gas pressure. The diffusion of gas between the 
McLeod gage and the sample bulb was slow. To assist 
rapid equilibrium the gage was not connected to the adsorp­
tion bulb until 10 minutes after the addition of a dose of 1

(1 )  T h is  r e se a rch  w as s u p p o r t e d  b y  C o n tr a c t  A F  19 (6 0 4 )-2 4 7  w ith  
th e  A ir  F o r c e  C a m b r id g e  R e s e a rc h  C e n te r .

(2 )  P re s e n te d  a t  th e  1 2 5 th  N a t io n a l  M e e t in g  o f  th e  A m e r ica n  
C h e m ic a l  S o c ie t y ,  K a n sa s  C i t y ,  M a r c h  2 3 - A p r i l  1, 1954 .

(3 )  A  m o r e  d e ta ile d  fo rm  o f  th is  p a p e r  has  b e e n  d e p o s ite d  as D o c u ­
m e n t  n u m b e r  4 2 5 0  w it h  th e  A D I  A u x il ia r y  P u b lic a t io n s  P r o je c t ,  
P h o to d u p l ic a t io n  S e rv ice , L ib r a r y  o f  C o n g re ss , W a s h in g to n  25 , D . C . 
A  c o p y  m a y  b e  se c u r e d  b y  c it in g  th e  D o c u m e n t  n o . a n d  r e m it t in g  in  
a d v a n c e  $ 1 .2 5  f o r  p h o to p r in ts ,  o r  $ 1 .2 5  f o r  35  m m . m ic r o film  b y  c h e c k  
o r  m o n e y  o r d e r  p a y a b le  t o :  C h ie f , P h o t o d u p l ic a t io n  S e rv ice , L ib r a r y  
o f  C o n g re ss .

(4 ) J. H . S in g le to n  a n d  G . D . H a ls e y , T h is  J o u r n a l , 68, 3 3 0  (1 9 5 4 ).
(5 ) W . J . C . O i t , Proc. Roy. Soc. (London), A 1 7 3 , 349  (1 9 3 9 ).

krypton, when adsorption was complete. To determine 
the effect of thermal transpiration on the measurements, 
two different diameters (4 and 8 mm.) of tubing were used 
to connect the sample in the cryostat to the McLeod gage. 
These gave identical krypton isotherms.

Solution of Argon in Bulk Krypton.—To investigate the 
solution of argon in bulk krypton, a glass bulb replaced 
the sample of carbon black. Krypton was condensed in 
the bulb and maintained at 77°K. in the cryostat. Total 
pressure data were obtained for samples of 3 and 11 ml.
S.T.P. of krypton.

A Crude Theory
T h e  treatm ent o f  F ow ler an d  G u ggen h eim 6 for  

strictly  regular solutions w ill be  m od ified  to  take 
accou n t o f  the adsorption  potentia l. I t  w ou ld  a p ­
pear at first sight th at the assum ption  o f th is th e ­
ory  w ou ld  be  nearly true fo r  solid  solu tions o f  the 
rare gases. F ow ler and  G u ggen h eim ’s zeroth  ap ­
proxim ation , w h ich  assum es com p lete ly  random  
m ixing o f the tw o  com pon en ts, w ill be  used here. 
T heir equ ation  817.3 (om ittin g  com m un al en trop y ) 
fo r  the H elm h oltz  free en ergy  is

F =  jVa { -  XA -  kT In (¿ ava) +  kT In [AL/(1Va +  N* )]} 
+  Nb !xb — kT In (0bub) +  kT In [Nb/(Na +  ATb)] ! +

XwAB (1)

I t  w ill be con venien t to  express the n um ber o f m ole­
cules o f the species A  and  B , N a  an d  N b , in  term s 
o f the num ber o f m on olayers o f  gas adsorbed , 8a  
and 8 b . N o te  th at one o f th e  assum ptions o f 
strictly  regular solu tion  th e o ry  requires th at the 
species A  and B  h ave equal m olar vo lu m e, and  th at 
the num ber o f m olecules in a m on olayer, A m , m ust 
therefore b e  the sam e fo r  the tw o  species. T hus, 
8a  =  N a / N m  and 8b  =  N b / N m . A lso  the en ergy  
and free vo lu m e term s, — xa  — kT  ln(^ACA) and 
— Xb — kT  ln(0BUB), for  the pure com p ou n d s are 
con ven ien tly  replaced b y  F a 0 an d  F b°- W ith  these 
changes equation  1 becom es

F — ¿ V m J a  ¡ F a 0 +  kT In [ 0 a / ( 0 a  +  ®b )1 1

+  A m 0 b  ¡ F b ° +  f c r [ 0 B / ( 0 A  +  0 b )1 1 +  X w a b  ( 2 )

W ith o u t the last term , X w a b , this equ ation  leads 
to  R a o u lt ’s law  an d  th e  ideal solu tion . F or  the

(6 )  R .  H . F o w le r  a n d  E . A . G u g g e n h e im , “ S ta t is t ic a l  T h e r m o ­
d y n a m ic s ,“  C a m b r id g e  U n iv e rs ity  P ress , 1 9 4 9 .
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strictly  regular solu tion , the zeroth  approx im ation  
y ields th e  result (c/. F ow ler and  G u ggen h eim ,6 
equ ation  818.4)

V iüab = A m9a9b 
8a  +  9 b

Was (3)

w here wab is the “ energy o f m ix in g .”
T erm s will n ow  be added  to  equ ation  2 to  take 

a ccou n t o f  the free energy o f adsorption . T h e  ex­
pression  fo r  the to ta l free energy o f the system  in­
cludes a term , Fs, the con tribu tion  from  the adsorb­
ent, but, since this is con stan t th rou gh ou t and 
m akes n o  con tribu tion  to  the final result, it  has 
been  om itted . F or the pure com p on en ts

pna
Fa =  kT  I In PAe d AT (4)

= Atm kT  J ^ ln  PAe dAT (5)

w ith a sim ilar expression  for  com p on en t B . T h e  
expression  PAo indicates the partial pressure fo r  the 
pure com p on en t A  a t coverage 0.

T h e  sim plest assum ption  in  keeping w ith  the re­
quirem ents o f  strict regularity is th a t the tw o com ­
ponents d o  n o t interfere w ith  each  o th er ’s adsorp ­
tion  poten tia l and th at th ey  are m ixed  ran dom ly . 
T h e  free energy o f adsorption , F ads, is then th e  av­
erage, w eighted  b y  the m ole fractions. T h e  in te­
grations are carried ou t to  the to ta l coverage  be­
cause, b y  hypothesis, b o th  species are ran dom ly  
m ixed in ev ery  layer. T hus

F ads = Nit kT ( 9a +  9b J o

0A + 0B

Bb
i ~b X

In PAe d9 +
0A + 0B

In PBe d9 1 (6)

T h e  su bstitu tion  o f equ ation  3 and the a d d ition  o f 
equ ation  6 to  equation  2 y ields the expression
F l 0. kT T0A + 0B

AT -  ». j F.» + .w to + «TTF. X
9bIn PAe d9 +  9B IF»3 +  kT In 9a +  9b

+

X 0A + 0B )
In PBg d91 + 9a +  9b

Was (7)

T his m u st b e  d ifferentiated w ith  respect to  V A to  o b ­
tain  th e  chem ical potentia l, fa - F o r  this p u rpose it 
is arranged

AT — 9a F„a +  9b F„b +  kT

kT 9b
9a +  9b

J^A + Ab

o ln
kT 8 a  In

X'
0 A  +  0B

( S )
9a

9a +  9b

d0 +

In PAe d9 +  

9a9b
9a +  9b

wab +

-f- kT 6s In 9 b
9a +  9b (8)

F ow ler and G uggenheim  sh ow  th at F  =  G, the 
G ibbs free energy, so

( ¿ r j ^ ) ” " , +  In i r T s .  +  ™ * i '* + '*  <9)
w here th e  fu n ction

5 = 09a

1 rea+ « b

9a +  9b J o
In (10)

I f  the isotherm s P Ao and P Bo are identical, or bear a 
con stan t ra tio  to  each  other, 5 vanishes. I t  is 
possible th at the low er range o f the in tegration  will 
be  u ncertain , ow in g  to  uncertainties in the isotherm s 
a t low  coverages. T o  in vestigate  this p ossib ility  
th e  in tegration  is sp lit at a va lue 8a b e low  w h ich  
th e  isotherm s are n o t in vestigated  or are uncertain

const. 
(9a +  9b)2 +

1
9a +  9b

In 1
(9a +  9b)2

*0a+0b
d9

(ID
N o te  th at th e  uncertain  va lue o f the con stan t gives 
a term  in versely  proportion a l to  {8a +  0b) 2-

F ollow in g  a procedu re sim ilar to  th a t used b y  
F ow ler and  G uggenheim  to  ob ta in  their equ ation  
818.8, one finds

ln ( f J  • ln [ ¿ r T i ]  + 1 " r t * + '-  +

“ ( ¿ r r « ; ) '  +  'M  <«>

A  sim ilar expression  gives In (p /p 0) B. T h e  sign  o f 
the fu n ction  8 is m inus and 0a  and 0b  are in ter­
changed.

I t  em erges th at the term  in w ab  depends on  0a 
in  the sam e m anner as the uncertain  p art o f  8. 
T h erefore  one can test the th eory  at con stan t 0b 
w ith ou t k n ow in g the isotherm s to  0 =  0. A n y  
error in the low er part o f the com p u tation  o f 8 w ill 
g ive  a false b u t con stan t va lu e  o f w ab/^T  if  the 
th e o ry  applies.

Discussion of Results
The Simple Isotherms.— T h e  isotherm s fo r  the 

tw o  pure gases are show n in F ig . 1. B ecause o f 
th e  requirem ents o f  the regular solu tion  th eory  
th ey  w ere p lo tted  to  the sam e Scale, b y  vo lu m es o f 
gas at S .T .P . I t  rem ained to  select the m on o - 
layer value, vm, w h ich  m ust be assum ed the sam e for  
th e  tw o  adsorbates. I t  is n otew orth y  th at the 
k ry p to n  isotherm  show s sharp steps, even  com pared  
w ith  the argon  isotherm , w hich  has p rev iou sly  been 
g iven  as an exam ple o f  an isotherm  w ith  pron ou n ced  
steps. T h e  scale o f  0 w as a ccord in g ly  a d ju sted  to  
m ake the tread o f  th e  first (k ryp ton ) step  occu r  at 
0 =  1. W ith in  experim ental error, the secon d  
tread  is situated  at 0 =  2. T h e argon data  d o  n ot 
fit the B .E .T . isotherm  b u t the v isu a lly  estim ated 
“ p o in t B ”  is close to  0 =  1 and  this agrees w ith  the 
a d ju sted  k ry p ton  scale. T h e  “ p o in t B ”  fo r  k ry p ­
to n  is con siderab ly  low er at 0 =  0.94. I t  w ill ap ­
pear b e low  th at the ch oice  fo r  k ry p ton  was su b ­
stantia lly  correct.

T h e  fa cto r  5 w as then  com p u ted  from  the data  
fo r  argon  and  k ry p ton . B e low  0 =  0.8 the data  
w ere n o t  accu rate ly  know n. T h e  insert (F ig . 1) 
show s th at th e  tw o  isotherm s rou gh ly  co in cide  be­
low  0 =  0.8. T h is w as assum ed to  be  exactly  true 
in  com p u tin g  5. I t  w as poin ted  ou t a b o v e  th at 
such an arb itrary  ch oice  does n o t a ffect the test 
o f  the th eory  a b o v e  0A +  0b =  0.8. T h e  integral 
in  5 w as evalu ated  n um erica lly  b y  sum m ing inter-
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P/Po-
Fig. 1.—The adsorption isotherms of argon and krypton on graphitized carbon black at 77 °K.

up to p /p0 =  0.014 on a large scale.
Insert shows the isotherms

vals o f  0.1 m on olayer. T h e  resulting fu n ction , 
w h ich  is show n  in F ig . 2, cou ld  n o t be  carried be­
y o n d  0 =  6 because the k ry p ton  isotherm  appears 
to  in tersect the axis p/p0 =  1 near this value.

The Mixed Isotherms.— T h e  isotherm s for  
various values o f  6b are show n  in  F ig . 3. T h e  pres­
sure p lo tted  is n o t exa ctly  equal t o  (p/po)A. T o  o b ­
tain  this q u a n tity  analyses o f  the gas m ixture w ou ld

h ave been  required a t each p oin t. N evertheless, 
th e  vap or pressure o f  k ry p ton  is so  low  (1 .5  m m .) 
th a t excep t at v e ry  low  values o f  6a the to ta l pres­
sure is a lm ost equal t o  the argon  pressure alone. 
T h e  p/p0 values p lo tted  are th e  to ta l pressures, 
m inus th e  in itial v a p o r  pressure o f  k ryp ton , over 
th e  v a p o r  pressure o f  argon . T h is  pressure is iden ­
tica l w ith _ (p /p o )A as Oa  approaches zero, or  w hen
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e.
Fig. 2.—The function 5 derived from equation 11.

8b is less than  1, and  it  is never further aw a y  than  
the error in v o lv ed  in  the crude th eoretica l treat­
m ent.

T h e  isotherm s for  0.94 m on olayer and 1 m o n o - 
layer, p lo tted  in  F ig . 4, sh ow  th at the ch o ice  o f  
scale for  8 is nearly correct. T h e  isotherm  fo r  0.94 
layers w ou ld  be  fo r  1 layer on  the basis o f  the “ p o in t 
B ”  o f  the k ry p ton  isotherm . I t  has a sm all 
“ p o in t B ”  o f  a b o u t 0.06 m on olayer w h ich  show s 
th at the first layer is n o t com plete. A n  increase in 
the k ry p ton  volu m e o f 0.06 m on olayer caused the 
“ p o in t B ”  to  disappear, in keeping w ith  the as­
signm ent o f the va lue one to  this to ta l q u a n tity  o f 
k ryp ton . A  sim ilar ad ju stm ent w as required in  
the case o f  xenon  on  th e  sam e sam ple.4

Fig. 3. The adsorption isotherms of argon on layers of krypton, pre-adsorbed on graphitized carbon black at 77 °K.
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Fig. 4.—The adsorption isotherms of argon on 1 and 0.94 
layer of krypton, pre-adsorbec on graphitized carbon black 
at 77°K.

In  T a b le  I the k ry p to n  surface area w as ca lcu ­
lated from  the den sity  o f liqu id  k ry p to n  at — 14607 
and  is less th an  th at w hich  w ou ld  be  ob ta in ed  from  
the density  o f  the solid .

T a b l e  I

C o m p a r i s o n  o f  S u r f a c e  A r e a  o f  C a r b o n  B l a c k  C a l c u ­

l a t e d  f r o m  D a t a

A d s o r p t io n
vm,

ml./g.
A re a ,
m.2/g*

Nitrogen at —195°, from “point B” 12.53
Argon at —195°, from “point B’ ’ 3 08 11.93
Xenon at —124°, from “ point B” 2.30 11.63
Krypton at —195°, from “point B” 
Krypton at —195°, from position and height

2.86 13.5

of steps 3.15 14.9

I t  is seen th at the area obta in ed  from  the final
assignm ent o f  the k ry p ton  m on olayer is consider­
a b ly  larger than  a n y  oth er value. I t  sh ou ld  be 
n oted  th at in  T a b le  I  o f  our previou s p a p er4 an  er­
ror w as m ade in record in g  th e  values o f  vm fo r  argon  
on  carbon  b la ck  and  anatase. In  b o th  cases the 
correct figure is 3 .08 m l./g .

I t  is o f  in terest to  com p are  the isotherm s o b ­
tained on  k ry p to n  layers (F ig . 2) w ith  those for  
xenon  on  the sam e sam ple show n in  F ig. 2 o f  the 
previou s p a p er .4 T h e  argon  isotherm  on  0.47 
layer o f  k ry p ton  show s an  in itia l step  o f  a b o u t 6 =  
0 .5 an d  subsequent steps occu r  a t p/p0 =  0 .25 and 
0.75, each  bein g  on e m on ola yer h igh. In  this 
case, since solu tion  is in v o lv ed , the k ry p ton  is 
spread u n iform ly  ov er  the surface, m aking up  the 
to ta l m on olayer w ith  argon, rather than  p rov id in g  
a new  set o f  ad sorp tion  sites as occu rred  w ith  xenon  
adsorption . T h u s on  0.43 layer o f  x en on 4 th e  in itial 
step  o f 0 .5  8 in  th e  argon  isotherm  was fo llow ed  b y  
subsequent p o o r ly  defined steps at irregular in ter­
vals. On 0 .94  layer o f  k ry p to n  a step  occu rs at 
p/po =  0 .08 b u t further in flections are absent and 
the isotherm  crosses th at on  0.47 layer, w hen p/po 
=  0 .8, as th e  increasing e ffect o f  solu tion  is noted . 
A t  a b ou t 1.88 layers o f  k ry p ton  the low er lim it o f

(7 )  “ I n te r n a t io n a l  C r it ic a l  T a b le s ,”  M c G r a w -H i l l  B o o k  C o . ,  N e w  
Y o r k , N . Y „  192 6 .

th e  argon  isotherm s is reached, fo r  va lues o f  p/po 
b e low  0.4 . A b o v e  this va lu e the argon  isotherm  
rises m ore  rap id ly , crossing th ose  on  0 .47  and  0.94 
layer o f  k ry p to n ; the so lu tion  e ffect is ob v io u s ly  
o f  p rim ary  im portan ce. T h is  con trasts w ith  the 
x en on -a rg on  isotherm s4 w here the lim iting argon  iso­
therm  does n o t occu r  until three layers o f  xenon  
and  n o  solu tion  is observed  even  a t h igh argon  par­
tia l pressures to  m an y  layers o f  xenon. O n all 
k ry p ton  coverages greater than  tw o  layers the so lu ­
tion  o f  argon  is so  large th at th e  isotherm s rise con ­
tinu ou sly  w ith  increasing values o f  p/po-

Experiments with Bulk Krypton and Argon.—  
In  the m easurem ent o f  argon  ad sorp tion  on  k ry p ­
ton  layers equ ilibrium  was established v e ry  rapid ly. 
W h en  bu lk  a rg o n -k ry p to n  m ixtures w ere investi­
gated  the rate o f  solu tion  w as fou n d  to  b e  v e ry  
slow  and was in com p lete  in  12 hours. A ttem p ts  to  
ob ta in  equilibrium  b y  condensing m ixtures o f  argon  
and k ryp ton , either v e ry  ra p id ly  or slow ly , gave 
serious fluctuations in  the argon  pressure and  d id  
n o t rem ove the slow  drift. W h en  3 m l. o f  k ry p ton  
w as used, in  p lace  o f the 11-m l. sam ple, th e  rate o f 
solu tion  increased bu t true equ ilibrium  cou ld  n ot 
b e  obta ined  an d  the rep rod u cib ility  w as n o t satis­
fa ctory . In  F ig . 5 the partial pressure o f  argon  is 
p lo tted  against the m ole  fraction . R egu lar solu ­
tion  th e o ry  was applied  to  th e  data  obta in ed  and 
using equ ation  818.8 o f  F ow ler and G u ggen h eim 6 
w ith  the n otation  slightly  changed  to  agree w ith  
th at used a b ov e

Na +  AT exp A b y )  
I kT VAa +  A b/  S

the values o f w a b /kT  were ob ta in ed : these varied  
w idely . F rom  each series o f  experim ents w ith  a 
g iven  ratio o f  argon  to  k ry p ton , the value o f w a b /  

kT  fo r  the low est pressure obta in ed  was selected 
an d  the average fo r  eight figures was fou n d  to  be  
1 .32; the extrem e values ranged from  1.20 to  1.60. 
T h e  cu rve  show n in  F ig . 5 w as ca lcu lated  using 
this va lu e  o f w a b /kT.

Fig. 5.—The solution of argon in bulk krypton.

The Limiting Thickness o f the Krypton Layer.—
In  the w ork  on  the a rg on -x en on  system s, there was 
stron g  in d ication  th at the xen on  th ickness reached 
a  lim iting va lue and  th at further xen on  con densed  
as bu lk  crystals o f  low  surface area. T h e  present
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Fig. 6.—Adsorption of argon on 5.6 and more layers of 
krypton, pre-adsorbed on graphitized carbon black at 
77°K. : — 5.64; # ,6 .0 ; 0 ,7 .52 .

w ork  confirm s th at in d ication . In  lay ing  dow n  one 
layer or less o f  k ryp ton , slow  coo lin g  w as n ecessary

to  obta in  reprodu cib le  results, because th e  adsorp ­
tion  reduced  the k ry p ton  v a p o r  pressure v ery  
greatly . F or  1.88 up  to  5.6 layers, the data  cou ld  
be  reprodu ced  w ith ou t any precautions. K ry p to n  
and  argon  cou ld  be  in trodu ced  over th e  adsorben t 
a t 7 7 °K . and equ ilibrium  was readily  estab ­
lished.

W h en  it  w as a ttem p ted  to  lay  dow n  m ore  than
5.6 layers n o  am ou n t o f  care p rod u ced  rep rod u cib le  
results. T h e  typ ica l scattering o f poin ts, along 
w ith  th e  last reprod u cib le  isotherm , is show n  in 
F ig. 6. R eca llin g  the experience w ith  bu lk  k ry p ­
ton , it  is clear th at th e  easy explanation  is the bu lk  
crysta ls form  if one a ttem pts to  push the k ry p to n  
coverage  a b o v e  a b ou t 5 layers.

I t  is in teresting to  n ote  th at the scattered  poin ts 
lie b e low  the last reproducib le isotherm . I f  th e  6 
layers o f k ry p ton  w ere stable, even  w hen  m ixed  
w ith  added  layers o f  argon, the scattered  poin ts 
w ou ld  necessarily  lie a b ov e  the last isotherm . I t  
appears th at the m ixed  layers are m etastable som e­
w here a b ov e  5 layers tota l coverage.

C om parison  o f T h eory  w ith  E xperim ent.— B e ­
cause the k ry p ton  isotherm  in tercepts p/p0 =  1 
near 0 =  6 and  because o f the apparent in stab ility  
o f m ore  than 5 layers, calcu lations were taken  on ly  
to  a to ta l coverage o f  5 layers. T h e  k ry p to n  and 
argon  isotherm s and the averaged bu lk  va lu e  o f 
w ab/IcT  (1 .32) were used to  calcu late the th eoretica l

Fig. 7.—Theoretical adsorption isotherms of argon or krypton layers, calculated from equation
12.
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m ixed isotherm s show n  in F ig . 7. T here  are thus 
n o  ad ju stab le  constants. T hese  isotherm s repro­
du ce on ly  the qu a lita tive features o f  the experi­
m ents. T h e  tw o  sets o f experim ental po in ts  illus­
trate th e  degree o f  agreem ent. F or  a  k ry p ton  co v ­
erage o f 0 .47 the agreem ent is sa tis fa ctory ; dis­
agreem ent increases w ith  th e  k ry p ton  coverage 
until, a t 3 .76 layers the pressures are off b y  as 
m u ch  as 2 0 % . L ea v in g  w ab/IcT  as an  ad ju stab le  
param eter m erely  im p roves the fit in  one region  at 
the expense o f another. T h e values o f  w ab/kT  
necessary fo r  perfect fit, ca lcu lated  from  th e  experi­
m ental poin ts and  equ ation  12, fluctuate, b u t in 
add ition  sh ow  a defin ite increasing trend w ith  the 
ratio o f  argon  to  k ryp ton , b o th  w ith in  a g iven  iso­
therm  and w ith  the isotherm s considered  together. 
T h is is show n  in F ig . 8 w here the experim ental va l­
ues o f  WAB/kT are p lo tted  for  the isotherm s on 0.47 
and 3.76 layers o f  k ryp ton . N o  ad ju stm en t in the 
low  coverage  uncertainties o f  the fu n ction  S will 
rem ed y  the lack  o f  a con stan t wab/kT  w ith in  the 
isotherm  w hen applied  to  these data. In  other w ords, 
the argon  is to o  solu ble  in  k ryp ton -rich  layers, and 
k ryp ton  is n o t soluble enough  in argon -rich  layers. 
A  su itable refinem ent o f the th eory  w ou ld  aban don  
the assum ption  th at the tw o  com pon en ts were 
ran d om ly  m ixed. A rn o ld ,8 in treating th e  a dsorp ­
tion  o f o x y g en -n itrog en  m ixtures on  anatase con ­
cluded  th at there was an enrichm ent o f  n itrogen  on 
the stronger sites. T h e  com plications caused b y  
such an  im provem en t w ou ld  be  v e ry  great, because 
a loca l popu lation  fu n ction  w ou ld  h ave to  be calcu ­
lated b y  m inim izing the free energy. M ere ly  
goin g  on  to  the qu asi-chem ical ap prox im ation  o f 
F ow ler and G uggenheim  w ou ld  neglect the e ffect

(8 ) J . R .  A r n o ld ,  J. Am. Chem. Soc., 71, 1 0 4  (1 9 4 9 ).

e.
Fig. 8.—The variation of w a b /JcT, calculated from the 

isotherms in Fig. 3: # ,  0.47 layer; O, 3.76 layers.

o f the adsorption  poten tia l on  loca l con cen tration s, 
and w ou ld  th erefore  be  o f  d ou b tfu l significance.
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A study has been made of the pressure-temperature-volume relationships of vapor-phase mixtures of iodine and benzene, 
and the equilibrium constant for the association of iodine and benzene to form a complex CsHe-L has been calculated for a 
range of temperatures. The magnitude of the equilibrium constant and the energy of association can be accounted for by 
van der Waals forces. The amount of the association is, however, sufficient to account for the high rate of dissociation of 
iodine molecules in the presence of benzene (as computed from the rate of association of iodine atoms and the equilibrium 
constant of the reaction 21 <=± Ij). The entropy of association of benzene and iodine to form the complex has been explained 
in terms of a physical picture. Finally, the present results have been compared with those of Benesi and Hildebrand in 
liquid solution, and it is shown that the type of association found by them may be expected to be negligible in the vapor 
phase.

Studies o f  th e  recom bination  o f iod ine atom s in 
the presence o f benzene v a p o r1 in d icate  th at the 
rate o f  this process is v e ry  rapid . T h is can  be seen 
b y  considering th e  reverse process, nam ely, the dis­
sociation  o f I 2 due to  collisions w ith  benzene, w h ich

*  W o r k  s u p p o r t e d  b y  th e  O ff ic e  o f  N a v a l  R e s e a rch .
(1 )  E . R a b in o w it c h  a n d  W . C . W o o d ,  Trans. Faraday Soc., 32, 9 0 7  

(1 9 3 6 ) ;  J. Chem. Phys., 4 , 4 9 7  (1 9 3 6 ) ;  K .  E .  R u s se ll  a n d  J . S im o n s , 
Proc. Roy. Soc. {London), A217, 271 (1 9 5 3 ).

can  b e  ca lcu lated  from  the rate o f  association  o f 
iod ine atom s in  th e  presence o f  benzene an d  the 
equ ilibrium  constant fo r  th e  reaction  I 2 *=* 21. 
F rom  calcu lations o f  this sort, based  on  th e  results 
o f  R a b in ow itch  and  W o o d , one o f us2a estim ated  
th at th e  e ffective  collision  d iam eter <ro fo r  an  I 2-

(2 )  (a )  O . K . R ic e ,  J. Chem. Phys., 9, 2 5 8  (1 9 4 1 ) ;  (b )  f o r  e f fe c t  o f  
r o ta t io n  o f  Is, see  O . K. R ic e ,  ibid., 21, 7 5 0  (1 9 5 3 ).
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ben zene collision  w as abou t 28 A . I f  th e  results o f 
R ussell and  S im ons w ere used the effective  d iam e­
ter w ou ld  be  abou t 20 A . In  m akin g  th e  calcu la­
tion  th e  e ffect o f th e  rota tion  o f th e  I 2 m olecu le  on  
the p rob a b ility  o f d issociation  w as n eg lected .2b 
C orrection  fo r  this w ou ld  g ive  va lu es o f  <ro abou t 
half as great. T h e  resulting values o f  10 to  14 A . 
are still h igh, th ou gh  n ot fa r  outside th e  range o f 
reasonable possibilities w ith  such large m olecules. 
H ow ever, e ffective  values o f uo fo r  other inert gases 
suggest th a t th e  collision  process is n o t to o  effi­
cient, and  com parison  w ith  these gases (even  for  
C 0 2 th e  va lu e  o f <r0 is on ly  a b ou t half as great as 
fo r  benzene) leaves little  d ou b t th at the recom bina­
tion  o f iod ine atom s in the presence o f benzene is 
an om alou sly  fast.

In  order to  explain  these large rates it has been  pos­
tu lated  th at a CeH6-I com p lex  form s in  the 
case o f  th e  association  reaction  and  a C 6 H 6 -l 2  

com p lex  in  th e  case o f a d issociation  reaction . A s 
a  m atter o f  fact, if an explanation  is t o  be  obta in ed  
on  this basis, it  is necessary to  suppose th at b o th  
com plexes are fo rm e d .23 T h e  d issociation  reaction  
w ill p roceed  accord in g  t o  the m echanism

C6H6 +  I, C,H,-I2 (a)
C6H6-I2 — >- C6H6-I +  I (b)

W e  le t K a b e  th e  equ ilibrium  con stan t o f (a ), ex­
pressed in  term s o f con cen tration , and  kb be  the 
rate con stan t fo r  ( b ) . T h e  over-a ll rate o f reaction  
w ill th en  be  g iven  b y

- d [ I 2]/di =  fcb[C6HrI2] = W i 0[C6H6][I2] (l)
an d  a  large apparent collision  d iam eter can be  
expla ined  th rou gh  a sufficiently large va lue fo r  K c.

To

T h ere  are other reasons w hich  m ight lead one to  
believe th at there are som e special forces  w h ich  re­
su lt in com plexin g  o f iod in e  and  benzene, fo r  ex ­
am ple th e  w ork  o f B enesi and  H ild eb ra n d 3 on  solu ­
tions o f iod in e  in  liqu id  benzene, and  th eoretica l 
considerations o f M u llik en .4 I t  th erefore  appeared

(3 ) H . A . B e n e s i a n d  J . H . H ild e b r a n d , J. Am. Chem. Soc., 70, 2832 
(1 9 4 8 ) ;  7 1 ,2 7 0 3  (1 9 4 9 ).

(4 )  R .  S . M u llik e n , ibid., 72, 6 0 0  (1 9 5 0 ) ;  74, 811 (1 9 5 2 ) ;  T h is  
J o u r n a l , 56, 801 (1 9 5 2 ).

desirable to  investigate  th e  p ressu re -v o lu m e-tem ­
perature relations o f  m ixtures o f iod in e  and benzene 
in  the v a p or  phase. I t  m a y  be  said th at these 
studies have resu lted  in th e  conclusion  th at there is 
n o  special ty p e  o f com plex, w h ich  is o f im portan ce  
in th e  v a p o r  phase, all th e  com plexin g  bein g  ade­
qu ate ly  explained b y  v a n  der W aals forces. I t  does 
turn ou t, how ever, th at th e  effects are sufficient to  
a ccou n t fo r  the recom bination  experim ents.

E x p e r im e n t a l
Materials.—A known weight of A. R. grade iodine, which 

had previously been sublimed from potassium iodide, was 
introduced together with a small amount of potassium iodide 
into bulb A of the purification train shown in Fig. la. A 
was cooled in a Dry Ice-carbon tetrachloride mush and 
quickly sealed to the train. This train had been previously 
sealed to a vacuum system, and liquid air placed around trap 
F to prevent back diffusion of mercury to the train. The 
iodine was sublimed slowly from A to B, with a liquid air 
trap around E and a Dry Ice-acetone bath around B, pump­
ing all the time. The iodine in B was then allowed to sub­
lime at room temperature with continuous pumping for six 
hours, by which time it was thought that all bromine, oc­
cluded air and water would have been removed. The 
sample was sublimed into C which was pulled off to form a 
capsule with a breakseal. Any iodine remaining was con­
densed into D and the iodine content of D and E was deter­
mined by titration with sodium arsenite. Thus, the amount 
in the capsule could be fairly accurately estimated by dif­
ference. The total iodine content of the capsule was again 
determined at the end of the experiment by titration with 
sodium arsenite.

A. R. grade benzene, thiophene free, was fractionated at 
atmospheric pressure through an efficient column, rejecting 
the first and last fractions. About 20 ml. of the middle cut 
was introduced into trap A [Fig. lb] and several trap to trap 
distillations were carried out, stopcock D being open when 
distilling into B, and stopcock E open when distilling in the 
reverse direction. The benzene vapor in all distillations was 
led through a phosphorus pentoxide trap, C, to remove mois­
ture. The fraction of benzene used was distilled from B to 
F, a small appendix in the gas reservoir G, with the pump 
cut off by a stopcock. B was weighed before and after this 
final transfer. A vacuum technique was employed through­
out.

Procedure.—-The gas reservoir G [Fig. lb] of approxi­
mately one liter capacity, was fitted with a side arm H. At 
the base of H a stout glass cross served to hold the iodine 
capsule and plunger. A soft glass spoon gage, I, was at­
tached to the system through a graded seal, and the pressure 
inside the spoon balanced by the pressure of dry air admitted 
to the outer jacket, the pressure of the latter being measured 
in a manometer by means of a cathetometer. The spoon 
gage, which had been annealed together with the gas reser­
voir, was calibrated with pressure differences of 0-3 cm. 
over a total pressure range of 0-760 mm. and at tempera­
tures up to 200°. It was always arranged that the total 
pressure in the spoon was greater than that in the jacket in 
the following determinations. Under this condition of op­
eration the sensitivity of the gage remained sensibly un­
changed, at 13.7 mm. per mm. movement of the pointer, 
throughout the whole pressure and temperature range to be 
investigated. A Pyrex reference pointer J was inserted in 
the jacket; both pointers could be focussed simultaneously 
by a traveling microscope, which was mounted so as to be 
free from vibration.

The thermostat, which consisted of a well insulated glass 
bath containing about five gallons of polyethylene glycol 
“ 600,”  was supported on a platform, and could be raised 
so that the gas reservoir and spoon gage were immersed to a 
level about two inches above K. Temperature control was 
maintained by sealed mercury regulators in conjunction 
with a thyratron circuit to better than ±0.005°, and the 
temperature was measured using a platinum resistance 
thermometer (calibrated by the Bureau of Standards).

Before inserting the benzene, the iodine capsule and 
plunger were put into the side arm which was then sealed. 
The volume of G was measured roughly by a sharing method, 
using dry air from a calibrated volume of approximately one- 
liter capacity, the pressures being read on a constant volume
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manometer. The required amount of benzene was then 
frozen into F and the reservoir sealed at K. After a series 
of measurements the contents of the reservoir G could be 
removed through the break-seal L and collected in the trap
M.

The pressure of the known weight of benzene was meas­
ured as a function of temperature before the capsule con­
taining the iodine was broken, and using values for the 
second virial coefficient, B, of benzene calculated from an 
expression quoted by Guggenheim5

B = 68 -  13.2 X 10’  T~2 ml./mole (2)
values for the volume of the system were obtained. This 
equation was stated by Allen, Everett and Penney to be 
correct within about 40 ml./mole up to 360°K. We tested 
the equation by noting the consistency of the calculated 
volume from measurements at 10° intervals from about 
350 to nearly 470°K. The values showed no trends 
over this range, and the probable error of the mean volume 
was of the order 0.01 to 0.02%. In the sharing method of 
measuring the volume the probable error was considerably 
larger, so the method based on eq. 2 was used. In every 
case the internal volume of the capsules was added to obtain 
the total volume in which the mixture of iodine and benzene 
was measured.

Vapor pressure values obtained for benzene were in good 
agreement with those of Baxendale, Eniistun and Stern6 
and this was a good criterion of the purity of the sample.

After breaking the iodine capsule, the iodine was com­
pletely sublimed into F by heating gently with a blowtorch 
flame. In this manner the subsequent volatilization of the 
iodine and the attainment of equilibrium was enormously 
hastened.

At the end of each run the breakseal, L, was broken and 
the iodine condensed into M, which was removed, and the 
iodine titrated. In the first experiment quoted here two 
capsules were broken consecutively to give two samples 
(samples 1 and 2) with different amounts of iodine; the 
total amount of iodine was estimated by titration and com­
pared with the sum of the original weighings; agreement was 
within 0.8 mg. In the last and most exhaustive run only one 
capsule was employed, and the estimates agreed within 0.4 
mg.

R esu lts
T h e  pressu re-tem perature data  fo r  the three m ix ­

tures are g iven  in  T a b le  I. A ll th e  pressures p  o f 
the m ixture o f benzene and I 2 have been  corrected  
to  m m . at 0 ° . A t  all tem peratures, the benzene pres­
sures pi w h ich  w ou ld  ob ta in  w ere n o  iod ine present 
were ca lcu lated  from  the w eight, and  th e  vo lu m e 
fou n d  as in d icated  above , using eq. 2 fo r  B. T h is 
e ffective ly  sm ooths the m easurem ents o f  the 
benzene pressure m ade before  the iod ine capsule 
was broken .

A n  equ ation  o f state g iven  b y  G erry  and G illes­
p ie7 w as used to  ca lcu late th e  iod ine pressures w hich  
w ould  exist if  n o  ben zene w ere present

nRT , in  A« c°\niRT 
v2 V +  V 0 RT T*) V2 (3)

T h e  fo llow in g  values w ere used (un its am ospheres, 
liters, degrees K elv in )

Ao Bo Co R M o l .  w t .  I c e -p o in t

17.0 0.325 4.0 X 10’  0.08206 253.864 273.13°K.

T h e  data on  w h ich  th is equ ation  was based  ex­
ten d ed  to  a b ou t 3 7 0 °K . W e  m ade som e m easure­
m ents over th e  range 390 to  4 5 0 °K . w ith  on ly  iod in e  
present, and w ith  th e  vo lu m e m easured b y  the 
sharing m eth od . T h e  spread o f the m easurem ents

(5 )  E .  A . G u g g e n h e im , “ M ix tu r e s ,”  O x fo r d  U n iv . P ress , N . Y . ,  1952 , 
p . 2 3 5 . S e e  P . W . A lle n , D . H . E v e r e t t  a n d  M . F . P e n n e y , Proc. Roy. 
Soc. (London), A 2 1 2 , 149  (1 9 5 2 ).

(6 )  J . H . B a x e n d a le , B .  V . E n iis tu n  a n d  J . S te rn , Phil. Trans. Roy. 
Soc., A 2 4 3 , 169  (1 9 5 1 ).

(7 ) H . T .  G e r r y  a n d  L . J . G ille sp ie , Phys. Rev., 4 0 , 2 6 9  (1 9 3 2 ) .

o f the vo lu m e m ade in  this w a y  w as a b ou t 3.5 m l. or 
a little  over 0 .3 %  in a vo lu m e o f a b o u t 1100 m l. 
In  add ition , since th e  vo lu m e had  to  be  sealed off 
w ith  a capsule o f iod in e  in  it, som e fu rth er correc­
tions had to  b e  m ade. H ow ever, using th e  iod in e  
pressure m easurem ents to  find th e  vo lu m e from  eq. 
3, w e obta in ed  results as consistent as we d id  w ith  
benzene and agreeing w ith  the vo lu m e m easured b y  
sharing to  w ith in  th e  accu ra cy  o f th e  latter. I t  is 
to  be  further n oted  th at th e  v iria l correction  in eq. 
3 is on ly  abou t 0 .6 %  o f th e  to ta l pressure. On the 
basis o f all this ev id en ce  w e believe  th at eq. 3 can­
n ot be  m ore than  0 .1 %  in  error.

T a b l e  I
C a l c u l a t i o n  o f  Kp

Sample 1: 0.01508s mole benzene, 0.010956 mole iodine 
in 1161.11 ml.; sample 2: 0.01508s mole benzene, 0.016433 
mole iodine in 1162.23 ml.; sample 3: 0.019918 mole ben­
zene, 0.011653 mole iodine in 1164.19 ml.

N o .  o f
o b s e r ­ pi- pi­ X p

T, v a ­ (C sH s), tti), p, — Ap, X  1 0 !,
S a m p le  ° K . t io n s m m . m m . m m . m m . a t m . -1

l 427.27 2 343.31 249.84 589.36 3.79 4.00
l 427.74 2 343.70 250.12 589.99 3.83 4.02
l 435.96 2 350.43 255.01 601.71 3.73 3.80
i 445.18 2 357.97 260.51 614.90 3.58 3.54
l 466.59 1 375.47 273.24 645.45 3.26 3.02
2 437.43 2 351.26 382.27 728.01 5.52 3.74
2 445.50 2 357.86 389.52 741.86 5.52 3.62
2 466.55 2 375.04 408.38 778.56 4.86 3.01
3 429.62 6 452.94 266.15 713.82 5.27 3.94
3 439.05 4 463.12 272.11 730.15 5.08 3.68
3 439.13 4 463.20 272.16 730.17 5.19 3.74
3 439.27 4 463.35 272.25 730.48 5.12 3.70
3 445.50 4 470.08 276.18 741.09 5.17 3.63
3 446.73 4 471.41 276.96 743.19 5.18 3.62
3 447.36 4 472.09 277.35 744.30 5.14 3.58
3 465.06 8 491.21 288.52 774.83 4.90 3.21

Discussion of Errors

A s m a y  be seen from  T a b le  I , th e  tem perature 
coefficient o f th e  difference, Ap =  p — pi — pz be ­
tw een  the to ta l m easured pressure an d  th e  sum  o f 
the separate pressures o f  benzene and  iod ine, is 
qu ite small. I t  th erefore  b ecom es v e ry  necessary 
carefu lly  to  assess th e  errors w h ich  m a y  arise in  th e  
in dividual m easurem ents.

(1) Errors in total pressure measurement.
(a) Manometry Errors.— T h e  m an om eter used 

to  m easure the pressure o f  th e  air surrounding the 
spoon  gage was con stru cted  o f 26 m m . bore  tu b in g  
and was view ed  throu gh  a rig id ly  su pported  G aert- 
ner cathetom eter. In dep en den t observations o f a 
fixed line w ere m ade, and a fter each  setting the 
telescope w as raised th rou gh  abou t 700 m m ., low ­
ered and reset. T h e  m axim um  irreprodu cib ility  
fo r  ten  such settings w as ± 0 .0 2  m m . T h u s any 
ind iv idual pressure reading, in vo lv in g  tw o  such 
settings, exh ibits a m axim um  irrep rod u cib ility  of 
± 0 .0 4  m m .

D u rin g  th e  duration  o f a m easurem ent th e  tem ­
perature o f  the m an om eter does n ot v a ry  m ore  than 
± 0 .1 °  corresponding to  an error o f 0 .02 m m . T h e  
traveling  m icroscope  used to  fo llo w  th e  poin ter o f 
th e  spoon  gage cou ld  be  read  rep rod u cib ly  to  0.01
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m m . and th is incurred an error o f ± 0 .1 4  m m . in  
a n y  single pressure m easurem ent.

F rom  these sources w e obta in  a to ta l m axim um  
m a n om etry  error o f ± 0 .2 0  m m .

(b ) Thermostat Fluctuations.— T h e  tem pera­
tu re  con tro l was to  better than  ± 0 .0 0 5 °  and the 
error in the pressure (sum  o f pressures o f  benzene 
an d  iod ine) due to  this fluctuation  is 0 .0 0 1 %  or less 
th an  0.01 m m .

T h e  m axim um  error in th e  to ta l pressure w ill thus 
b e  0.21 m m . H ow ever, in the last m ixture several 
readings o f  th e  pressure were taken  at each  tem ­
perature, and the m ean o f these readings taken. 
I t  is fe lt th a t m u ch  m ore w eight should  b e  g iven  
t o  these values.

(2) Errors in the Benzene and Iodine Pressures.
— T hese pressures w ere ca lcu lated  fo r  th e  stated 
tem perature from  the equations o f  state. A n y  
errors in th erm om etry  are to  be  referred to  th e  tota l 
pressure. T h e  errors in th e  benzene and iod ine 
pressures arise from  the other quantities w h ich  ap ­
p ear in  the equations o f state, and w ill be  system a­
t ic  fo r  an y  given m ixture. T h e  errors m a y  arise 
from  th e  m easured volu m e or th e  w eigh t o f th e  sam ­
ples.

(a) Weighing Errors.— In the case o f  the iodine 
th is error is estim ated  as ± 0 .0 0 1  g. fo r  the first 
tw o  runs and ± 0 .0 0 0 4  g. fo r  the last run, resulting 
in  errors in th e  iod ine pressure o f  a b ou t 0.11 and 
0 .05  m m ., respectively . In  the case o f  th e  benzene 
it  is estim ated as ± 0 .0 0 0 2  g., causing an error o f 0.06 
m m . in the pressure.

(h) Volume Errors.— Since the vo lu m e o f the 
vessel was ca lcu lated  from  the equ ation  o f state 
o f  benzene using eq. 2, and  since the pressure o f 
ben zene w as then  obta ined  b y  reversing th e  calcu ­
lation , n o  inconsistencies can be  in trodu ced  b y  th e  
use o f  eq . 2 and  th e  error in  th e  pressure o f benzene 
can  be  considered to  b e  equal, percentagew ise, to  
the p robab le  error o f  th e  volu m e. T h e  la tter  was 
a b ou t 0 .0 2 5 %  fo r  the first tw o  m ixtures and 0 .0 1 0 %  
for  the last one ; the resulting errors in th e  ben zene 
pressure are a b ou t 0.10 m m . fo r  th e  first m ixture, 
a b ou t 0.10 m m . fo r  th e  secon d  m ixture, and  abou t 
0 .05  m m . fo r  th e  last one.

A n y  error in  th e  vo lu m e w h ich  is caused b y  in ­
a ccu racy  in  eq. 2 w ill be  reflected  in  th e  pressure 
o f  iod ine. A ccord in g  to  A llen , E verett and  P en n ey  
the error in B  w ill be  abou t 6 % , w h ich  w ill cause 
a b ou t 0 .0 6 %  error in  th e  volu m e, and h ence  in the 
ca lcu lated  iod ine pressure, in th e  first tw o  runs, 
and a b ou t 0 .0 7 %  in  th e  last one. A ccep tin g  0 .1 %  
as th e  error in eq. 3, w e believe th en  th at th e  over­
all error in  th e  iod in e  pressure w ill surely b e  less 
than  0 .2 %  ; w h ich  w ou ld  am ou n t to  abou t 0.5 m m . 
in  th e  first m ixture, abou t 0.8 m m . in  th e  second , 
and  abou t 0.55 m m . in th e  last.

I f  all the errors w ere added  (including 0 .2 %  error 
in  th e  iod ine pressure) w e cou ld  have a to ta l error in 
Ap  o f  a b ou t 0 .98  m m . or 2 8 %  in  th e  first m ixture, o f 
a b ou t 1.28 m m . or 2 5 %  in  the secon d  m ixture and o f 
abou t 0 .92  m m . or 1 8 %  in th e  th ird  m ixture. T h e  
actu al errors m ay , on  the w hole, b e  exp ected  to  be 
con siderably  sm aller than  these. T em p eratu re  co ­
efficients m a y  b e  exp ected  to  be  reason ab ly  accu ­
ra te  also, since the n on -system atic  part o f  these 
errors is sm all enough  so  th a t it  sh ou ld  n o t to o

grea tly  a ffect th e  results i f  a carefu l average  is 
m ade.

W e  h ave m ade n o  correction  fo r  th e  loca l va lu e  
o f the acceleration  due to  gravity . T h is w ill a f­
fe ct  all th e  pressures in the sam e w ay, and so th e  e f­
fe ct  on  Ap  w ill be  negligible.

T reatm en t o f  the D ata
I t  w as poin ted  ou t som e tim e ago b y  G o o d e v e 8 

that, since the a ttractive  forces betw een  tw o  m ole ­
cules ten d  to  m ake th em  m ov e  faster w hen  in  the 
n eigh borh ood  o f each  other, on  this basis a lon e th e  
a ttractive  forces  w ou ld  on ly  m ake th e  e ffective  ex­
clu ded  vo lu m e larger, and  so cou ld  n ot result in 
the low ering o f the to ta l pressure. T h ou gh  it  is 
n ot certain  th at G ood ev e  allow ed su fficiently fo r  
collisions w h ich  w ou ld  h ave been  near m isses were 
it n ot fo r  the a ttractive  forces, still the low ering o f 
pressure b y  the a ttractive  forces w ill occu r largely 
because som e o f th e  pairs o f  m olecules h ave less 
than  enough  m utual translational en ergy  to  escape 
from  each  other, and so form  “ com plexes .”  T h is  is 
true even  if on ly  the van  der W aals ty p e  o f fo rce  is 
operative. In  the present case Ap  is su fficiently 
sm all so  th at w e m ay  con jectu re  th at on ly  va n  der 
W aals forces are in vo lved , b u t w e m a y  in terpret Ap 
in term s o f com plex  form ation .9

T h e  equ ation  o f state fo r  n m oles o f gas m a y  at 
su fficiently low  pressures be  approxim ated  b y

p =  nRT/V +  n2RTB/V2 (4)
w here B  is th e  second  virial coefficient. B  contains 
con tribu tion s from  pair form ation  and from  the 
exclu ded  volu m e. A t  pressures as low  as one a t­
m osphere w e m a y  take th e  excluded  vo lu m e in to  
a ccou n t b y  subtracting  it d irectly  from  V. W e  d o  
this on ly  in  the large (first) term  on  th e  right-hand 
side o f  eq. 4, obta in ing  thus

v =  nRT/(V -  nb) + n2RTB°/V2
w here B° is th at part o f the viria l coefficient aris­
ing from  pair form ation . E xpan din g  th e  first term  
we obta in , t o  the secon d  pow er o f V ~ l

p = nRT/V +  n2RT{B» +  b)/V2 (5)
w hence w e see that

B« = B -  b (6)
In  the case o f a pure gas b w ill b e  g iven  b y

6 = N ( 2x/3V (7)

w here a is the e ffective  collision  diam eter (n ot, o f 
course, the sam e as <to), and N  is A v o g a d ro ’s n um ­
ber. H irschfelder, M cC lu re  and W e e k s10 chose 
qu ite  a large va lue fo r  a, w h ich  m igh t be  don e to  
a llow  fo r  the e ffect o f  the a ttractive  forces  n oted  b y  
G ood eve , th ou gh  their p o in t o f v iew  was som ew hat 
different. H ow ever, w e d o  n ot be lieve  th at this 
e ffect w ill actu a lly  be  v ery  great, since th e  d ep th  o f 
the poten tia l w ell w ith  w hich  w e h ave to  deal will, 
a t its deepest po in t, be  at m ost abou t d ou b le  the 
radial m utual v e lo c ity  com p on en t, and, o f  course, 
there is one poin t, th e  turning p o in t o f th e  co lli­
sion, w here this com p on en t o f  v e lo c ity  is zero. W e

(8 ) C . F . G o o d e v e ,  N a tu r e ,  14 0 , 4 2 4  (1 9 3 7 ).
(9 ) S ee  a lso  A . E u c k e n  a n d  L . M e y e r ,  Z. p h y s i k .  C h e m .,  S B , 4 5 2  

(e s p e c ia lly  4 6 5  f )  (1 9 2 9 ).
(1 0 ) J. O . H irs ch fe ld e r , F . T .  M c C lu r e  a n d  I .  F .  W e e k s , J .  C h e m .  

P h y s ., 1 0 , 201  (1 9 4 2 ) .
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shall therefore  obta in  b  from  v iscosity  data  using 
the equ ation  o f C h a p m a n 11 

<7 =  2.14 X l O - W / w r 'A C  +  C/273.1)-'/’ (8)
H ere M  is th e  m olecu lar w eight, C  is S utherland ’s 
constant, »7 2 7 3 . 1  is th e  v iscosity  at 2 7 3 .1 °K . W e 
th en  obta in  from  eq. 7 and 8, using data  tabu lated  
b y  P a rtin g ton 12

»'ll =  4.76 X 10-i cm. (benzene) (9a)
<722 =  4.37 X 10-s cm. (iodine) (9b)

E qu ation  8 is based  on  th e  fa irly  crude m od el of 
a ttracting  rigid spheres, b u t should  be  sufficient fo r  
our purposes.

W e m a y  ap p ly  eq. 4, 5 and 6 to  m ixtures o f gases
if w e set

b = £i26h +  2xix2b12 +  x22b22 (10)
B = xi2Bn -f- 2xiX2Bl2 -}- x22B22 (11)

and
B° — Xi2Bn0 +  2 iii2B120 +  x-̂ B-n0 (12)

w hence it fo llow s that
B, I» = Bn — &11Î B\2° — Bn — bl2

B22® ~ B22 — &22 (13)
Xi and  x2 are m ole  fraction s o f m olecu les o f species 1 
and  species 2, respectively , w hile the subscripts on 
the V s, B ’s and  B°’s have a fa irly  ob v iou s  sign ifi­
cance. W e  w ill have

6 11 =  A1(27r/3)crn3; t'i2 =  Ar(2 ir/3 )o’i23;
f>22 =  JV(27t/ 3 ) o-223 (1 4 )

where, a t least t o  a  g ood  approxim ation

<712 = (<7ll +  <r22)/2 (15)
T h e  significance o f  eq. 10 can  be  seen from  the 

fo llow in g  considerations. T h e  to ta l vo lu m e ex­
cluded  b y  all oth er m olecu les fo r  a m olecu le o f spe­
cies 1 is 2nxibn +  2nx2bi2 and th at fo r  a m olecu le  of 
species 2 is 2nx2b22 +  2nxibn. In  each  case 2b, w ith  
appropriate  subscript, is th e  vo lu m e (per m ole) o f 
the exclusion  sphere. T h e  average excluded  v o l­
um e w ill therefore  be

j [zi(2jizi&ii +  2nx2bl2) +  x2(2nx2b-n +  2n*i6i2)]
= nxi2bn -f- 271211126 12 +  nx22b22

the fa cto r  V 2 appearing as usual, because otherw ise 
each  exclusion  sphere is cou n ted  tw ice , on ce fo r  each 
m olecu le  o f  a pair. I t  w ill b e  seen th at this 
am ou n ts to  an average accord in g  to  pairs, since the 
ratios o f  th e  num bers o f  pairs o f d ifferent k inds are 
xi2:2xix2:x 2i. T h e  B°’s shou ld  clearly  be  averaged 
in th e  sam e w ay . T h e  usual eq u a tion ,13 eq . 11, 
will then  fo llow .

I f  species 2 were absent, the observed  pressure o f 
species 1 w ou ld  be, from  eq . 5

pi — nxiRT/V +  n2x22RT(Bn° +  bn)/V2 (16)
w hile if  species 1 w ere absent th e  pressure o f  species 
2 w ou ld  be

p2 =  nxtRT/V +  n2x22RT{B2-P +  b^/V2 (17)
A p p ly in g  eq . 5 to  th e  to ta l pressure o f th e  gas, using

(1 1 )  S ee  T .  S . W h e e le r , Rec. trav. chim., 5 1 , 1 2 0 4  (1 9 3 2 ).
(1 2 )  J . R .  P a r t in g t o n , “ A n  A d v a n c e d  T r e a t is e  o n  P h y s ic a l  C h e m is ­

t r y , "  L o n g m a n s , G re e n  a n d  C o . ,  N e w  Y o r k ,  N .  Y . ,  1 9 4 9 , V o l .  I ,  p p . 8 5 8  
ff.

(1 3 )  J . E .  L e n n a r d -J o n e s  a n d  W . R .  C o o k , Proc. Roy. Soc. {London), 
U S A ,  3 3 4  (1 9 2 7 ).

eq. 10 and  12, su btracting  eq. 16 and  17 from  the 
result, and recalling th at X\ +  x 2 =  1, w e obta in

Ap = p — pi — p2 =  2xix27i2RT(Bl2° + bl2)/V2 (18)
Ap is essentially the qu an tity  w e have m easured in 
the case o f the iod in e -b en zen e  m ixtures. T h e  
change o f pressure arising from  pair form ation , 
w h ich  we w ill call Ap°, is g iven  b y  
A p° = A p — 2x1x2n2RTbn/V2 = 2xix2n2RTB,2<>/V2 (19)

Since the gas im perfections are rela tive ly  sm all 
we m a y  use the ideal gas law  fo r  the pressures o f 
the unpaired m olecules. T h u s th ey  are approxi­
m ately  niR T/V  and n2R T /V , respectively , w here 
rii =  xin  and n2 =  x 2n. T h e  equ ilibrium  constant 
fo r  the form ation  o f pairs w ill be  app rox im ately

Kp = - V 2Ap«/nln2(RT)2 (20)
V alues o f K p are included  in T a b le  I . T hese 

were calcu lated d irectly  from  the values o f  Ap 
given  in  th e  table , b y  m eans o f eq. 20 and the first 
relation  o f eq. 19, using eq. 9a, 9b, 15 and 14 to  o b ­
tain  bn- In  F ig. 2 w e h ave p lo tte d  log  K p against 
77-1, and  h ave p u t the best straight line throu gh  
these p oin ts b y  least squares, w eighting accord in g  to  
the num ber o f observations given  in  T a b le  I . T h e  
slope o f the line m a y  be  used  to  calcu late AH, the 
heat o f form ation  o f a pair. T h e  th erm od yn am ic 
fu n ction s fo r  form ation  o f a pair a t 4 5 0 °K ., tak in g
1 atm . pressure as the standard  state, are as fo llow s

AH =  —2.44 kcal. mole-1 (21)
AG° = 3.00 kcal. mole-1 (22)

AS0 = —12.1 cal. mole-1 deg.-1 (23)
F or com parison  w e have in cluded  in F ig . 2 curves 

representing —2Bn°/RT  (benzene) an d  — 2B 22°/RT  
(iod in e), ca lcu lated  from  eq. 2 an d  3, resp ective ly . 
( A p fo r  association  in  a pure gas actu a lly  has th e  
form  Bii/RT, b u t th e  com parison  shou ld  be  w ith
2 Bii/RT t o  reflect the actu al d ifference in  m olecu lar 
forces.) I t  w ill be seen th at th e y  are o f  th e  sam e 
order o f  m agn itude and  h ave the sam e general b e ­
h avior as K p or —2Bn°/RT, w h ich  in d icates th at 
the forces betw een  iod ine and  ben zene are o f  th e  
van  der W aals type .

Fig. 2.—Van der Waals association constants.

Effective Cross Section for Dissociation of I2 by 
Benzene

In  order to  see w hether w e can a ccou n t fo r  the 
apparent large collision  diam eter fo r  d issociation  o f 
I 2 b y  benzene, it w ill first be  n ecessary to  correct K p
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to  arou nd  3 0 0 °K . T ak in g  AH  as roughly  constant 
we find K p at 3 0 0 °K . to  be 0.14 a tm .-1 , and K c =  
3400 m l. m o le -1 .

T h e  effective  collision  diam eter o-0 for  the disso­
cia tion  was ca lcu lated  b y  R ic e 2a b y  assum ing that 
the over-a ll rate constant, fed, expressed in m olal 
con cen tra tion  units, w as given  b y

kd =  A e ~ ^ u / k T  (24)

w here A E i 2 is th e  dissociation  en ergy  o f I 2 and
A  = 200 <r0W(2xftr/,i)1/2 (25)

w here N  is A v o g a d ro ’s num ber and u is th e  reduced 
m ass in  m olecu lar w eigh t units. I f  we n ow  assume 
th at the a ctiva tion  energy fo r  reaction  (b ) is equal 
t o 14 AEx.t (w hich  is the d issociation  en ergy  o f an 
unattached iod ine) we m a y  w rite fo r  the over-all 
rate con stan t fo r  reactions (a) and (b)

kbKc = 5pi,Kc (26)

w here the freq u en cy  o f v ib ra tion  of I 2 in its 
grou nd  state, w h ich  is ap prox im ately  6.4 X  1012 
se c .-1 , is tak en  as the freq u en cy  fa ctor  for  the rate 
o f decom position , and  the fa cto r  5 allow s fo r  the 
num ber o f energy levels from  w hich  I 2 can d issoci­
ate, as explained in reference 2a. In  order to  find 
the exp ected  value o f <r0 w e therefore  set

20(WAr(27rBT/M)1A = 5n2Kc (27)

U sing th e  va lu e  o f K 0 fou n d  a b ov e  w e obta in  oo =  
13 A . I t  is to  be  n oted  th at th e  correction  arising 
from  rotation  o f the iod ine m olecu les2*1 has n ot been  
in cluded  in either eq. 25 or eq. 26. T h is is e ffec­
tiv e ly  a correction  in the n um ber o f states from  
w hich  d ecom position  o f I 2 can occur, and should  a f­
fe ct  th e  va lu e  o f A  and o f fcb rou gh ly  in th e  sam e ra­
tio, so th at the calculation  o f cr0 from  eq. 2 7 owill be 
affected  on ly  slightly. T h e  value a0 =  13 A . m ay 
therefore be  com pared  d irectly  w ith  the corrected  
experim ental values o f <70 (10 to  14 A .) g iven  at the 
beginning o f the p aper and is seen to  be  o f the sam e 
order o f  m agnitude. T h e  va n  der W aals associa­
tion  can  therefore  a ccou n t a d equ ately  fo r  th e  o b ­
served  rate o f reaction . T h is fa ct  lends som e 
w eight to  the suggestion  o f R ussell and  S im on s1 
th at there is a relation  betw een  th e  rate  o f  recom bin ­
ation  o f iod ine atom s and th e  boilin g  poin t o f the 
inert substance used to  furnish  the th ird  b od y .

I f  the th ird  b o d y  is a m on atom ic m olecule, like 
argon , a com p lex  betw een  iod ine and the inert m ole­
cu le, h avin g  enough  energy to  d issociate the I2, 
cou ld  n ot be  stabilized , since there are n o  internal 
degrees o f freedom  to  take care o f  the excess energy. 
I t  has been  n o te d ,2a how ever, that a one step reac­
tion

A +  I2 — >- A-I +  I (c)
cou ld  result in a low ering o f the activa tion  energy. 
In deed , since the transition  state o f reaction  (c) 
w ou ld  be entirely  sim ilar to  that o f  reaction  (b ) it, 
w ou ld  appear th at (c) w ou ld  have the sam e effect 
as (a) an d  (b ), and th at the rate cou ld  be  calcu lated 
as th ou gh  the reaction  to o k  p lace in tw o  steps. 
T h u s the relation  betw een  boilin g  p o in t and  rate 
o f  association  can  reason ably  be  extended to  these 
cases.

(1 4 ) T h is  m e a n s  t h a t  w e  a ssu m e  t h a t  th e  e n e r g y  t o  s p lit  th e  c o m p le x  
is  th e  sa m e  f o r  C eH s*!? as f o r  C eH V I.

R ussell and  S im on s1 have m easured tem perature 
coefficients fo r  the association  o f iod ine atom s using 
several d ifferent inert gases. T h e y  fou n d  an a cti­
v a tion  en ergy  o f — 2330 cal. per m ole-reaction  w ith  
benzene as th e  in ert gas. I f  the a ctiva tion  en ergy  
fo r  the reverse o f  reaction  (b ) is zero, and i f  our 
assum ption  regarding the a ctiva tion  en ergy  o f the 
d irect reaction  (b ) is correct, then this activa tion  
energy represents th e  n egative o f  the heat o f  d isso­
ciation  o f the com plex . I t  is seen th at it  is o f  ju st 
the right order o f  m agnitude. T h e  m o st pu zzling  
feature o f R ussell and S im ons’ results is th e  rather 
sm all range o f activa tion  energies fo r  the different 
inert gases. T h u s the activa tion  en ergy  w ith  h e­
lium  is a b ou t — 1510 cal. per m ole -reaction ; since 
the a ttra ctive  forces  in  the case o f  helium  w ou ld  be  
expected  to  be  v e ry  sm all, the absolu te  va lu e o f the 
activa tion  en ergy  seem s som ew hat high. F urther­
m ore, the difference betw een  —2360 and — 1510 
cal. per m ole-reaction  w ou ld  a ccou n t, th rou gh  the 
exponentia l fa ctor  fo r  a d ifference in  the rate o f  re­
action  o f on ly  a b ou t 4 -fo ld  at ro o m  tem perature. 
S ince the rate  o f  association  in the presence o f  ben ­
zene is at least 100 tim es as great as in  the presence 
o f helium , this w ou ld  appear to  p u t to o  great a 
burden  on  the en trop y  fa ctor , particu larly  in  the 
light o f  the analysis o f  the e n trop y  o f th e  com p lex  
g iven  in  the fo llow in g  section .

The Structure of the Benzene-Iodine Complex
F rom  the e n trop y  o f association  A S0 w e m a y  o b ­

tain  a rou gh  p ictor ia l idea o f the tightness w ith 
w h ich  th e  com plex  is held  togeth er. T h e  va lu e  o f 
— 12.1 cal. m o le -1  d e g .-1  is v e r y  m u ch  low er in 
absolu te  va lu e than  w ou ld  be expected  if  th e  tw o 
m olecules w ere held  togeth er b y  v a len ce -b on d  
forces. W e  m a y  use th e  expression

— ASc =  R In (Vi'e/vi) (28)
to  ca lcu late th e  vo lu m e v2 in w h ich  an  iod in e  m ole­
cule is loca lized  in  th e  presence o f  a  benzene m ole ­
cule. H ere v2' is the m olecu lar vo lu m e o f free  iod ine 
m olecu les in their standard  state, on e atm osph ere 
pressure. T h e  fa cto r  e takes care o f the sharing 
o f the vo lu m e  b y  the iod ine m olecule, i.e., it  gives 
the com m un al en trop y , and  it  does n o t appear in 
the den om in ator o f  the fraction  becau se w e deal 
on ly  w ith  the case in  w hich  on ly  one iod in e  is a t­
tach ed  to  a g iven  benzene m olecule.

A t  4 5 0 °K . the va lu e  o f v2 is 6.13 X  104 A .3. T h en  
w e find from  eq. 28, v2 =  370 A .3.

W e  can rou gh ly  assum e th at the center o f  the I 2 
m olecu le  is loca ted  som ew here betw een  tw o  spheres, 
the inner one o f w h ich  has a vo lu m e o f  4irai23/3  or 
2 &1 2 , w h ich  is equal to  400 A .3, and  an  ou ter one o f 
400 +  370 =  770 A A  T h e  diam eter o f  the inner 
sphere is a12 =  4 .57 A . and th at o f the ou ter sphere 
is 5.69 A . T h e  average range o f the v ib ra tion  o f 
the iod ine against the benzene is thus, a ccord in g  to  
this rou gh  ca lcu lation  a b ou t 1.12 A ., as com p ared  
to  effective  d istances o f  the order o f  a few  tenths 
o f  an angstrom  fo r  th e  relative v ib ra tion  o f the tw o 
atom s in  a d ia tom ic m olecu le in w hich  v a len ce -typ e  
forces are operative . T his, o f  course, assum es that 
the I 2 m olecu le  rotates freely  w hen a ttach ed  to  ben ­
zene.

A  sim ilar calcu lation  cou ld , o f course, be  m ade
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fo r  the ben zen e-ben zen e  com p lex  and  the io d in e - 
iod ine com plex, and  results o f  the sam e order o f  
m agn itude w ou ld  be obtained .

Comparison with Results of Benesi and Hildebrand
B enesi an d  H ild eb ra n d 5 (1949) fou n d  th at in 

carbon  tetrach lorid e  solu tion  the equ ilibrium  con ­
stant K  corresp on d in g  to  a reaction  like reaction  
(a) was 1.72 (m ole  fr a c t io n )-1  at ro o m  tem perature. 
T here  seems to  be n o  qu estion  th at this is a d iffer­
ent ty p e  o f com plex  from  th at w hich  w e h ave stu d ­
ied in the present paper. In  solu tion  in  carbon  te t­
rach loride, th e  I 2, the C 6H 6 and the com plex  are all 
con tin u a lly  u nder the in fluence o f  the va n  der W aals 
forces o f  the surrounding m olecules. O n ly  som e­
th ing o f a d ifferent nature w ou ld  result in the shift 
o f  the a bsorp tion  ban d  b y  w h ich  the com p lex  was 
detected .

C arbon  tetrach loride has a m olar v o lu m e o f 96.5 
m l. In  a d ilute solution , a g iven  m ole fraction  x 
corresponds to  a con cen tration  o f x  m oles per 96.5 
m l., or, calcu lating gas pressures as th ou gh  the other 
m olecules w ere n ot there, a pressure o f a b ou t 254a; 
atm . a t 25°. T hu s on  this basis K p =  0 .68  X  
10 -2  a tm ._1. H ow ever in the gas phase K v w ou ld  be 
sm aller, since this calcu lated va lu e  takes n o  a ccou n t 
o f  the fa ct that the free vo lu m e for  m olecules in 
solu tion  is less than  the to ta l volu m e. O ur va lu e  o f 
K v, even  a b ov e  4 0 0 °K ., is arou nd  4 X  10 -2  a tm .-1 . 
C om plexes o f  the ty p e  observed  b y  B enesi and 
H ildebran d  should, therefore, h ave a com p lete ly  
negligible in fluence on  our experim ents.

W e  w ish to  thank M essrs. D . E . Sam pson , A . R . 
B en n ett and C . E . T r ip p  fo r  va lu ab le  assistance 
in con stru ction  o f the apparatus.
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Flame quenching distances for a variable-width water-cooled rectangular-channel burner as a function of pressure for 
various propane-oxygen-nitrogen mixtures are presented. The relation between pressure p and quenching distance d, 
is given by dap~r, with r «  1 for equivalence ratios approximately equal to one (for pressures of 0.1 to 1.0 atm. and for 
volumetric oxygen fractions of the oxidant mixture of 0.17, 0.21, 0.30, 0.50 and 0.70). For lean and stoichiometric mix­
tures, it is shown that an equation based on a diffusion mechanism may be used successfully to correlate the observed quench­
ing data.

V arious investigators h ave  a ttem p ted  to  relate 
quench ing  d istance to  the fu n dam en ta l properties 
characterizing the com bu stion  w ave. R eferen ce 
1 relates qu ench ing  d istance to  m in im um  ign ition  
energy and burning  v e lo c ity  b y  assum ing that a 
consideration  o f heat-transfer processes alone is 
sufficient to  explain  the beh av ior o f  the com bu stion  
w ave. N o  th orou gh  test o f  this th eory  has been 
m ade, ch iefly  because o f the la ck  o f low  pressure 
burning v e lo c ity  data. A  quench ing  th eory  is 
p roposed  in reference 2 in w hich  the diffusion  o f H , 
O and O H  radicals in the flam e fron t plays the 
vita l role in  determ in ing w hether or n ot the flam e 
will be  qu ench ed  b y  a g iven  w all geom etry . This 
latter th eory  can  be  read ily  applied  (on ce  flam e 
equ ilibrium  radical con cen tration s are calcu lated) 
and has been  successfu l in correlating quench ing 
distance data  fo r  p rop an e-a ir , e th y len e -a ir  and 
iso octa n e -a ir  flam es ov er  a range o f pressures. 
O ne o b je ct io n  to  this diffusional m echanism  for  
flam e quench ing is based on the observation  that 
surfaces w h ich  m ay d isp lay  w id ely  d ifferent chain 
breaking efficiencies all d isp lay  the sam e flam e 
quench ing e ffects .3 H ow ever, such  v a ry in g  chain 
breaking w all efficiencies h ave n ot been  d em on -

(1 )  B . L e w is  a n d  G . v o n  E lb e ,  “ C o m b u s t io n , F la m e s  a n d  E x p lo s io n  
o f  G a s e s , ’ '  A c a d e m ic  P re ss , I n c . ,  N e w  Y o r k ,  N . Y . ,  1 9 5 1 , p . 4 1 3 .

(2 )  D .  M .  S im o n , F .  E .  B e lle s  a n d  A .  E .  S p a k o w s k i, “ F o u r t h  S y m ­
p o s iu m  (In te r n a t io n a l )  o n  C o m b u s t io n , ’ ’  T h e  W ill ia m s  a n d  W ilk in s  
C o . ,  B a lt im o re , 195 3 .

(3 )  R .  F r ie d m a n  a n d  W . C . J o h n s to n , J. App. Phys., 2 1 , 79  (1 9 5 0 ) .

strated  fo r  the case o f  h igh  tem perature flames 
near co ld  walls.

T h e  present w ork, in  add ition  to  su p p ly in g  the 
data  n ecessaiy  to  describe the w all qu ench ing  o f 
p rop a n e -ox y g en -n itrog en  flam es as a fu n ction  o f 
fu e l-o x id a n t ratio, oxygen  con ten t o f the ox id an t 
m ixtures, and pressure, is in ten ded  as an add ition a l 
test o f  this current con cep t o f  flam e quenching.

Apparatus.—The rectangular channel quenching distance 
burner used in making these measurements was made of 
stainless steel. The burner length was 5 inches and the 
slit width, established by adjusting the movable burner- 
lip assembly, was never more than V, inch. Two inside- 
thickness gages were used at the ends of the rectangular slot 
to determine the burner wall separation. The burner itself 
was mounted in a 3.5 cubic foot capacity, pressure-controlled 
chamber.

The desired fuel-oxidant mixture was introduced through 
three inlets located at the bottom of the burner channel. 
Fine glass beads were sandwiched between two layers of 
200-mesh stainless steel screen which served both as a flow 
straightener and as a flame arrestor. The jacketed walls of 
the burner were kept at 40° by circulating water. This 
wall temperature was sufficiently high to prevent condensa­
tion of water on the burner lip. A spark igniter was used 
to establish a flame atop the rectangular burner port. A 
thermocouple was employed to measure local temperatures 
and to indicate flash back of the flame through the rec­
tangular channel of the burner. Fuel and oxidant were 
supplied from separate cylinders and were separately me­
tered through critical flow orifices.

Oxygen-nitrogen mixtures for which the volumetric oxy­
gen fraction a was 0.17, 0.21, 0.30, 0.50 and 0.70 were used 
as oxidants. The supplier’s stated accuracy was ±0 .1%
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0 2. The propane used in these experiments had a stated 
purity of 99.9%.

Quenching data were obtained by first fixing the burner 
wall separation and then finding the highest pressure at 
which a flame of known air-fuel ratio would not flash back. 
This pressure (hereafter called the limiting pressure) could 
be estimated to within 0.02 inch of mercury.

Effect of Burner Channel Geometry.— R eferen ce 
4  show s th at the quench ing  beh av ior o f  plane 
parallel p lates o f  infinite extent and  a  rectangular 
channel o f  finite length  to  w idth  ratio m a y  be 
successfu lly  related b y  the equ ation

dp = dt [ l  -  0.300 (j^j -  0.047 ( £ ) * ]  (1)

w here
dr = rectangular channel width 
br =  rectangular channel length 
dp = plane parallel plate separation

T y p ica l o f such  sets o f curves, is the set obta ined  
fo r  a  =  0 .50 (F ig . 1). A n  equ ivalen ce ratio  scale 
<p, as w ell as an o x id a n t-fu e l m ass ra tio  scale O /F , 
is ind icated . T h e  exten t o f the data  to  lim iting  
values o f <p on  either side o f <p — 1 w as essentially  
determ ined b y  either the a b ility  to  seat a stable  
flam e on  the burner or the pressure range fo r  the 
investigation . D a ta  taken  from  these curves 
w ere used to  con stru ct least squares logarithm ic 
p lots o f quench ing d istance against pressure for  
each  o f the five a  values in vestigated  and fo r  as 
w ide a  range o f equ ivalence ratio  ( <p) values as 
the data  covered . T h e  slopes o f these lines de­
fine r, the n egative o f  the pow er describ ing the 
pressure dependence o f the quench ing  d istance, 
dap~r. T hese values o f r are g iven  in  T a b le  I.

T a b l e  I
In  v iew  o f the fa ct th at the (dT/bt) values em ­

p loyed  in  this experim ent w ere alw ays equal to  or 
less than  0.1, i : fo llow s from  equ ation  1 th at the 
error incurred in assum ing th at the observed  data  
are equ iva len t to  plane parallel p late data  is 
alw ays less than  3 % .

Experimental Results
C urves o f lim iting  qu ench ing  pressure as a 

fu n ction  o f ox id a n t-fu e l ratio fo r  fo u r  different 
burner w idths and fo r  each  o f  th e  a  values 0.17, 
0.21, 0.30, 0 .50 and  0.70 were obta ined .

T 7 0  ^85~ .567 4̂15 7 3 4 0

Comparison of Predicted and Observed Pressure 
D ependence of Quenching D istance

O x y g e n
fra c t io n ,

a

E q u iv a le n ce
ra t io ,

<P

P re ssu re  d e p e n d e n c e  o f  
q u e n ch in g  d is ta n c e , r 
O b s d . P r e d ic t e d

0.17 0 . 9 4 3 0.90 0.88
1 . 0 0 0 .89 .85
1.340 .84 .75
1.530 .71 .75

0.21 0.738 0.85 0.86
.864 84 .89

1.000 .89 .93
1.240 .95 .78
1.490 .98 .76

0.30 0.566 0.76 0.87
.662 .93 89
.773 1.06 .92

1.000 0.98 .94
1.380 .93 .86
1.903 .74 .76

0.50 0.476 1.01 0.91
.544 1.01 .93
.680 0.96 .96

1.000 .93 .97
1.358 .91 .95
1.940 .88 .82

0.70 0.345 1.12 0.91
.395 1.12 .93
.494 1.02 .96

1.000 1.01 .98
1.234 1.07 .98
1.829 0.60 .89

Quenching Distance Equation.— T h e  diffusional 
quench ing  d istance equ ation  fo r  p lane parallel 
p lates (2) m a y  be  w ritten

w here

d2 =
/T A » 12 "

(2)

EQUIVALENCE RATIO, <P.
Fig. 1.—-Relation of limiting quenching pressure to O/F 

and p for various burner wall separations. Oxygen frac­
tion, a, 0.50.

(4 )  A . L . B e r la d  a n d  A .  E .  P o t t e r ,  J r ., “ F i f th  S y m p o s iu m  ( In te r ­
n a t io n a l )  o n  C o m b u s t io n ,”  t o  b e  p u b lish e d .

d =  quenching distance, cm.
A = fraction of molecules present in gas phase which 

must react for flame to continue to propagate 
ki = specific rate constant for reaction of active particles 

of one kind with fuel molecules, (cm.3)(mole- 
cules-1)(sec._1)

Tr = reaction temp. = (0.7) flame temperature, °K.
T0 = cold gas temperature, °K.
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n — power describing the temp, dependence of the dif­
fusion coefficient, DaTn

N f =  */s of fuel molecules per cc. in unburned gas at Tr
= Ell _i_ PP5  , Vo 

^ D i  Da * ¿»on ^  Do
pa, Vos, Vo =  partial pressures of hydrogen atoms, 

hydroxyl radicals and oxygen atoms, respec­
tively, atm.

Da, Ooh Do =  diffusion coefficients for hydrogen atoms, 
hydroxyl radicals and oxygen atoms, respec­
tively, which diffuse into unburned gas at 27° 
and atmospheric pressure, sq. cm./sec.

Calculations.— V alues o f  1.02, 0.29 and 0.26 
square cm . per secon d  w ere ca lcu lated  fo r  the d if­
fusion  coefficients o f  h ydrogen  atom s, oxygen  
atom s an d  h y d rox y l radicals, respectively , in to  a 
sto ich iom etric  p rop a n e -a ir  m ixture a t a  pressure 
o f  1 a tm osph ere an d  a  tem perature o f  27°. B in ary  
d iffusion  coefficients w ere obta in ed  throu gh  the 
use o f  the eq u ation  g iven  b y  C hapm an  and C ow l­
in g .6 T h e  necessary m olecu lar an d  a tom ic d if­
fusion  radii were fou n d  to  be

ro = 1.28 X 10~8 cm. ru = 1.17 X 10~8 cm.
ro„ = 1.66 X 10-8 cm. = 1.25 X 10-8 cm.
7-nj =  1.72 X 10-8 cm. rciHs = 2.85 X 10~8 cm.

these values are a b ou t 8 %  b e low  those ca lcu lated  
from  v iscos ity  m easurem ents. T h e  relation  sug­
gested in  reference 6 was em p loyed  to  ca lcu late 
the slight varia tion  o f the diffusion  coefficients 
w ith  com p osition  o f the u n i o n e d  gas. T h e  proper 
tem perature dependences T or 71; are uncertain, 
a lthough  the va lu e  o f n  =  2 used in  reference 2 
appears qu ite  high. T h e  exp ected  range fo r  n is 
(s/ 2 S  n  S  2 ), w ith  n decreasing as absolu te  tem ­
perature increases. I t  is here assum ed th at n = 
1.67.

T h e  quantities Ti, Tt, Nf, pu, po  and p o h  w ere 
com p u ted  b y  the sam e m ethods em ployed  in  refer­
ence 2. T h e  tables o f  th erm odyn am ic constants 
o f  reference 7 and the va lue o f the heat o f  form ation  
o f prop ane g iven  in  reference 8 w ere used, togeth er 
w ith  the m atrix  m eth od  o f reference 7 to  calcu late 
equ ilibrium  p rod u ct con cen tration s and ad iabatic 
flam e tem peratures. T h e  ca lcu lated  values o f  p\ 
and T{, associated  w ith  various flam es and  qu ench ­
in g  con d itions, are g iven  in  T a b le  II .

Pressure Dependence of Quenching Distance.—  
E q u a tion  (2) m a y  be  used to  p red ict that

log ^2 p\/D\ — m log p +  constant (3)
i

w here m is defined b y  the equation
m = 2r -  1 (4)

B o th  th eory  and experim ent sh ow  th at r tends to  
increase as a  increases and th at the va lu e  o f r 
does n o t v a ry  greatly  and  is close to  u n ity  over 
th e  range o f a  values investigated . I t  shou ld  be  
n oted  th at eq u ation  4 is derived  from  a qu ench ­
in g  eq u ation  w h ich  is in ten ded  fo r  use w ith  lean 
or sto ich iom etric  m ixtures on ly . D esp ite  this, 
equ ation  4  does p red ict reason ably  reliable values

(5 )  S . C h a p m a n  a n d  T .  G . C o w lin g ,  “ T h e  M a t h e m a t ic a l  T h e o r y  
o f  N o n -U n ifo r m  G a s e s ,”  C a m b r id g e  U n iv .  P ress , 193 9 , p . 2 5 0 .

(6 )  C .  F .  C u rt is s  a n d  J . O . H ir s c h fe ld e r , J. Chem. Phys., 17, 550  
(1 9 4 9 ) .

(7 )  V . N . H u ff , S . G o r d o n  a n d  V . E . M o r re ll ,  N a t l.  A d v is o r y  C o m m . 
A e r o n a u t .,  R e p .  1 03 7  (1 9 5 1 ).

(8 )  F .  D .  R o s s in i , et al., C ir c u la r  C 4 6 1 , N a t .  B u r . S ta n d a rd s , 1947 .

T a b l e  I I

Q u e n c h i n g  C o n d i t i o n s  a n d  t h e  A s s o c i a t e d  E q u i l i b r i u m  

F l a m e  T e m p e r a t u r e s  a n d  A c t i v e  P a r t i c l e  C o n c e n t r a -

t i o n s  f o r  p  g  1
Q u e n ch ­ E q u iv a ­ P re s ­ F la m e P a rt ia l  p re ssu re s ,
in g  d is ­ le n ce su re , t e m p ., a t m .  X  10*

ta n c e ra t io , P, Ti,
in . <P a tm . ° K . POE. Pn Po

a  =  0 .1 7

0 .2 1 5 1 .0 0 0 0 .6 5 8 4 2 0 4 5 0 .5 1 1 0 .0 7 1 7 0 .0 3 1 7
.3 0 0 .4 5 9 5 2 03 9 .3 9 8 .0 6 0 0 .0 2 7 5
.3 7 5 .3 7 2 0 2 03 7 .3 4 0 .0 5 4 3 .0 2 5 1
.5 0 0 .2 5 3 0 2 0 3 2 .2 5 7 .0 4 5 3 .0 2 1 5

a  =  0 .2 1

0 .1 5 0 1 .0 0 0 0 .4 7 1 9 2 21 9 1 .5 2 0 .3 1 1 0 .2 2 7
.2 0 0 .3 3 5 2 2 2 1 4 1 .1 3 .2 5 3 .1 8 2
.3 0 0 .2 0 7 5 2 2 0 8 .7 4 8 .1 9 0 .1 3 5
.5 0 0 .1 1 6 0 2 2 0 0 .4 6 2 .1 3 4 .0 9 3 7

.1 5 0 0 .8 G 4 .5 5 5 1 2 12 6 1 .3 7 .0 7 6 0 .2 1 5

.2 0 0 .4 0 2 7 2 1 2 0 1 .0 5 .0 6 5 5 .1 7 7

.3 0 0 .2 5 1 0 2 11 2 0 .7 1 0 .0 5 2 7 .1 4 2

.5 0 0 .1 2 8 3 2 1 0 0 .4 1 4 .0 3 8 9 .0 8 8 3

.1 5 0 .7 3 8 .8 3 8 8 1940 .8 4 4 .0 9 4 7 .1 1 6

.2 0 0 .6 3 5 3 1939 .6 8 0 .0 8 6 3 .0 9 7 4

.3 0 0 .3 9 7 0 1937 .4 8 5 .0 7 4 6 .0 7 3 5

.5 0 0 .2 1 8 6 1934 .3 0 8 .0 6 0 9 .0 5 1 0

a ~  0 .3 0

0 .1 0 0 1 .0 0 0 0 .3 4 1 9 2 4 9 5 4 .3 3 4 1 .6 0 6 1 .3 2 1
.1 7 5 .1 8 7 2 2459 2 .4 7 9 1 .0 5 1 0 .8 4 5
.2 1 5 .1 5 2 1 2 4 4 6 2 .0 7 0 0 .9 0 0 .7 1 8
.3 0 0 .1 1 3 3 2 42 9 1 .5 4 9 . 733 .5 7 7

.1 0 0 0 .7 7 2 6 .3 7 8 6 2 3 5 3 3 .4 8 4 .4 1 9 1 .1 2 1

.1 7 5 .2 0 7 9 2331 2 .0 4 0 .2 9 8 0 .7 2 9

.2 1 5 .1 8 4 8 2 3 2 5 1 .8 4 0 .2 7 9 .6 6 9

.3 0 0 .1 3 4 3 2 3 1 3 1 .3 7 8 .2 3 2 .5 3 7

.1 0 0 .0 6 2 3 .5 2 9 7 2 2 1 5 2 .7 3 9 .1 2 7 .7 0 7

.1 7 5 .2 8 7 1 2 2 0 2 1 .6 4 0 .0 9 6 6 .4 8 1

.2 1 5 .2 3 4 6 2 1 9 8 1 .3 9 0 .0 8 8 5 .4 2 4

.3 0 0 .1 6 1 1 2 1 9 0 1 .0 1 2 .0 7 5 6 .3 3 6

.1 0 0 .5 6 6 2 .9 4 5 1 2 0 3 5 1 .9 2 2 .0 2 3 7 .3 2 2

.1 7 5 .4 6 1 5 2 03 1 1 .1 0 0 .0 1 8 9 .2 1 8

.2 1 5 .3 5 8 9 2 02 9 .9 0 1 .0 1 7 3 .1 8 9

.3 0 0 .2 1 8 9 2 0 2 6 .6 1 2 .0 1 4 9 .1 4 5

a  =  0 .5 0

0 .0 4 0 1 .0 0 0 0 .4 6 5 9 2 7 7 6 1 7 .2 1 9 .1 1 8 .0 8
.0 7 5 .2 4 2 0 2 7 1 6 8 .9 7 5 .3 9 4 .6 4
.1 0 0 .1 7 5 8 2 6 8 7 6 .5 3 4 .1 9 3 .5 3
.1 1 5 .1 4 7 7 2 67 1 5 .4 7 3 .6 1 3 .0 3

.0 4 0 0 .6 7 9 8 .5 6 4 8 2 65 1 1 6 .7 0 3 .3 3 8 .6 3

.0 7 5 .3 0 2 8 2 6 0 6 9 . 1 0 2 .1 2 5 .1 3

.1 0 0 .2 1 1 5 2 5 8 0 6 .4 2 1 .6 4 3 .8 3

.1 1 5 .1 9 3 2 2 5 7 3 5 .9 0 1 .5 4 3 .5 8

.0 4 0 .5 4 3 8 .7 1 7 5 2 51 9 1 3 .8 4 1 .3 1 6 .3 5

.0 7 5 .3 8 9 7 2 4 8 8 7 .8 7 0 .9 0 1 4 . 0 0

.1 0 0 .2 8 2 4 2 4 7 2 5 .8 2 .7 3 9 3 .1 3

.1 1 5 .2 5 8 3 2 4 6 7 5 .3 9 .7 0 1 2 .9 5

.0 4 0 .4 7 5 9 .9 0 9 0 2 4 1 2 1 1 .6 0 .6 0 1 4 .5 2

.0 7 5 .4 8 5 3 2 3 9 0 6 .6 7 .4 3 4 2 .9 3

.1 0 0 .3 6 0 6 2 3 8 0 5 .1 3 .3 7 2 2 .4 0

.1 1 5 .3 2 3 5 2 3 7 6 4 . 6 8 .3 5 2 2 .2 2

a  =  0 .7 0

0 .0 4 0 1 .0 0 0 0 .3 1 1 8 2 85 2 1 7 .9 8 1 1 .9 9 1 0 .6 8
.0 5 0 .2 4 8 0 2 8 2 7 1 4 .2 2 9 .8 9 8 .7 0
.0 7 5 .1 7 6 5 2 7 9 2 9 .9 5 7 .3 9 6 . 3 8
.1 0 0 .1 2 4 0 2 75 5 6 .9 9 5 .4 9 4 .6 8

.0 4 0 0 .4 9 3 8 .4 8 7 6 2 66 5 1 8 .7 6 2 .9 6 1 2 .1 3

.0 5 0 .3 8 9 0 2 6 4 8 1 4 .9 0 2 . 4 8 9 . 9 5

.0 7 5 .2 6 8 0 2 6 2 0 1 0 .4 0 1 .9 0 7 .3 2

.1 0 0 .1 9 6 5 2 59 7 7 .7 2 1 .5 3 5 .6 9

.0 4 0 .3 9 5 1 .6 5 8 4 2 5 2 8 1 5 .6 5 1 .1 6 9 8 .6 1

.0 5 0 .5 1 6 3 2 51 5 1 2 .5 0 1 .0 0 1 7 .1 9

.0 7 5 .3 5 3 5 2 49 5 8 .8 3 .7 8 7 5 .3 4

.1 0 0 .2 9 4 8 2 4 8 5 7 .4 3 .7 1 3 4 . 6 8

.0 4 0 .3 4 5 2 . 8689 2 4 2 4 1 3 .5 7 . 569 6 .2 4

.0 5 0 .6 5 5 7 2 41 4 1 0 .5 0 .4 8 7 5 .0 9

.0 7 5 .4 5 5 5 2401 7 .6 1 .4 0 3 3 .9 3

.1 0 0 .3 9 1 4 2 39 5 6 .7 1 .3 7 5 3 .5 8
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o f r even  fo r  <p greater than  u n ity . T h is relatively  
g o o d  beh av ior on  the rich  side is plausible if  it is 
n oted  th at (1) even  w here becom es quite

sm all, m is no* greatly  red u ced ; (2) an equ ation  
sim ilar to  equ ation  2 m igh t be  possible fo r  rich 
m ixtures if  Ns an d  X j v  A  are rep laced  b y  other

i
term s h avin g  approx im ately  the sam e pressure 
dependence.

Comparison of Experimental and Predicted 
Quenching Distances.— T o  test the usefulness of 
equ ation  2 over the range o f <p(ip <  1), a  and p 
en countered, d2 was p lo tted  against fo r  each 
value o f a. Separate p lots fo r  a =  0.17, 0.21, 
0.30, 0 .50  and 0.70 each  define a  g ood  straight line. 
T h e  slope o f an y  one line is g iven  b y  (A/ki) and 
is fou n d  to  v a ry  from  a value o f 0 .1694 X  1012 
m olecu le-seconds per cu b ic centim eter fo r  a  =  
0.17, to  a  va lu e  o f 0 .2360 X  1012 for  a  =  0.70. 
T a b le  I I I  lists the (A/ki) va lue fo r  each  o f the five 
a -values exam ined as w ell as the percentage dev ia ­
tions o f the p red icted  from  th e  experim entally  
determ ined  quench ing distances fo r  <p <  1.

Fig. 2.—Correlation of quenching distance data with ^ 
for all values of oxygen fraction a examined; equivalence 
ratio, <p g  1.0.

A  sum m ary correlation  is show n in F ig. 2. I t  
appears th at th e  term  (A/ks) is a p rop ortion a lity  
fa ctor  th at is m ild ly  d ependen t u pon  a. W h en  so 
considered, equ ation  2 was fou n d  to  pred ict p ro­
p a n e -o x y g e n -n itro g e n  system  quench ing  distances 
w ith in  4 .2 %  o f the experim ental values fo r  a range 
o f a  and  j) values w here <p <  1. T h e  investigators

T a b l e  III
S u m m a r y  o p  R e s u l t s  o f  d2 versus  ̂P l o t s

O x y g e n L e a s t  sq u a res
E q u iv .
ra t io s D e v .

fra ct io n , s lo p e , (A/ki), e x a m in e d , o f  d,
a m o le c u le  se c . c c . _I <P %

0.17 0.1694 X 1012 1.000 2.4
0.21 0.1737 X 1012 0.738 3.7

0.30 0.1751 X 1012

0.864
1.000
0.566 5.2

0.50 0.2205 X 1012

.662

.773
1.000
0.476 2.6

0.70 0.2360 X 1012

.544

.680
1.000
0,345 5.7

.395

.494
1.000

o f reference 2 obta ined  g o o d  agreem ent using a 
tem perature dependence fo r  the diffusion  coeffici­
ents o f  n =  2, and values fo r  Z>h , D o and Z>oh 
o f 1.8, 0 .40 and 0.28 cm .2/s e c ., respectively . F or 
this research, g o o d  agreem ent was obta ined  using 
w h at w ere fe lt t o  be  better values o f n and  D\ 
(n  =  1.67 and 5 h , D ^ r n d  D o n  equal to  1.02, 0.29 
and 0.26 c m .2/s e c ., resp ective ly ).

A s n oted  earlier, equation  2 can not b e  expected  
to  h o ld  fo r  values o f >  1. H ow ever, if equ ation  2 
is applied  to  data  o f rich m ixtures, it  is fou n d  that 
the equ ation  represents the data  v e ry  b a d ly  fo r  
low  values o f  a  b u t th at it im proves m ark ed ly  as a 
increases to  0.70.

Conclusions
1. T h e  pressure dependence of the quench ing 

d istance does n o t v a ry  greatly  w ith  oxygen  con ­
cen tration  o f the oxidants investigated , 0.17, 0.21, 
0.30, 0 .50 and 0.70.

2. A n  equ ation  based on  diffusion  processes 
m ay  be  successfu lly  used to  pred ict p ro p a n e - 
ox y g en -n itrog en  quenching d istances fo r  a range 
o f pressures, fu e l-o x id a n t ratios, and  oxygen  co n ­
centrations o f the ox idant m ixture fo r  values of 
<p >  1. T h is does not, h ow ever, rule ou t the 
p ossib ility  th at a therm al th eory  o f flam e quench ing 
cou ld  be  m ade to  w ork  as well.
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Using light scattering methods, the micellar molecular weights of six anionic and non-ionic surface-active agents were 
determined in unbuilt aqueous solution in the concentration range of 0.2 to 1.0%. The effects of one alkaline and two neutral 
builders on the micellar size of an alkyl aryl sulfonate surfactant were found to be considerable. While practically no dis­
symmetry was found for unbuilt solutions, the reverse was generally true of built surfactants. The possibility of a continu­
ous change in micellar size with increase of concentration for some unbuilt surfactants is indicated.

In trodu ction
D u rin g  th e  course o f  a p ro je c t  w hose over-a ll 

o b je c t iv e  is the d evelop m en t o f  a scientific m ethod  
o f selection  o f surfactants (su rface-active  agents) 
fo r  specific soil-surface detergent applications, it  
has seem ed th at an undeterm ined  variable  w as in ­
fluencing results. T hese results, rep orted  in  earl­
ier p a p e rs ,1'2 in clude com p arative  data  fo r  the 
p h ysico -ch em ica l fa ctors  o f  detergen cy  for  the im ­
p ortan t typ es  o f  surfactants. A nalysis o f these 
data  togeth er w ith  an u npublished  s tu d y  o f the 
ad d itive  effects o f  com bination s o f  an ion ic and n on ­
ion ic surfactants p o in t to  m icellar size as such a 
variable. T h e  present in vestigation  was under­
taken because it  w as believed  that m icellar m olec­
ular w eigh t data  w ou ld  be correlatable w ith  the 
prim e p h ysico -ch em ica l fa c to rs1 o f the detergen cy  
process, thus perm ittin g  the im plem entation  o f a 
scientific m eth od  o f selection  o f su rfactan ts.1

E xperim ental
Apparatus.—Absolute turbidity and dissymmetry (ratio 

of corrected galvanometer deflections at 45 and 135° to 
the incident radiation) were measured with a Brice-Phoenix 
light scattering photometer,3 using green 5460 A. radiation 
for all tests. Refractive index differences between solutions 
and solvents were determined with a Rayleigh interferome­
ter (Baird Associates, Inc.). Measurements were made 
with 5460 A. monochromatic light, the zero-order bands 
being labeled with white light.

Materials.—The surfactants were commercial, 100% 
active products, with the exception of Product 4 which was 
95% active. The active content of Product 4 was allowed 
for in preparing test solutions. All surfactants were used 
directly except Product 1 which was first vacuum dried at 
75° for 1 hour. These materials are listed in Table I. 
Technical grade sodium tripolyphosphate (NasPsOio) and 
trisodium phosphate monohydrate (Na3P04-H20), and 
analytical reagent sodium sulfate (Na2S04) were used as 
builders.

Theory.—Micellar molecular weights were determined 
by Debye’s method.4 5'6 Since it was found that solute tur­
bidities did not vanish below the critical micellar concen­
tration, confirming the findings of other investigators,6 the 
modified method7’8 for micellar aggregates was not used.

Procedure.—The only practical way of supplying the 
large amounts of “ clean”  water required for preparing test 
solutions was found to be Debye's method8 of distilling water 
from a dilute alkaline potassium permanganate solution. 
Several pellets of C.p . NaOH were added to about 850 ml.

(1 ) A . M . M a n k o w ic l i ,  I n d .  Eng. Chem., 44, 1151 (1 9 5 2 ).
(2 ) A . M .  M a n k o w ic h , ibid., 45, 2 75 9  (1 9 5 3 ).
(3 )  B . A .  B r ic e , H .  H a lw e r  a n d  R . S p e iser , J. Opt. Soc. Am., 40, 7 6 8  

(1 9 5 0 ).
(4 ) P . D e b y e ,  / .  Appl. Phys., 15, 3 3 8  (1 9 4 4 ).
(5 ) P . D e b y e ,  T h i s  J o u r n a l , 51, 18  (1 9 4 7 ).
(6 ) R .  F . S ta m m , T .  M a r in e r  a n d  J. K , D ix o n ,  J. Chem. Phys., 16, 

423  (1 9 4 8 ).
(7) P . D e b y e ,  T h i s  Journal, 53, 1 (1949).
(8 ) P . D e b y e  a n d  E . W . A n a c k e r , ibid., 65, 644  (1 9 5 1 ).

of ordinary distilled water and 50 ml. of approximately 0.1 
N KMn04 solution contained in a 1-liter flask. The solu­
tion was distilled in an all-glass stiff, previously flushed by 
several distillations, discarding the first and last 250-ml. 
portions, and retaining the middle 400-ml. portion. This 
latter portion of the distillate had an absolute turbidity at 
25-26° of 0.198 X 10-4 cm.-1, with an average deviation of 
±0.009 X 10-4.

In agreement with other investigators,9-10 the preparation 
of “ clean”  aqueous test solutions free from large particle 
size foreign matter was found to be extremely difficult. 
Of the available methods,8-9-u filtration through Pyrex sin­
tered glass filter crucibles of 0.9-1 .4-#« maximum pore size, 
high speed centrifugation, and filtration through bacterio­
logical filters of 0.6-m maximum pore size were unsatisfac­
tory. Pressure filtration (with a maximum of 6 cm. of 
mercury) through a porcelain bacteriological filter (manu­
factured by Selas Corporation of America, Philadelphia, 
Pa.) of 1.2-#« maximum pore size, using a technique that 
takes advantage of protective action, gave filtrates with re­
producible 90° light scattering values. “ Clean”  test solu­
tion was prepared as follows:

A 1% (weight to volume) aqueous solution of the test 
surfactant was poured into the Selas filter mantle and 
forced through the 1.2-#« pore size filter for 2 hours at a rate 
of approximately 1 drop per 15 seconds. The mantle was 
emptied and refilled with purified water, which was then 
forced through the filter for 15 minutes at about 1 drop per 
10 seconds. The mantle was again emptied, and the pre­
ceding step repeated. The mantle was again emptied, and 
refilled with test solution (surfactant or straight builder), 
which was forced through the filter for 15 minutes at a rate 
of 1 drop per 6-10 seconds depending on the solution. 
After again emptying the mantle, the preceding step was 
repeated. The mantle was then emptied, refilled with test 
solution, and filtrate for light scattering measurements col­
lected in a clean semi-octagonal cell (40 X 40 X 120 mm. 
high) placed in a Fisher Scientific Company filt.rator. Total 
time to prepare 45 ml. of builder solution was 4.5-5 hours, 
and 5.5-6 hours for surfactant solution. When test sur­
factants were changed, purified water was forced through 
the filter for 2 hours before beginning the solution prepara­
tion procedure.

Refractive index differences were determined in a con­
stant temperature (77°F.) room in which solution tempera­
tures were allowed to come to equiliorium before testing.

Micellar molecular weights of built sodium dodecylben- 
zenesulfonate were obtained by determining Hc/T at 0.8 
and 1.0% concentrations, and mathematically extrapolating 
the Hc/T versus c line between these concentrations to in­
finite dilution.

Results
Experimental Data.— T a b le  I I  coverin g  the 90° 

scattering  data  fo r  isoocty lp h en o l n onaethylen e g ly ­
co l ether illustrates the rep rod u cib ility  o f  th e  90° 
scattering  m easurem ents. M ice lla r m olecular 
w eights in T a b le  I I I  are based on  ca lcu lated  values 
o f  the in tercepts on  the ord inate axis (zero  con cen -

(9 ) H . J . H a lo w , H . S h e ffer  a n d  J. C . H y d e , Can. J. Research, B 2 7 , 
791 (1 9 4 9 ).

(1 0 )  D . A . G o r in g  a n d  P , J o h n so n , Trans. Faraday Soc., 4 8 , 367  
(1 9 5 2 ).

(1 1 )  R . S. S te in  a n d  P . D o t y ,  J. Am. Chem. Soc., 6 8 , 159 (1 9 4 6 ).
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T able I
Surfactants Used“

uct Description T y p e Mol. w-. F o r m u la

1 Sodium dodecylbenzenesulfonate Anionic: alkyl aryl sulfonate 348 C12H25-C6H4-S03Na
2 Sodium dioitylsulfosuccinate Anionic: aliphatic sulfonate 444 (CsHn )2 • (OCO)»■ C1I2 ■ CH -S03N a
3 Isooctylphenol nonaethylene glycol 

ether
Non-ionic: alkyl aryl polyethylene 

glycol ether
602 C8H„-CoH4-0-(C2H40 )9-H

4 f-Dodecylnonaethylene glycol thio- 
ether

Non-ionic: alkyl polyethylene gly­
col thioether

598 Ci 2Il2o • S • (C2H40  V II

5 Polyethylene glycol tall oil ester Non-ionic: polyethylene glycol tall 
oil ester

6 Polyoxyethylene-polyoxypropylene Non-ionic: polyoxyethylene-poly- 7200-
glycol oxypropylene glycol 7700

“ It is understood that none of the above products is a pure chemical compound. In each case, at least one of the groups 
is composed of a mixture of several polymers following closely a theoretical distribution of molecular sizes.

Fig. 1.—Sodium dodecylbenzene sulfonate: O, experimental 
data; A ,Y  = 2.38X-»-7“ .

tra tion ), -with best straight lines determ ined  b y  the 
m eth od  o f least squares. In  F ig . 1, th e  H c/T versus 
c data  fo r  sod iu m  dod ecy lben zen esu lfon ate  is rep ­
resented b y  a sm ooth  curve fo r  w h ich  an em pirical 
equ ation  has been  determ ined. T a b le  IV  gives m i­
cellar m olecu lar w eight results o f  the bu ilt su rfact­
ants, as w ell as the surfactant d issym m etry  values 
o f  the various com bination s (corrected  fo r  so lven t).

D iscu ss ion .— Since the osm otic  coefficient is sub­
stan tia lly  the ratio o f  the observed  to  the th eo ­
retica l v a p o r  pressure low ering, it is also a m easure 
o f the degree o f  aggregation  o f a solute. T h e  recip ­
roca l o f  the osm otic  coefficient is thus the aggrega­
tion  num ber o f a surfactant. H u ff and co -w ork ers12 
reported  osm otic  coefficient vs. square ro o t o f  m o­
la lity  data  fo r  aqueous sod ium  dodecylben zen esu l­
fon ate  solutions. R eca lcu la tion  o f their data gives 
aggregation  num bers o f  1.3 at 0 .3 5 %  and 2.7 at 
1 .4 %  concentrations. • R esults reported  herein 
w ere an  aggregation  num ber o f 3 .0  at con cen tra ­

t e )  H . H u ff , J. W . M c B a in  a n d  A . P . B r a d y , T h is  J o u r n a l , 5 5 , 
311 (1 9 5 1 ) .

T able II
90° Scattering of Isoöctylphenol Nonaethylene 

Glycol Ether
T u r b id i t y ,

C o n c n .,  c m . -1 X  1 0 4
c , S o lu -  S o lu te ,

g . /m l .  190°a t io n  T
n — no

He
H T

X  105 X  10fin — no c
7 2 .7

0 .0 1 0  7 0 .1  1 5 .4 1 0  1 5 .2 0 3  0 .0 0 1 5 0 5 5  0 .1 5 0 3  0 .2 5 0 1  1 6 .4 5
7 1 . 6
7 2 .5  

6 0 .0  
5 6 .1

0 .0 0 8  5 8 .9  1 2 .5 4 6  1 2 .3 3 9  0 .0 0 1 2 0 9 0  0 .1 5 1 1  0 .2 5 0 1  1 6 .2 2
—  5 8 .0

5 9 .0

4 0 .5
0 .0 0 5  3 8 . 5  8 .4 0 7  8 . 2 0 0  0 .2 5 0 1  1 5 .2 5

3 8 .5
3 9 .0

0 .0 0 4  0 .0 0 0 6 0 4 5  0 .1 5 1 1

2 3 .5
0 .0 0 3  2 2 .2  4 .9 9 6  4 .7 8 9  0 .2 5 0 1  1 5 .6 7

2 3 .3
2 4 .0

0 .0 0 2  1 6 .2  3 .4 8 0  3 .2 7 3  0 .0 0 0 3 0 1 0  0 .1 5 0 5  0 .2 5 0 1  1 5 .2 8

“ / go» = galvanometer deflection for 90° scattered light.

tions o f  0 .2 -0 .5 % , and 5.0 a t con cen tration s o f 
0 .5 -1 .0 % . T h e  agreem ent is considered  good . 
H ow ever, the cry oscop ic  data o f G o n ick 13 fo r  iso- 
o c ty lph en ol nonaethylene g ly co l ether, w hen reca l­
cu lated  to  aggregation  num bers, are at w ide v a ri­
ance w ith  results obta ined  herein. R esu lts o f  this 
in vestigation  w ere an aggregation  n um ber o f 111 in 
the con cen tration  range o f 0 .2 -1 .0 % , w hile the 
fo rm er ’s results are aggregation  num bers o f  3 .7  to
5.8 as the con cen tration  varied  from  0.36 to  1 .6 % . 
I t  is questionable if  the cry oscop ic  m eth od  is ap­
p licab le  to  m icellar particles w ith  high aggregation  
num bers because o f the sm all effects in vo lved .

T h e  corrected  m icellar m olecu lar w eights and  
characteristic dim ensions o f T a b le  IV  w ere o b ­
ta ined  b y  D e b y e ’s m eth od ,8 m odified  to  be  a p p lic­
able to  our data. T h e  m axim um  d issym m etry  o b ­
ta ined  a t each  bu ilder con cen tration  was used in 
the determ ination  o f the characteristic dim ension  o f 
the particular bu ilder-surfactan t solu tion . A n a ly ­
sis o f  the data  in d icated  that the m icelles o f  the 
bu ilt sod ium  dodecylben zen esu lfon ate are m ost 
likely  to  be  rigid  rods, circular in cross-section  w ith

(1 3 ) E . G o n ic k  a n d  J. W .  M c B a in , J. Am. Chem. Soc., 6 9 ,  334  
(1 9 4 7 ) .
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T a b l e  III
M i c e l l a r  M o l e c u l a r  W e i g h t s  o f  U n b u i l t  S u r f a c t a n t s

C o n c n .,
%

M ic e lla r S o lu te

P r o d u c t S u r fa c ta n t
In te r ce p t ,  

o r d in a te  ax is
m o l.  w t . ,  

u n co r .
A g g r e g a t io n

n o .
d is s y m m e t r y ,  

c o n c n . n o t e d ,  %
1 Sodium dodecylbenzene sulfonate 0.2-0.5 10.04 X i o - ‘ 1,000 3.0 0.5-0.86

.5-1.0 5.87 x  io -« 1,700 5.0 1.0-1 00
2 Sodium dioctylsulfosuccinate .2-1.2 13.93 x  io-» 7,200 16.0 1.0-1.15
3 Isooctylphenol nonaethylene glycol ether .2-1.0 15.00 X IO“8 66,700 111.0 1.0-1 01
4 i-Dodecyl nonaethylene glycol thioether .25-0.5 24.82 X 10-* 40,300 67.0 0.8-1 00

.5-1.0 19.37 X 10 51,600 86.0
5 Polyethylene glycol tall oil ester .2-1.0 1.08 X 10- s 92,600 0.8-1.00
6 Polyoxyethylene-polyoxypropylene glycol .2-1.0 11.9 X 10 ~6 8,400 ca. 1.1 0.8-1 11 

1.0-1.43
T a b l e  IV

B u ild e r  
e o n c n .,  %

0.3%  Na3P04-H20  

0 .6% N a3PO4-H2O 

0 .9% N a3PO4-H2O 

1.5% N a3P04-H20  

2.0%  Na3P04-H20  

0.3%  Na2S04 

0.6%  Na2S04 

0.9%  Na2S04 

1.5% Na2S04 

2.0%  Na2S04 

0 .3%  Na5P3Oio 

0 .6%  Na5P3Oio 

0.9%  NasP3OI0 

1.5% Na6P3Oio 

2 .0%  Na5P3Ol0

S u r fa c ta n t  
c o n c n .,  c, 

g . /m l .

0.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010
.008
.010

B u i l t  S o d i u m  D o d e c y l b e n z e n e s u l f o n a t e  S o l u t i o n s

S u r fa c ta n t  
tu r b id ity ,

T, c m . " 1 X  1 0 ‘

5.954
6.203
6.055
7.140
6.791
8.851

15.694
15.500
27.987
31.953

5.088
6.434
6.076
7.692 
6.346
7.692 

11.643 
13.977 
28.962 
33.602

5.017
5.916
5.763
6.733
6.192
7.493
6.786
8.079
7.930
8.784

^  x 10»
5.19 
6.11
5.11 
5.41 
4.55 
4.37 
1.97 
2.49
1.11 
1.21 
5.99 
5.92
5.02
4.95
4.80
4.95 
2.62 
2.73 
1.05 
1.13 
5.94 
6.29 
5.09 
5.45 
4.65
4.80
4.19 
4.40 
3.57
4.03

S u r fa c ta n t
d is ­

s y m m e tr y

1.55 
1.25 
1.15
1.09
1.14
1.23 
2.38 
1.20 
1.01 
0.98 
1.07
1.15
1.10
1.15 
0.93 
0.93 
2.06 
1.99
1.29
1.56
1.29 
1.13
1.23
1.30 
1.18 
1.17 
1.21 
1.11
1.23 
1.10

M ic e l la r  m o l.  w t.
U n c o r .

66,200

25,600

19.000 

50,300

141.000

15.900

18.900

23.800

45.900

137.000

22,200

24.000

24.800

29.900 

57,700

C o r .

93.300 

28,200 

22,000

126,000

141.000 

17,500 

20,800

23.800

91.800

193.000

26.900

29.300

27.800 

34,400

66.900

A g g re g a ­
t io n  n o .

268

81

R e d  le n g th ,
A.

1700

870

63

362

405

50

60

68

264

555

77

84

80

99

192

1080

3270

<409

870

870

<409

2660

1700

1220

1240

950

1030

1080

a diam eter equal to  48 A . I t  is significant th at 
while increase in  neutral bu ilder con ten t (N a 2S 0 4 
and NagPiOm) progressively  increased m icellar 
m olecu lar w eight, sim ilar additions o f  an alkaline 
bu ilder (NasPCh-EFO) to  sod iu m  d od ecy lben zen esu l­
fon ate  solutions p rodu ced  a  relatively  high m olecu ­
lar w eight at low  bu ilder con cen tration , fo llow ed  b y  
a decrease to  a  m in im um  and then  a stead y  in ­
crease. W ith  all three builders, there was n o  in ­
stance o f  stead y  increase in d issym m etry  w ith  in ­
crease in  bu ilder con cen tration , the opposite  o f 
w h at w ou ld  be expected  w here m icellar m olecu lar 
w eigh t increased  w ith  increase in  bu ilder con cen ­
tration . T h e  increases in  m icellar w eigh t w ith  si­

m ultaneous decreases in  d issym m etry  can  be  ex­
plained as due to  closer pack in g  brou gh t a b o u t b y  
(a) differences in bon d in g  betw een  gegenions, polar 
heads o f surfactant m olecu les and  m icelles, (b ) 
con cen tration  effects o f  gegenions, and  (c) con cen ­
tration  effects o f other su rface-active  species in  the 
solu tion  (i.e., m ixed  m icelles).

F igure 1 show ed th at an  expon entia l ty p e  of 
curve cou ld  be  applied  to  the experim ental data  o f 
sod iu m  dodecylben zen esu lfon ate, and  th at w ith  the 
a d op tion  o f  such a m athem atica l expedient, a  con ­
sta n tly  v a ry in g  m icellar m olecu lar w eigh t is in d i­
ca ted  th eoretica lly  fo r  som e surfactants in  certain  
con cen tration  ranges. A va ilab le  osm otic  coeffi­
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cient d a ta 12 w cu ld  seem  to  confirm  such postu la ­
tion  fo r  som e surfactants.

A ck n ow led gm en t.— A ck n ow led gm en t is m ade for 
the cooperation  and a d v isory  assistance o f fellow

w orkers o f the P aint and C hem ical L a b ora tory , 
A berdeen  P rov in g  G round, M d ., D rs. C. F . P ick ­
ett, C hief, an d  M y e r  R osen fe ld ; also to  R eb ecca  
F lickinger for  help in  obta in ing  m an y o f these data.

T H E  E F F E C T  O F  A L K A L I  A N D  A L K A L I N E  E A R T H  M E T A L  I O N S  O N  T H E  

A C T I V I T Y  O F  C R A C K I N G  C A T A L Y S T S

By Joseph D. Danforth

Department of Chemistry, Grinned College, Grinned, Iowa 
Received April 19, 1954

The poisoning effect of the alkali metal ions and barium ion on three cracking catalysts has been determined. When a 
small fraction of the catalyst surfaces is covered by lithium ion, a residual activity is attained which does not show an ap­
preciable decrease on the addition of more lithium hydroxide. The amount of lithium hydroxide required to reach this base 
conversion, appears to be a measure of the acid sites which are active for the cracking of cetane. The poisoning effect of 
barium ion is identical with the poisoning effect of potassum ion on a molar basis. The dependence of the poisoning effect 
of the alkali ions on the radius indicates that the catalyst may be formed by the deposition of polymeric chains of hydrated 
alumina on the sihca micelle.

In  a previous p a p er1 the effect o f  lith iu m  h y ­
droxide on  the a ctiv ity  o f several crack ing  cata­
lysts w as reported . I t  was assum ed th at the 
am ou n t o f  lith ium  h ydrox ide  required to  elim inate 
the a c t iv ity  o f  the cata lyst for  cetane crack in g  rep­
resented a  m easure o f the active  acid  sites. I t  was 
also in d icated  th at potassium  h ydrox id e  was a 
m ore e ffective  p oison  than  lith ium  hydrox id e , and 
the greater poison ing  effect was a ttribu ted  to  the 
larger ion ic radius o f  potassium . Since the e ffect 
o f  ion  size w ou ld  appear to  g ive som e ind ication  
o f the arrangem ents o f active  sites on  the cata lyst 
surface, an extensive investigation  o f the effect o f 
ion  size and ion charge on the a c t iv ity  o f  crack ing 
catalysts was in itiated. B itep azh 2 has studied the 
e ffect o f the alkali m etal ions on  crack ing  catalysts.

In  his w ork  fresh ly  form ed  silica -a lu m in a  gels 
con ta in ing  alkali m etal ions w ere exchanged  w ith  
increasing quantities o f h ydrogen  ion , and  th e  a c­
t iv ity  o f  the calcined cata lyst determ ined  fo r  
crack in g  kerosene and  reform ing a naphtha frac­
tion . A  large increase in  cata lyst a c t iv ity  was o b ­
served fo r  the first am ount o f acid  added . T h e  large 
alkali m etal ions w ere observed  to  h ave a greater 
poison in g  e ffect than  the sm aller ions.

M ills3 has rep orted  the e ffect o f  potassium  ion  
and  quinoline as poisons fo r  calcined an d  uncalcined  
silica -a lu m in a crack ing catalysts.

T h e  present paper reports the data  obta ined  
w hen three calcined crack ing  catalysts w ere im preg­
n ated  w ith  dilute solu tion  o f the hydrox ides o f  lith ­
ium , sodium , potassium , cesium  and barium , and 
their activ ities fo r  the crack in g  o f cetane deter­
m ined. Several in teresting deduction s can be 
draw n from  the data  relative to  som e o f the stru c­
tural characteristics o f th e  catalyst.

Materials.—The U.O.P. Type B catalyst contained 
86.2% silica, 9.4% zirconia and 4.3% alumina'. It was 
received as y 8" pills which had been calcined at their source. 
It had picked up 3.5 wt. % of material which was volatile 
on calcination for two hours at 500°; 25-ml. samples of

(1 )  P . S tr ig h t  a n d  J . D . D a n fo r t h ,  T h is  J o u r n a l , 57, 4 4 8  (1 9 5 3 ).
(2 )  Y w .  A .  B ite p a z h , J. Gen. Chem. (.V.S.S.R.), 17, 199 (1 9 4 7 ).
(3 )  G . A . M ills ,  E .  R .  B o e d e k e r  a n d  A . G . O b la d , J. Am. Chem. Soc., 

72, 1 5 5 4  (1 9 5 0 ).

this catalyst represented a dry weight of 14.73 g. The re­
ported surface area (B.E.T. method) was 346 m.2/g.

The Socony-Vacuum synthetic bead catalyst contained 
10% by weight A120 3 on silica. Although calcined at its 
source, this catalyst contained 1.88% volatile at 500-550°; 
16.0 g. of catalyst represented 25 ml. and calculations of 
milliequivalents per gram were based on a dry weight of 
15.70 g. The surface area was 420 m.2/g.

A second large batch of Socony-Vacuum synthetic bead 
catalyst was presumably identical in composition with the 
earlier batch and was so represented. A large portion of 
this batch was calcined at 500° for 3 hours before impregna­
tion. The weight of the 25-ml. sample thus dried was 
17.3 g. indicating a higher density than the earlier batch. 
Subsequent testing showed this batch of catalyst to be 
markedly inferior to the early batch giving 17.0% conver­
sion of cetane versus 25% conversion obtained in the earlier 
sample. This catalyst has been designated as low activity 
synthetic bead catalyst.

The various alkalies used were designated as reagent 
grade. Cesium hydroxide was prepared by the solution of 
double distilled cesium metal in distilled water under an 
atmosphere of nitrogen.

Du Pont cetane was the charging stock in all tests.

Apparatus and Procedure

Impregnation of Catalysts.—The indicated weight of 25 
ml. of each catalyst was weighed on an analytical balance to 
the nearest pill or bead. The catalysts contained several 
per cent, volatile matter due to the adsorption of water on 
standing. All calculations were made on the basis of the 
dry catalyst which was arbitrarily taken after heating a 
sample in a muffle furnace for 3 hours at 500°. The cata­
lyst was covered with distilled water, the amount of alkali 
required to give the desired milliequivalents per g. was 
added, and the solution made up to 200 ml. by the addition 
of distilled water. When the supernatant liquid was acid 
to phenolphthalein, it was considered that equilibrium had 
been attained and the liquid was decanted. The catalyst 
was dried overnight at 110° and calcined for 2 hours at 
500°. At high concentrations of caustic the solutions did 
not become acid to phenolphthalein. In these cases the 
catalysts were allowed to stand for a minimum time of 6 
days with occasional shaking, the liquid decanted and the 
unadsorbed caustic determined by titration with standard 
acid.

Catalyst activities were determined in an apparatus simi­
lar to that previously described1 using 25-ml. samples of 
catalyst and charging 100 ml. of cetane for a period of 1 hour 
at atmospheric pressure and 500°.

Weight percentages of gas, gasoline (to 200°) and bottoms 
(over 200°) were determined by conventional procedures. 
Conversions were recorded as the weight percentage of gas 
plus gasoline on a loss free basis. Coke on the catalyst was 
found to represent less than 0.2% conversion at the highest
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conversion reported, and was not determined or accounted 
for in the remaining runs. The tables summarizing the 
data have been omitted because of their voluminous size and 
because they do not add appreciably to the information 
which is presented in the figures.

R esu lts

T h e  con version  o f cetane has been  p lo tted  as a 
fu n ction  o f the m illiequivalents o f the adsorbed  
m etal ion  in  F igs. 1, 2 and  3 fo r  the S o co n y -V a cu u m  
syn th etic  bead, the U .O .P . T y p e  B , and the low  ac­
t iv ity  syn th etic  bead  catalysts, respectively . T h e  
p lo t o f the a ctiv ity  against alkali con ten t m ay  show  
an in itia lly  high drop  in con version  fo r  v e r y  sm all 
am ounts o f alkali ion , fo llow ed  b y  a straight line 
p ortion  in  w hich  the decrease in con version  is p ro ­
p ortion a l to  the am ou n t o f the ion . A t  higher con ­
centrations o f  the alkali ion , the dependence o f con ­
version  on  alkali con cen tration  becom es less and 
the a p prox im ately  h orizon ta l p ortions o f  the 
curves h ave been  considered as the base a c t iv ity  o f 
the cata lyst a fter coverin g  the a ctive  acid  sites. 
T h is base a c t iv ity  appears to  lie in  the range o f 4 to  
8 %  conversion , w hile a  therm al con version  o f 1 .7 %

was obta in ed  w ith  glass chips. On each  o f the 
three cata lysts the poison in g  effect per m illiequ iva- 
len t o f  alkali ion  becom es greater as th e  size o f the 
ion  increases. In  a rather a rb itrary  m anner, it was 

d ecided  th at the poin ts o f in ter­
section  o f the h orizon ta l p o r ­
tions o f the curves and the p or­
tions in  w hich  the decrease in 
con version  depended  d irectly  on 
the am ount o f alkali, represented 
the m illiequivalents o f  the p ar­
ticular ion  necessary to  cov er  the 
active  acid  sites. T h e curves 
h ave been draw n to  em phasize 
this value, and  these poin ts o f 
in tersection  h ave been  term ed 
the m illiequivalents o f alkali per 
g. o f ca ta lyst required to  reach 
the base conversion .

A n  add ition a l useful value has 
been  obta in ed  from  the slopes o f 
the curves in  the range in  w hich  
the cata lyst a ctiv ity  decreases 
d irectly  w ith  added  alkali. B y  
d iv id in g  the slope o f the curves 
b y  th e  w eight o f 25 cc. o f cata­
lyst, a va lu e  representing the 
loss in  con version  per m illi- 
equ iva len t o f alkali can be  o b ­
tained. T h e  m illiequivalents o f 
alkali per g. o f ca ta lyst required 
to  reach  the base conversion , 
the loss in  con version  per m illi- 
equ ivalen t o f alkali an d  the 
ion ic  radius o f the im pregn at­
ing ions h ave been  sum m arized 
in  T a b le  I.

In  F ig . 4  th e  m illiequivalents 
o f alkali required to  reach the 
base con version  have been  p lo t­
ted  as a fu n ction  o f the radii o f 
the im pregnating ions. On each 
o f three catalysts the values for 
sodium , potassium  and cesium  
lie on a straight line and  show  
that th e  m illiequivalents o f al­
kali per g. o f ca ta lyst required 
to  reach the base conversion  is a 

d irect fu n ction  o f the ion ic radius.

0 0.1 0.2 0.3
Meq. metal per g. catalyst.

Pig. 3.—Low activity synthetic bead catalyst—conversion 
(gas plus gasoline) vs. milliequivalents of metal per gram of 
catalyst: •, LiOH; O, NaOH; x, KOH; A , CsOH.

Meq. metal per g. catalyst.
Fig. 1.-—High activity synthetic bead catalyst—conversion (gas plus gasoline) vs. 

meq. of metal per gram of catalyst: •, LiOH; O, NaOH; x , KOH; A , CsOH.

o ______ _____________ _____________ ______ _______
0 0.1 0.2 0.3 0.4

Meq. metal per g. catalyst.
Fig. 2.—UOP type B catatyst—conversion (gas plus gasoline) vs. meq. of metal per 

gram of catalyst: •, LiOH; Q, NaOH; x , KOH; A , CsOH.
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T a b l e  I
S u m m a r y  o f  t h e  L o s s  i n  C o n v e r s i o n s  p e r  M e q . A l k a l i  

a n d  M e q . A l k a l i /G. R e q u i r e d  t o  E l i m i n a t e  C e t a n e  

C r a c k i n g

Meq. a-kali/g. Loss in conv.̂  
to reach base conv. per meq. alkali

Radius of 
alkali ion, A.

High Activity Synthetic Bead
LiOH 0.46 1.59 0.6
NaOH .£1 3.90 0.95
KOH .21 5.15 1.33
CsOH .13 7.60 1.69

U.O.P. Type B
LiOH 0.£1 3.8
NaOH .21 6.2
KOH .15 8.15
CaOH .11 11.2

Low Activity Synthetic Bead
LiOH 0.25 2.9
NaOH .165 4.7
KOH .125 6.5
CsOH .10 8.4

T h e  sm aller lith ium  ion  does n ot fa ll on  this
straight line, b u t extrapolated  values to  zero ion ic 
radius for  tw o o f the three catalysts g ive  values 
w hich  correspond qu ite closely  to  th e  m illiequ iva - 
lents o f lith ium  ion  per g. o f ca ta lyst requ ired  to  
reach the base conversion . T hese  observations

Ionic radius, A.
Fig. 4.—Meq. Me per g .  catalyst to reach break point vs. 

ionic radius, A.: •, UOPtypeB; O, high activity synthetic 
bead; x , low activity synthetic bead.

have been  interpreted  to  m ean th at the v e ry  sm all 
lith ium  ion  is capable  o f  poison ing on ly  a single a c­
tive  center, and th at th e  m illiequivalents o f  lith ium  
h yd rox id e  required to  reach the base conversion  
represents a close approxim ation  to  the m illiequ iva­
lents o f acid  sites active  in  cetane cracking. Since 
soluble hydroxides o f ions sm aller than  lith ium  d o  
n ot exist, it appears to  be d ifficult to  p rove  con ­
clusively  th at a lith ium  ion  covers one, and  on ly  
one, a ctive  site. I t  is n ot exactly  clear w h y  differ­
ent base conversions should  be  obta in ed  w ith  the 
different alkali m etal ions, b u t there is a general 
ten d en cy  fo r  the base conversion  to  increase w ith  a 
decrease in size o f th e  m eta l ion . S ince the base 
conversions fo r  sodium , potassium  and cesium  ions 
are essentially the same, and the on ly  m arked  in ­
crease in base conversion  occurs w ith  th e  lith ium  
ion , th is cou ld  be  interpreted to  m ean th at th e  lith ­
iu m  ion  m a y  coord in ate in  th e  structure and m a y  
con tribu te  a c id ity  and som e a ctiv ity  in  its ow n 
right.

T h e  loss in con version  per m illiequ ivalent o f  al­
kali is p lo tted  as a fu n ction  o f th e  ion ic  radii in  F ig .
5. S traight lines are obta in ed  on  three cata lysts 
and  th is im plies certain  interesting conclusions 
con cern in g  th e  geom etry  o f th e  crack ing cata lyst.

o

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Ionic radius, A.

„ Fig. 5.—Loss in conversion per meq. Me + vs. ionic radius, 
A .: •, UOP type B; O, high activity synthetic bead; 
X, low activity synthetic bead.

T h e  fa ct th a t th e  ion  size has such  a  significant 
e ffect on  th e  poison ing  o f a  cata lyst im plies th at 
a d ja cen t a ctive  sites m ust be  so close togeth er th at 
a single large alkali ion  can cover or m ake in acces­
ib le m ore than  one active  site. I f  th e  poison in g  
is a fu n ction  o f th e  radius, rather than  th e  square o f 
th e  radius, as show n in F ig . 5, it w ou ld  seem  to  
im p ly  th at th e  active  sites are in  a linear chain 
rather th an  in clusters. T h e  chain cou ld  b e  cyclic  
p rov ided  th e  radius o f th e  circle w ere large relative 
t o  th e  distance betw een  the active  sites.

T h a t this p rop osed  structure is n ot inconsistent 
w ith  the inorganic chem istry  in vo lved  in  cata lyst 
preparation  is supported  b y  a considerable am ou n t 
o f literature on  isopolybases. Jander4 and  S ou - 
ch ay6 have show n b ey on d  an y  d o u b t th at the neu­
tralization  o f a  soluble alum inum  salt g ives p o ly ­
m eric ions before  th e  precip itation  o f alum inum  h y ­
droxide occurs. T h e  degree o f  po lym erization  and 
th e  exact structure o f the p o lym er m a y  b e  qu estion ­
able b u t there is n o  d ou b t th at p olym eric  h yd rated  
alum ina exists in solu tion  before  precip ita tion . On 
th is basis it is be lieved  th at the laying d ow n  o f a 
chain  o f alum ina on  the surface o f a silica m icelle  
results in a chain o f a ctive  acid  sites. T h e  data  d o  
n o t in d icate  w hether th e  alum ina is fou r  or  six c o ­
ord inated , or w hether the acid  sites are B r0nsted  or 
L ew is acids.

T h e  zircon ia in the T y p e  B  cata lyst w ou ld  be  ex­
p ected  to  be  deposited  in  a m anner sim ilar to  that 
described  for  alum ina.

A lth ou gh  three different catalysts have been  used 
in  determ in ing th e  in d icated  correlations, it is sig­
n ificant th at th e  activ ities, th e  percentage com posi­
tions and th e  degree o f  ca lcination  are v e ry  sim ilar 
on  the three catalysts. I t  is p lanned  to  exten d  this 
s tu d y  to  high alum ina catalysts at vary in g  degrees 
o f  ca lcin ation  as w ell as to  oth er ca ta ly tic  com p os­
ites.

(4 ) G . J a n d e r  a n d  K .  E .  J a h r, Kolloid Beih., 4 3 , 2 9 5  (1 9 3 6 ).
(5 ) P . S o u c h a y , Bull. Soc. Chim. France, 9 1 4  (1 9 4 7 ).
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Since considerable em phasis has been  p laced  on  
th e  fa c t  th at poison ing  o f th e  crack ing cata lyst is a 
fu n ction  o f th e  size o f th e  poison in g  ion , it seem ed 
w orthw h ile  to  investigate the poison ing  e ffect o f the 
barium  ion . T h e  barium  ion  w as chosen  because 
it  w as availab le as a soluble h yd rox ide , had th e  sam e 
ion ic  radius as a  potassium  ion  and had  a d ip ositive  
charge. T h e  data  o f F igs. 6 and 7 com pare the rel­
a tive  poison in g  effects o f potassium  h yd rox id e  and 
bariu m  h yd rox id e  on  th e  T y p e  B  cata lyst and the 
h igh  a c tiv ity  syn th etic  bead  catalyst. On the 
T y p e  B  cata lyst it  is clearly  and  q u a n tita tive ly  
dem on strated  th at th e  poison in g  e ffect o f a m ole  o f 
barium  ion  is exa ctly  the sam e as that o f  a m ole  o f 
potassium  ion . T h is  relationship does n ot h old  for  
the syn th etic  bead  cata lyst as show n in F ig . 7. 
T h e  d iscrep an cy  cou ld  n ot be  due to  sulfates on  the 
cata lyst, since the cata lyst had  been  calcined above  
th e  d ecom p osition  p o in t for  sul­
fates before  im pregnation , and 
n o  sulfates cou ld  be  fou n d  after 
exhaustive extraction  o f the 
original ca ta lyst w ith  boilin g  
water.

T h e  d iscrepan cy  observed  in 
F ig . 7, and, indeed , the o c ­
casional large variation  fo r  cer­
tain  poin ts o f  Figs. 1, 2 and 3 
have been  rationalized  on the 
basis o f  the fo llow in g  considera­
tions.

W h en  m etal h yd rox id es are 
added  to  a cata lyst, the h yd rox ­
ide m a y  be  adsorbed  ran d om ly  
on  th e  surface o f the cata lyst, or 
it m a y  exchange the m etal ion  
fo r  h ydrogen  ion  at the active  
acid  sites. D ilu te  solutions o f 
m etal hydrox ides fa v or  exchange 
rather than  adsorption . A lkali 
m etal ions are m u ch  less stron g ly  
ad sorbed  than  d iva len t m eta l ions such as bariu m .6 
F o r  reasons w h ich  are n ot clear the adsorption  o f 
barium  ion  represented a significant am ou n t on  the 
syn th etic  bead  cata lyst and  on ly  exchange w as sig­
n ificant on the T y p e  B  cata lyst. T h e  am ounts o f 
adsorbed  alkali m eta l ion  are considered  to  be neg­
ligible w hen  com p ared  to  exchanged  m etal ion  w hen  
im pregnations were m ade from  v e ry  d ilute solu tions 
o f  the m etal ion , and w hen  equ ilibrium  con d itions 
correspon ded  to  substantia lly  com plete  rem ova l o f 
th e  m etal ion  from  the solution .

I f  the m echan ica l adsorption  o f bariu m  ion  can 
b e  a ccep ted  as an explanation  fo r  the d iscrepan cy  o f 
F ig . 7, th e  exact agreem ent observed  betw een  the 
poison in g  effect o f equal m olar am ounts o f barium  
ion  and potassium  ion  show n in  F ig . 6 can  b e  taken  
to  p rov e  th at th e  poison in g  o f crack ing  cata lysts b y  
m eta l ions o f  this ty p e  is a lm ost entirely  a fu n ction  
o f th e  size o f th e  ion . I t  w ou ld  appear th at this 
observed  dep enden ce  u p on  ion  size w ou ld  be  in -

(6 )  G . E .  B o y d ,  J . S c h u b e r t  a n d  A .  W . A d a m s o n , J. Am. Chem. Soc., 
69, 2 8 1 8  (1 9 4 7 ).

0 0.1 0.2 0.3
Millimoles métal ion per g. eatalyst.

Fig. 6.—Conversion vs. moles métal ion on UOP type B 
eatalyst: • , KOH; O, Ba(OH)2.

consistent w ith  the recent suggestion  th at th e  cata­
lyst can be  treated  as a liqu id .7

S um m ary.— E vid en ce  is presented  th at the m illi- 
equ ivalents o f lith ium  h yd rox id e  required to  poison  
a cata lyst fo r  cetan e crack in g  represent a m easure 
o f the active  acid  sites o f the cata lyst. A  barium  
ion  is equal in  its poison in g  e ffect to  a potassium  ion  
o f the sam e size. L arge alkali m etal ions are m ore 
effective  poisons per ion  than the sm all alkali m etal 
ions, and  the poison ing  effect is a fu n ction  o f the 
radius o f  th e  ion.

T h e  data  in d icate  th at a crack in g  cata lyst can 
be  represented as con ta in ing  chains o f active  sites, 
w h ich  represent on ly  a sm all p ortion  o f th e  to ta l 
ca ta lyst surface. Such  chains cou ld  be fo rm ed  b y  
th e  condensation  o f p o lym eric  alum ina chains on  
th e  surface o f a silica m icelle.

A ck n ow led gm en t.— T h e  assistance o f  B ever ly  
C arlson  and  D ea n  F . M a rtin  and  the financial 
assistance o f  th e  Office o f  N a v a l R esearch  are 
g reatly  appreciated .

(7 )  A .  G . O b la d , S . G . H in d in  a n d  G . A . M ills , ibid., 75,, 4Q 96 (1 9 5 3 ).

Millimoles metal ion per g. catalyst.
Fig. 7.—Conversion vs. moles metal ion on high activity synthetic bead catalyst: •,

KOH; O, Ba(OH)2.
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Equilibrium ultraoentrifugation of monodisperse polymer systems in the presence of supporting electrolytes is discussed 
with particular emphasis on low molecular weight polymers of relatively high charge. Errors introduced in the estimation 
of molecular weights by neglect of this charge are evaluated. An equation is developed for the determination of molecular 
weights or degrees of aggregation of charged polymers in the presence of supporting electrolyte. Application of this equa­
tion to the usual centrifuge data involving refractive index gradients is described.

T h e  proced u re  fo r  the ca lcu lation  o f m olecu lar 
w eights o f charged solutes from  the results o f  equ i­
librium  centrifugations is n ot at present clear. 
S ved berg ,2'3a T iseliu s4 and P ed ersen 33 con clu ded  
th at fo r  ion ized  solutes o f  low  charge to  w eight ra­
tio  the e ffect o f  the charge cou ld  be  e ffective ly  sup­
pressed b y  the add ition  o f an excess o f  slightly  sedi­
m enting “ su p p ortin g”  e lectro ly te . T h e y  then  in ­
terpreted  the data  as if  the solute w ere neutral.

W h ile  this procedu re  is v ery  con ven ien t, it can  be 
considered  on ly  a first approxim ation  w hich  b e ­
com es increasingly  p o o r  as the charge to  w eight 
ratio o f the solu te  increases, as w as earlier discussed 
b y  L a m m .6 I t  is the purpose o f th is p aper to  de­
rive equations and in d icate  procedu res b y  w hich  
m olecu lar w eights in charged system s can b e  esti­
m ated  w ith  con siderab ly  less drastic assum ptions. 
In  addition , throu gh  com p u tation s o f  d istributions 
in certain  idealized cases, th e  m agn itudes o f  the 
errors resulting from  the use o f  different m ethods 
o f in terpretation  w ill be com pared .

1. Equilibrium Centrifugation in Charged and 
Uncharged Systems.— T h e  equ ilibrium  d istribution  
o f an y  com pon en t in a centrifugal field, w hether 
the com p on en t is d issociated  in to  ions or  n ot, is 
described  b y  the eq u a tion 311

d In 0k = m i  ~Ry W  d(z2) = d(z2) = Ak d(x2)
(1)

w here a t is the a ctiv ity  o f com pon en t k, the 
form ula  (m olecu lar) w eight, th e  partial specific 
volu m e, p the den sity  o f th e  solu tion , co the angular 
v e loc ity , R  the gas constant, T  the absolu te tem pera­
ture, x  the radius m easured from  th e  axis o f  rotation ,

and  d  In «k is an  abbrev ia tion  fo r  X Y  d )p )
1 I n  m ; J p , T . x . m

d In m „ in w h ich  m, is th e  m ola lity  o f  com p on en t 
i and  i is sum m ed over all th e  com pon en ts. T h e  
com p on en ts m a y  be  th e  ions w ith  th e  con d ition  th at 
the solu tion  is everyw h ere e lectrica lly  neutral. 
F o r  con ven ien ce  th e  defin itions

Ak = Mk{\ — Vkp) 
Mk(l — Vkp)oi2 _  Lkw2

2RT ~2RT

(la)

(lb)

(1 )  T h is  d o c u m e n t  is  b a s e d  o n  w o rk  p e r fo r m e d  f o r  th e  A t o m ic  
E n e r g y  C o m m is s io n  a t  th e  O a k  R id g e  N a t io n a l  L a b o r a t o r y .

(2 )  T .  S v e d b e r g , Kolloid-Z. Zsigmondy Festschrift Erg. Bd., 3 $ , 53  
(1 9 2 5 ).

(3 )  T .  S v e d b e r g  a n d  K . O . P e d e rse n , “ T h e  U lt r a c e n tr ifu g e ,”  T h e  
C la r e n d o n  P ress , O x fo r d ,  194 0 , (a ) p . 15, 2 3 S , 5 3 f f ;  (b )  p . 5 1 ;  (c )  
p .  2 6 7 .

(4 )  A . T ise liu s , Z. physik. Chem., 1 2 4 , 4 4 9  (1 9 2 6 ) .
(5 )  0 .  L a m m , Arkiv Kemi, Mineral. Geol., 17 A ,  N o .  2 5  (1 9 4 4 ).

are m ade. E qu ation  (1) h old s  o n ly  if  v is con stan t6 
(see equ ation  10, ref. 8 ) ; otherw ise, th e  d ifferential 
equ ation  fo r  centrifugal equ ilibriu m  is som ew hat 
m ore com plicated . F or  con ven ien t in tegration  
th e  den sity  p o f  the solu tion  w ill be  considered  
con stan t in  th is paper.

I f  a m aterial d issolves as a neutral m onod isperse 
species (U ), th e  a ctiv ity  coefficient o f  th e  species7 
( g )  is o ften  con stan t to  a g ood  ap p rox im ation  and 
equ ation  1 becom es

d In mu = Au d(z2) (2)
T h u s a p lo t o f  In m u (or  In m {j, w here m{j is p ro p o r ­
tion a l to  m u) vs. x 2 shou ld  y ie ld  a stra ight line w ith  
slope A n  from  w h ich  th e  m olecu lar w eigh t o f  the 
species (M u) m a y  be  evaluated  if  v and p are deter­
m ined th rou gh  separate m easurem ents.

T h e  determ ination  o f th e  m olecu lar w eigh t o f a 
solu te  w h ich  d issociates in to  ions is con siderab ly  
m ore com plica ted , n o t on ly  because the assum ption  
d  In g ±  =  0 m a y  be  less satisfactory  fo r  an e lectro ­
ly te  than  th e  assum ption  d  In g  =  0 fo r  neutral 
species, b u t a lso because kn ow ledge o f th e  charge o f 
the io n  is u sually  lacking, a lthough  needed  fo r  a 
unique answer. T hus, fo r  a solute P X 2 w h ich  dis­
sociates in to  th e  ions P + 3 and zX ~ , equ ation  1 b e ­
com es
d In apx2 = d In mpmx.zgpgx.1 =

(z +  1) d In TOiPXzgkiPXz =  Apxz d(z2) (3)

Since d  In m ± p x 2 =  d  In m p x „  it is apparent th at 
fo r  d In gr± =  0  a  p lo t o f  In m p x 2 vs. x 2 has the slope 
A v x j i z  -f- 1). C entrifu gation  o f such a tw o - 
com p on en t system  thus does n ot y ie ld  the m olecu ­
lar w eigh t M-pxz, b u t on ly  M p x J (z  + 1 ) .

T h is  d ifficu lty  can  be  red u ced  b y  cen trifugation  
in th e  presence o f  a supporting  e lectro ly te  B X .2-4 
T h is  d ev ice  reduces the m agn itude o f th e  term  2  d  In 
m x  o f equ ation  3. I f  this term  should  b ecom e zero, 
equ ation  3 w ou ld  assum e th e  form

d In top =  Apxz d(z2) (4)
(6 )  T .  F . Y o u n g , K .  A . K ra u s  a n d  J . S . J o h n so n , J. Chem. Phys., 

2 2 , 8 7 8  (1 9 5 4 ).
(7 )  A  d is t in c t io n  is  m a d e  b e t w e e n  th e  a c t iv it y  c o e ff ic ie n ts  g o f  

s p e c ie s  a n d  t h e  s t o ic h io m e t r ic  a c t iv it y  c o e ff ic ie n ts  y. E q u a t io n  1 
p e r m its  c a lcu la t io n  o f  th e  r a t io s  o f  s t o ic h io m e t r ic  a c t iv it y  co e ff ic ie n ts  
o f  a  c o m p o n e n t  f o r  a n y  a ss ig n e d  fo r m u la  w e ig h t  M. I f  e s t im a te s  
re g a r d in g  v a r ia t io n s  o f  t h e  a c t iv it y  c o e ff ic ie n ts  o f  s p e c ie s  (d  In  g) a re  
a v a ila b le  s o m e  in fo r m a t io n  re g a r d in g  th e s e  s p e c ie s  m a y  b e  o b t a in e d  
(S e e  R e f .  9 ) a n d  M  b e c o m e s  th e  m o le c u la r  w e ig h t  o f  th e  s p e c ie s . 
W h e n  e s t im a t io n  o f  t h e  m o le c u la r  w e ig h ts  o f  s p e c ie s  is  t h e  o b je c t iv e ,  
u s u a l ly  t h e  a c t iv it y  o f  t h e  s o lu te  is  e x p re s s e d  a n d  e x p e r im e n ta l  c o n d i ­
t io n s  a re  s e le c te d  in  s u c h  a  w a y  t h a t  d  In a =  0  is  as g o o d  a n  a p p r o x i ­
m a t io n  a s  p o s s ib le .
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i.e., it w ou ld  b ecom e form a lly  id en tica l w ith  the 
equ ation  fo r  uncharged  solutes, and  T fp x z w ou ld  
be  obta in ed  rather than  M p x z/(z +  1)- In  a d d i­
tion , the presence o f  the su pportin g  e lectro ly te  in ­
creases th e  ion ic  strength  o f the solution , decreases 
th e  relative change in  ion ic strength, and m akes the 
assum ption  d  In g ±  =  0  m ore p lausible. H o w ­
ever, if 2  is large or if  the supportin g  e lectro ly te  
sedim ents con siderab ly , z d  In m x  w ill n ot be  negli­
g ib le  and the th eory  fo r  un-ion ized  solutes w ill n ot 
be  applicable . Instead , as poin ted  ou t b y  L a m m ,5 
sed im entation  o f th e  p o ly m er and the supporting 
e lectro ly te  m u st be  considered sim ultaneously.

2a. Simultaneous Equations for Three-com­
ponent Systems.— T h ree-com p on en t system s w ill 
be  d iscussed su b ject to  the fo llow in g  restrictions:

(1) T h e  p olym eric  e lectro ly te  P X Z dissociates 
in to  the ions P +z -f- z X ~ .8 A lth ou gh  the p o ly ­
m eric ion  P +z w ill be  considered  to  have a con stan t 
charge z under the con d itions o f  an y  experim ent, it 
cou ld  be a com p lex  o f a m ore h igh ly  charged p o ly ­
m eric ion , e.g., M +(v +z), w ith  th e  anion X - , or 
p + 2  =  M X y +z. T h e  lim itation  th at z does n ot 
change then  is equ iva len t to  statin g  th at the degree 
o f  com plexin g  is in varian t in the range o f con cen ­
trations and pressures covered  b y  an experim ent.

(2) T h e  p o lym er is m onodisperse.
(3) T h e  partia l specific volu m es v o f  P X Z and B X  

are constant.
(4) T h e  den sity  p o f  the solu tion  is constant. 

T h is lim itation  is im posed  fo r  con ven ien ce  o f  in te ­
gration , a lthough  this restriction  and th at in para­
graph  3 can not generally  a p p ly  sim ultaneously  for  
ph ysica l system s.

(5) T h e  appropria te  a c t iv ity  coefficient p rodu cts 
o f  all species are constant.

B y  restriction  5, d  In gPg x z =  (z +  1) d In g ±PXz 
=  0 and d In gv,gx =  0 and the equilibrium  distri­
b u tion  o f the tw o  solutes is g iven  b y  th e  sim ultane­
ous solu tion  o f th e  equations

d In aPX, =  d In mpirax* =  ^ R T  =  A Px.

(5)

d In aBx =  d In otbtox =  d ( x 2) =  ¿ bx d(x2)

(6)
zm? +  tob = mx (7)

w ith  the con d ition  th at the to ta l am ou n t o f  each  
com p on en t in the cell a t equ ilibrium  is determ ined  
b y  th e  in itia l com position .

T h e  sim ultaneous solu tion  o f equations 5 to  7 for  
th e  case w here th e  p o lym er con cen tra tion  is van ish - 
ish ingly small, so th at e ffective ly  m-x =  m b  (or  d  In 
m x  =  d  In ran), yields

d In mp =  (A px* — (z/2)ABX) d(x2) (8)

T hu s, as a lready  p o in ted  ou t b y  L a m m ,6 in  this 
lim iting case the slope o f a p lo t o f  In mp vs. x 2 does 
n ot y ie ld  M p x z( l  — vPx zp ) b u t on ly  T fPx z( l  — 
vFXzp) ~  (z /2 )A fB x ( l  ~  v-bx p), w h ich  will be  called 
(L p x z)max-

A t finite con cen tration s o f  mp th e  con tribu tion  o f 
the term  z d In rax to  the “ apparent m olecu lar

(8) The treatment is symmetrical with respect to charge type and
would apply equally well for a negatively charged polymeric ion with
positively charged counter-ions.

w eigh t”  is even  larger. L a m m 5 obta ined  an ap­
proxim ate solu tion  o f equations 5 to  7 w hich  took  
this varia tion  o f rax in to  consideration . T h e  error 
incurred in  n eglecting the term  2  d In rax and the 
degree to  w h ich  L am m 's equ ation  avoids this error 
w ill be  illustrated in S ection  5c.

2b . R efractive  In d ex  G rad ients.— In  m ost u ltra ­
centrifuges in current use con cen tra tion  distribu ­
tions are in d irectly  obta in ed  from  observations o f 
refractive index gradients as a fu n ction  o f radius. 
T h e  to ta l refractive index grad ien t can  be  con sid ­
ered the sum  o f the gradients due to  the solutes, 
(dn/dmi) dmi/d.T, due to  pressure effects on  the 
solu tion , (dn/dp) dp/dz, and extraneous gradients, 
e, such as m a y  result from  d istortion  o f cell w in ­
d o w ,30'9 i.e.
(dra/dx)a = 2i (b n / b rn ¡) d m i/ d x  +  (d n / d p ) d p / d x  +  e

(9)
w here subscript i denotes a solu te  and w here (d n f  
da;)a is the observed  to ta l re fractive  index  gradient. 
In  p ractice  a “ b a ck grou n d ”  experim ent is per­
form ed  under the sam e con d ition s  excep t fo r  the 
absence o f th e  p olym eric  solute. T h e  resulting v a l­
ues o f  the refractive index gradient, (dn /da:)b , are 
then  su btracted  from  (d n /d a ;)a. T h is d ifference, 
w h ich  w ill be defined as dn*/dx, is generally  assum ed 
to  be  equal to  the p olym er term  (d n /d ra p x z)d m p x z/  
dx. T h is is usually  a g ood  approxim ation  for  a tw o - 
com pon en t system  p rov id ed  the den sity  o f  the solu ­
tion  does n ot d iffer greatly  from  th at o f  the solvent. 
O therw ise, the pressure term  (dn/dp) dp/dx and e 
m ight be different fo r  the tw o  cases.9

R efra ctive  index gradients can  be  readily  used 
fo r  the estim ation  o f m olecu lar w eights in tw o - 
com p on en t system s. E q u a tion  2 can  be  w ritten  
in the form s

d m y / x d x  = 2 A y m y  (10)
and

d In (d m y / x  dx) = d In m y  (10a)
W h en  dn*/dx =  (d n /d m u ) d ra u /d #  and w hen 
(d n /d m u ) is constant, as is u sually  the case in  d i­
lute solutions, equ ation  10a becom es 
d In (dn * / x  d x ) = d In (d n / d m u) d m y / x  dx =

d In (d m y / x  dx) = A y  d(x2) (11)
T h u s the slope d In (dn*/x da :)/d (a :2) is equal to  A u  
and the m olecu lar w eight can  be obta ined  w ith ou t 
com pu tation  o f con cen tration  as a fu n ction  o f  ra­
dius. A nalogous considerations a p p ly  w hen  the 
solu te  d issociates in to  ion s .10 In  the th ree -com ­
pon ent case, -particu larly  if the solutes are ion ic, 
this procedure m a y  be qu ite  unsatisfactory . In  
this case dn*/dx is g iven  b y  the equ ation

dre*/dx =  (dra/dx)» — (dn/dx)b =
(bn/bmpx/) dmPXs/dx +  (dn/dm,Bx)(dmBx/dx)a

+  E a — (cM/d??iBx)(dmBx/dx)b — E b (12)
w here subscripts a and b  refer to  the “ p o ly m e r”  and 
“ b a ck grou n d ”  experim ents, respectively , and  w here 
E  =  (dn/dp)dp/dx - f  t. E ven  if E a =  Eb, the 
approxim ation  dn*/dx =  (d n /d rap ) d ra p /d z  im plies 
the assum ption  th at (d n /d ra s x ) (d m B x /d z )a =  
(dn/dm-Bx) (dranx/daflb. H ow ever, this is a poor

(9 )  J . S. J o h n so n , K . A . K ra u s  a n d  T .  F . Y o u n g ,  J. Am. Chem. Soc., 
7 6 , 1436  (1 9 5 4 ).

(1 0 ) K . O . P e d e rse n , Z. physik. Chem., A 1 7 0 , 41 (1 9 3 4 ).
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assum ption  even  w hen (dn/bm-Bx) does n ot change, 
since at finite p o lym er con cen tration  (d m B x /d x )a ^  
(dm Bx/da:)b-

In  ad d ition  to  this d ifficu lty , the relationship  b e ­
tw een  d  In m and d  In (dm/x da;) is n o t as sim ple as 
in  equ ation  1 0 a fo r  an  uncharged tw o -com p on en t 
system , since for  the th ree-com pon en t system  the 
sim ultaneous equations 5 and  6  rep lace the single 
equ ation  2 .

3. Redefinition of Polymeric Components, (a). 
Three-component System.— A n  alternate defin ition  
o f th e  p o lym eric  com pon en ts used to  c ircu m ven t 
sim ilar d ifficulties in osm otic  pressure stu d ies 1 1  

decreases the errors discussed in S ections 2a and 
2b , leads to  an equ ation  sim ilar to  L a m m ’s , 5  and 
indicates a p ath  fo r  the in terpretation  o f data  w hich  
are based on  refractive index  gradients. Instead  
o f defin ing the p olym er com p on en t as P X 2, one 
defines a new  com pon en t 2, P X 2 / 2 B _ 2/ 2, w h ich  is 
iden tica l w ith  P X 2  — z /2  B X . W ith  this definition  
the p olym eric  com pon en t has one m ole o f  particles 
per m ole  o f solute, a m olecu lar w eigh t M 2 =  M p x z 
— z/ 2  M-bx , and L% =  M 2( 1  — v2p) =  i l fp x 2( l  — 
vvx 2 p) — z/ 2  ATb x (1  — vbxp), w hich  is iden tica l 
w ith  the m axim um  observable  qu an tity  (L p x 2) max 
(see equ ation  8 ). C om pon en t 2 has the sam e m ola l 
con cen tration  (m2) as P X 2, i.e.

m2 =  mp = topx* (13)
b u t has a d ifferent chem ical potentia l. I ts  a ctiv ity  
(a2) is g iven  b y  the equation

a2 = mpmxzl2mB~zl2gpgx‘ngB~tl2 (14)
T h e  su pportin g  e lectro ly te  rem ains com p on en t B X . 
Its  chem ical poten tia l is unchanged  b y  the redefin i­
tion  o f com p on en ts a lthou gh  its con cen tration  
depends on  w hether the p o lym er com p on en t is P X 2  

or com p on en t 2. T o  em phasize th is d ifference in  
con cen tration , w e shall designate th e  com pon en t 
B X  in th e  presence o f  com p on en t 2 as com pon en t
3. Its  a ctiv ity  c 3 and its con cen tra tion  m3 can then  
be  expressed b y  the equations

wi3 =  )«b +  (z/2 )to2 = mx — (z/2)m2 (15)

az =  «BX = mnmxgBgx =  m lf 1  — ( )  1  gBffx (16)

W ith  the restriction  o f con stan cy  o f the a c t iv ity  
coefficients, the d istribu tion  equ ation  becom es
d In a2 = d In mpmxz,2mB~‘n =

j ,  (m  + zmi/2Y12 , ,  /T +  V\'/2
d l nmaU -  zmz/2)  = d l n ”H r ^ J  =

d In m2 +  g d In J - / / /  =  d In m2 +  *̂  . =

d In m2 +  ———, (d In m2 — d In m3) = A2 d(x2) 1 —
(17)

w here y =  zm2/2m3 and A 2 =  M 2(l  — v2p)wi/2RT. 
T his equation  is analogous to  equ ation  5 fo r  co m ­
pon en t P X „  bu~ has the advan tage th at d In m,2 
(w hich  is equal to  d  In m px2) is closer to  A 2  d(a:2) 
th an  to  A p x 2  d ( s 2) since ( z / 2 ) d In ( 1  +  ?7 ) / ( l  — v) 
is con siderab ly  sm aller than  z d In mx- 

F or th e  d istribu tion  o f com p on en t 3 
d In mb» ix =  d In [m3 — zm2 / 2 )(m3 +  zm2/2 )

i In m32( l  — »j2) = 2d In m3 +  d In (1 — tj2) =  A 3 d(x2) 
_____________  (18)

w here A 3 = A b x - Since (1 — if) is usually  near 
u n ity , presence o f  the p olym er w ill n o t change d  In 
m 3  g rea tly ; hence th e  back grou n d  experim ent will 
approxim ate th e  d istribution  o f  su pportin g  e lec­
tro ly te  m u ch  m ore close ly  if  th e  p olym eric co m p o ­
nent is defined in this w ay . T h e  approxim ation  th at 
d  In dn*/x  da; =  d  In d m2/x da; =  d In d m p x2/x da; is 
therefore  good .

H ow ever, th e  com p u tation  o f con cen tration  dis­
tribu tion  from  refractive index data  is still n o t co m ­
p lete ly  stra ightforw ard . T h e  gradient dn*/dx 
approxim ates (bn/bm2) dm2/dx, b u t (bn/bm2) 
can not be ca lcu lated  from  separately  availab le  re­
fra ctive  index data  on  P X 2  w ith ou t k n ow ledge o f z 
and, in som e cases, w here reaction  w ith  th e  solven t 
(ie.g., h ydrolysis) occurs, w ith ou t k n ow ledge o f the 
exten t o f  such reaction . In  ad d ition , it  is o ften  
con ven ien t to  a v o id  refractive index  m easurem ents. 
T h u s a  procedu re is desirable w h ich  utilizes d i­
re ctly  th e  va lu e  o f d In (dn*/x da ;)/d (a ;2) and  does 
n ot require prior  kn ow ledge o f (bn/bm2).

I f  ? ) 2  is neglected  com pared  w ith  1 and d In m3 
com pared  w ith  d  In m2, equ ation  (17) becom es

d In a2 = d In m2 +  zij d In m2 = A2 d(x2) (19)

H en ce

dm2/x dx =  2A2m2 — (z%i2/2wi3)(dm2/x  dx) (20)

and

d In (dm2/xdx) = d In [r»2(2A2 — (z2/2ro3)(dm2/x  dx)]
(20a)

T h e  approx im ation  d  In (dm 2 ,/xdx) =  d In m 2 thus 
in vo lves neglect o f the term  d  In [2 A 2 — (z2/ 2 m3) 
{dm2/ xd x)]t w h ich  m a y  cause a serious error.

R earrangem en t o f equ ation  19 also y ields

U  = Lpxz -  \ L b x  = (2RT/a2)(d In m2/d(x2) +
(z2/2m3) d/n2/d(x2)) (21)

A fter  in tegration  equ ation  21 becom es v irtu a lly  the 
sam e as L a m m ’s equ ation  9, w h ich  w ith  m olalities 
rather than  m olarities m a y  be  w ritten  as

tpx, — 2  7 b \ = 2 RT
2(x2

i t  r.
^ T ) L ln

»IPX, +

2  mBx

( o t p x J o 

{mpx, — (™px,)o)J (22)

3b. Four-component Systems.— A  fo u r-co m ­
p on en t system  consisting o f solven t, p o lym eric  
com p on en t and tw o su pportin g  e lectrolytes w ith  
a  com m on  anion w ill be  considered. F or  d eve lop ­
m en t analogous to  th at in S ection  3a, the p o lym er 
com p on en t 2 is assigned the form ula  P X 2/ 2- 
H _ W 2(m i + ms)B _ W 2(M l +  mi). T h e su pportin g  elec­
tro ly tes  H X  and B X  are com p on en ts 3 and 5. 
T h e  concentrations o f  the various ions in term s o f 
these com pon en ts are g iven  b y  the equations

m p  —  m 2

= m3 — zm2m3/ 2 (ra3 +  m5) = m3( 1  — y*) ^ 3 )
mB — mi — zmimi/2{m3 +  m5) = m5( 1  — y*) 
mx =  m3 +  m3 +  zm«/2

w here 7 7 * =  zm2/2(m3 +  m5). W ith  the sam e re­
strictions regarding m on od ispersity , con stan cy  o f(11) G. Scatchard, J . Am . Chem. Soc., 68, 231$ (1946).
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activity coefficients, etc., as for the three-component 
system, the equilibrium equation becomes 
d In a2 =

d In m?nix’/2mR~lzm*/* 1 2(m‘ +  ™*)]mB~[zm‘/2(rm +  m,)]

=  d In m2 +  |  X

^ jn ________________ m, +  +  zmt/2________________
(m3 — TOs?)*)™»/(mi +  mi) (ms — +  mi)

=  A 2 d (z2) (24)

5. Comparison of Methods of Interpreting 
Results, (a). Distribution in Idealized Three- 
component Systems.—-To compare the different 
methods of interpretation for three-component sys­
tems of ionized solutes, concentration distributions 
were calculated12 for idealized systems, limited by 
the five restrictions given in Section 2a. After in­
tegration simultaneous solution of equations 5 to 7 
yields

Equation 24 reduces to

A 2 d(x2) =  d In m2 +  ~ jV “ rr2 1 7Ih  H ~|
n ?n5 (m 3 +  m s)J

(25)

4. Treatment of Experimental Results, (a). 
Three-component System.—For the interpretation 
of the experimental results, it is convenient to 
rewrite equation 17 with the approximation 1 — -q- 
=  1 in the form
d In a, =  d In mS +  z'-qN{d In mS — d In mS)

=  N A 2' d (x2) (26)
where N is the degree of polymerization and where 
the primed symbols refer to the “ monomer unit.” 
The following equations relate the primed and un­
primed quantities
t o p  =  Nmp; l l p x ,  =  M p x J N ;

ffpx* =  A p x J N ;  z '  =  z / N  (27) 
Solving equation 26 for N  yields

N  = d In mS /d (z2)
z 'j?(d In mS /d (z2) — d In m3/d(x2))

(28)

With neglect of the term c  In m3/d (x 2) and the addi­
tional approximation d In (dn*/xdx) = d In «12', 
equation 28 simplifies to

where

S/AS S/At '
1 -  z'vS/AS  j _  (z'Ym S

2m3 AS

d In [dn*/xdx) 
dfæ2 *) '

(29)

(30)

Except for the value of z', equation 29 is in terms 
of experimental data or of quantities for which good 
estimates can be made from experimental condi­
tions. Equation 29 should, therefore, be useful as a 
starting point for iterations.

4b. Four-component System.— The equation 
analogous to equation 28 for the four-component 
system is obtained from equation 25 by neglecting 
(rj*)2 compared with 1

m x’ +i — (mBmx)<i m xl 1 exp A b x ( z 2 — xl)  —
2(mpmx')o exp ffpxffx2 — xl)  =  0 (33)

where subscript 0 indicates values at an arbitrary 
point, Xu, at which arbitrary molalities were as­
signed. Values of t o x  as a function of x  were com­
puted and from these top and tob. The refractive 
index gradients which should be observed were then 
calculated.13

The parameters of some of the computations 
were selected to simulate distribution of low mo­
lecular weight inorganic polymers14 which are of 
particular interest to us. For these (1 — vpxzp) is 
generally large (0.7 to 1). Systems of high charge 
to weight ratio were stressed. Some calculations 
with parameters representing low molecular weight 
proteins under conditions away from the isoionic 
point were included. For these L v x z was selected to 
be 4,000 and 15,000, which corresponds to M px* =
16,000 and 60,000 since for proteins in general (1 — 
vvxzp) is ca. 0.25. Parameters were varied (see Table 
I) to simulate changes in conditions which might be 
of interest experimentally, e.g., concentration of 
polymer, concentration of supporting electrolyte 
and molecular weight of supporting electrolyte. In 
addition, the effect of the magnitude of 3 was inves­
tigated.

5b. Procedure for Neutral Species.— If an
actual experiment is interpreted by the procedure 
applicable to neutral species, In ( d n * / x d x )  is plotted 
v s . x 2 and Lpxz computed from the slope A v x z (see 
equation 11). This procedure was followed for 
the computed idealized cases. A curvature down­
ward was found rather than the linearity expected for 
an ideal neutral case. Since the curvature was rela­
tively small (see Fig. 1 for the extreme case No. 1,

(12) We are indebted to Dr. N. Edmondson, formerly of ORNL 
Mathematics Panel, for suggesting the method of calculation, and to 
Mrs. Elizabeth Drabkin of the Mathematics Panel and to Miss Zella 
Bonner and Mrs. Leonard W. Magnusson, Jr., of ORNL Chemistry 
Division for assistance with the computations.

(13) The details of the computations are as follows: Values of rax
as a function of x were calculated with

N  = d In m2 /d(x2)
. , , * 1 d In mS d In (m3 +  mSf\ z'

A * ~ 2 17 r e * ) -----------------a ( p j— 2
In ms d

, z' , m3 d(m3/(w.3 +  ms))

d(z2) J 2 ms

with neglect of the terms
d In (m3 +  mS)/d(x2) and % In -------------

2  to5 d (a v )

and with the additional approximation d In (dn*/
xdx) =  d  In mS, equation 31 simplifies to

S/AS __ S/ASN  =
1 - z ' v*S/AS 1 -

(z ')2mS S
(32)

(mt/{ms +  m5)) 
d (x2)

(31) equation 33 by Newton's method (see e.g., 
W . E. Milne, “ Numerical Calculus,” 
Princeton. 1949, p. 36). Speeds of rota­
tion were selected to give ratios of mp

2(w 3 +  TTIb) A z

This equation differs from equation 29 for the three-
component case only by replacing to3 by (to3 +
mS).

of 2 to 4 at the extremes of the cell (6.0 to 7.2 cm.). Values of top 
and tob were computed from the (integrated) equations 5 and 6. 
By the use of orthogonal polynomials {ibid., pp. 265 ff.) these were 
fitted to cubic equations in x which on differentiation gave dmpxz/dx 
and dTOBx/d^- With assigned values of (dn/dm) and neglect of pres­
sure and distortion effects, {&n/dx)& was calculated by equation 9. 
To simulate “ background experiments” ratios of tobX were calculated 
directly from the integrated equation 6, and ( t o b x ) o chosen to give 
the same total quantity of B X  as in the three-component system. 
Values of ( d w B X / d :e ) b  were then computed by an equation analogous 
to (10), and from these (dn/da:)b. Subtraction of (dn/da)b from 
(dn/daOa gives dn*/dx, which would be observed experimentally in 
such systems (except, of course, for pressure and distortion effects).

(14) K. A. Kraus and J. S. Johnson, J. Am. Chem. S o c 75, 5769 
(1953).
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Table I
Summary o p  Results o f  Computations op Equilibrium D istribution in  3-Component Systems 

(T  =  300 °K ., x  =  6 .0 -7 .2  cm., (dn/dniBx) =  0.01, x 0 =  6.6 cm., calculations: 1 -6 , 27,700 r.p.m .; 7 -10 , 10,000 r.p.m .;
11-15, 5,000 r.p.m.)

No. (Wpx*)0 (WlBX)o Lbx Z
/_ôn_\
KàmpX'J Lvx, (Apx,)app. (ApXjlmap,

1 0.015 1.0 100 8 0.1 1,000 315 600
2 .0075 1.0 100 8 .1 1,000 395 600
3 .015 2.0 100 8 .1 1,000 385 600
4 .0075 1.0 100 16 .2 2,000 425 1,200
5 .015 1.0 50 8 .1 1,000 375 800
6 .015 1.0 100 4 .1 1,000 615 800
7 .0005 0.1 40 10 3.2 4,000 2,450 3,800
8 .0005 0.1 40 5 3.2 4,000 3,340 3,900
9 .0005 1.0 40 10 3.2 4,000 3,600 3,800

10 .0001 0.1 40 10 3.2 4,000 3,500 3,800
11 .0001 0.2 40 20 12 15,000 12,100 14,600
12 .0001 1.0 40 20 12 15,000 14,250 14,600
13 .0001 0.2 40 10 12 15,000 14,400 14,800
14 .00002 0.2 40 20 12 15,000 14,000 14,600
15 .0001 0.2 40 30 12 15,000 9,700 14,400

ular weight polymers of high charge or for pro­
teins under conditions far removed from the isoionic 
point. Unfortunately, in the interpretation of an 
actual experiment the difference between Lpxz 
and (Z/pxz)max. cannot be ascertained until an esti­
mate of the charge z is available.

(2) The use of the theory for uncharged solutes 
makes the implicit assumption mentioned earlier, 
that 2 d In %  is negligible. However, if 2 is high, 
2d In t o x  may become an appreciable fraction of d In 
mp, particularly at high ¿ e x - For example, if in 
case 1, Table I, refractive index difficulties described 
below were avoided by direct observation of mp 
{e.g., by optical absorption) and (Lpxz)apr. calcu­
lated from d In mp/d(x2), a value of 425 would be 
found rather than 600, the corresponding (Lpx*)max. 
For case 7, (Tpxz)app. would be 3,000 compared 
with (Tpxz)max. =  3,800. Even for case 11, with a 
considerably more favorable charge to weight ratio, 
(Lpxz)app. would be only 13,200 compared with 
(Tpxz) max. =  14,600.

(3) The distribution of BX is not the same in 
the presence and absence of P X Z and therefore dn*/ 
Ax does not represent solely the contribution of P X Z 
to the refractive index gradient. This disturbance 
of the background is not of great importance for pro­
teins of relatively low charge but for a polymer with 
parameters of case 1, Table I, it amounts to ca. 33% 
of the value of (dn/dmpxz)/(dmpxz/da:) (see Table 
II, row 5). For a light supporting electrolyte dmbx/
d.r may actually become negative when centrifu­
gations in the presence of polymer are carried out.

(4) For the ionized solute P X Z in a supporting 
electrolyte, d In mp = d In mpxz is not equal to d In 
(<dmp/xdx), as for a neutral solute. For case 1, 
Table I, d In mpxz/d (x 2) is 0.0723 while (d In dmpxj 
xdx)/d(x2) is 0.0546. For case 7 the corresponding 
values are 0.0658 compared to 0.0548 and for case 
11, 0.0725 compared to 0.0649.

5c. Lamm’s Equation.—Lamm’s equation 
(equation 22) would lead to a good approximation 
of MpXz if the necessary information were avail­
able. Thus, apparent values of 7.pxs of 1,000 to

Table I), apparent values of M p x z (1 — vpx zp) or 
(Lpxz)app. were computed from the average values 
of the slopes. These values of (Lpxz)app. (Table I, 
column 8) are considerably smaller than the par­
ameters Lpxz used in the calculations (Table I, col­
umn 7).

The sources of the large discrepancy between 
(Lpxz)app. and the parameter L p x z may be summar­
ized as follows.

(1) The maximum observable value of Lpxz, 
(Lpxz)max., (Table I, column 9) is considerably less 
than the parameter Lpxz- This discrepancy (equa­
tion 8) will increase with the charge of the polymer 
ion and with the value of Lex- The effect is rela­
tively small for high molecular weight polymers 
of low charge, such as proteins under conditions 
not far removed from the isoionic point. However, 
it may be of considerable importance for low molec­
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T a b l e  II

A p p r o x im a t io n s  in  M o l e c u l a r  W e ig h t  D e te r m in a tio n s  
(Computations for case 1, Table I; all refractive index gradients are multiplied by 103. )

1 X 6 . 0 0.2 6 . 4 6 . 6 6 . 8 7 . 0 7 . 2

2 (dn/dmpxz )dmpxz/dx 0 .819 0 .993 1.197 1.432 1.698 1.997 2.331
3 ( 0 n / 0 » ¡ B x ) ( d w B x / d x ) a .688 .678 .660 .636 .605 .568 .526
4 ( d ? i / d z ) b .946 .998 1.052 1.109 1.169 1.232 1.298
5 R bx“ -  .315 -  .322 -  .327 -  .330 -  .332 -  .332 -  .331
6 (dn/dm2)dm2/dx .492 .596 .718 .859 1.019 1.199 1.399
7 (bn/bm3)(dm3/dx\ 1.016 1.075 1.139 1.209 1.284 1.367 1.458
8 Rzb .142 .129 .121 .116 .113 .113 .114
9 I -  T? .999 .998 .998 .997 .996 .994 .992

» R b x  =  ( (öii/öm Bx)(d m Bx / dx )a -  (dn /d D i,),
/ /  dn >i dnipx,

\0TOPX¡> dx

R 3 =  ((.dn/bm¿)(dm3/dx)z — (dn/dx)b) /

1,070 were determined from the computed values 
of mp vs. x for the rather extreme conditions of case
1, Table I, in good agreement with the original par­
ameter 1,000. However, to apply equation 22, one 
needs, in addition to z, the weight concentration as 
a function of x and Mpxz, to obtain (mpxz — 
(?wpxz)o) from the difference in weight concentra­
tions. Since these quantities are the objectives of 
the investigation, an iterative procedure is implied. 
Of the difficulties discussed in Section 5b, only the 
first two are considered in Lamm’s equation. In 
addition, those difficulties which are peculiar to 
measurement of refractive index gradients were not 
resolved by Lamm, although strongly pointed 
out.

5d. Alternate Definition of Components.— Defi­
nition of the polymer component as component
2, though originally mainly introduced to provide 
a polymer component with one mole of particles 
per mole of component, was shown in Section 3 to 
be a convenient device for simplifying interpreta­
tion of ultracentrifugations. Thus, component 2 
has the molecular weight observable at infinite di­
lution. Further, this device has led to the equa­
tion of Lamm with only two approximations, which 
usually introduce only a small error:

(1) The neglect of tf  in comparison with unity 
(see row 9, Table II).

(2) The neglect of d In m-Jd (x/) in comparison 
with d In mi/dix2). Values of these quantities are, 
for case 1, 0.0092 and 0.0723, respectively, at x =
6.6. The error in M ?xz is smaller than indicated 
by the difference between these numbers since d In 
m3/d(x2) only modifies a correction term.

These approximations are also made in equation 
29, where however the concentration parameters are 
in terms of “ observed”  refractive index gradients, 
dn*/dr. The resulting errors were shown quali­
tatively to be smaller or more amenable to reduc­
tion by iteration than for the component PX Z. A 
quantitative discussion of the implied additional 
approximations follows for case 1.

(1) The distribution of supporting electrolyte

was assumed not to be disturbed by the polymer. 
Comparison of rows 3, 4 and 7, Table II, shows that 
(dn/cta)b is much closer to (dn/dm3) (dm3/d.r)a than 
to (dn/bm-Bx) (dm,pJx/dx)il and similarly compari­
son of rows 5 and 8 shows that the error relative to 
the refractive index gradient of the polymer com­
ponent is much smaller for PX z/ 2B _z/2 than for 
P X Z. Thus the quantity dn*/dx is much closer to 
(dn/dm2) (dm2/dx) than to (dn/dmFx z) (dmpxz/  
da:). If separate data of refractive index as a func­
tion of concentration were available, the alternate 
definition of components is particularly advantage­
ous. Without such data, the constancy of this rela­
tive error with x (rows 5 and 8) is of interest. It in­
dicates that even in this extreme case d In (dn*/ 
xdx)/d(x2) =  d In (dm-i/xdx) / d(x2) is a good ap­
proximation.

(2) The error in the substitution of d In (dm2/  
xd x)/d (x2) for d In m/ is the same as in the analo­
gous substitution for component PX Z, since m2 =  
m pxz- For case 1 the values are 0.0546 and 0.0723, 
respectively, but with this definition of components 
an iteration loop including equation 20a will elimi­
nate the error.

To summarize, the determination of the degree of 
polymerization N cannot be accomplished inde­
pendently of the charge z'. However, for any as­
sumed value of z', N  can be determined by an itera­
tive procedure starting perhaps with equation 29, 
and the various approximations can be eliminated 
to any extent desirable. For a unique solution, ex­
periments performed under different conditions of 
polymer concentration, supporting electrolyte con­
centration, molecular weight of the supporting 
electrolyte, or speed of rotation are necessary. In 
principle, one centrifugation is sufficient, since a 
range of polymer concentrations is obtained. In 
practice, two or more experiments will probably be 
required and with an iterative procedure one can 
then select best values of N and z'. Thus a com­
plete solution limited only by the adherence of the 
physical system under study to the limitations of 
this discussion can be obtained.
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THE VAPOR PRESSURE OF ACETIC ACID AND ACETIC-^ ACID-d. THE 
LIQUID DENSITY OF ACETIC-^ ACID-d

B y A ndrew  E. Potter, Jr., and H. L. R itter1

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 
Received April 23, 1954

The vapor pressures of C H 3COOH and C D 3COOD have been measured by a static method from 25 to 125° and the data 
fitted to an Antoine equation. The liquid density of C D 3COOD has been measured in the same temperature range and 
the data fitted to a cubic function of the temperature.

In the course of a study in this Laboratory on 
the vapor density of CD3COOD, it became neces­
sary to know the vapor pressure and liquid density 
of this substance over a considerable range of 
temperature. Data available2'3 on the vapor 
pressure of CD3COOD are discordant, and having 
been determined by comparison with CH3COOH, 
depend on a knowledge of the vapor pressure of the 
ordinary acid. The vapor pressure of ordinary 
acetic acid itself does not seem to be accurately 
known, however, as normal boiling points reported 
in the literature,4-6 range from 117.75 to 118.6°. 
It was therefore decided to remeasure the vapor 
pressure of CH3COOH as well. This article reports 
the results of these measurements together with 
measurements of the density of liquid CD3COOD.

Materials. Acetic-da Acid-d.2’3 6— Thirty-five grams of 
carbon suboxide,7 prepared from diacetyl tartaric anhydride 
and purified by several bulb-to-bulb distillations in vacuo, 
were introduced into a vacuum system and condensed by  
liquid air into a 500-cc. reaction tube equipped with a break­
able joint. The tube was then charged with 300 cc. of 
CCU and 20 g. of 0 9 .5 %  D 20 ,  and sealed off under vacuum 
with the contents frozen.8 The reaction tube was allowed 
to warm to room temperature and shaken for 48 hours. 
The reaction proceeded smoothly with no parasitic decom­
position of the carbon suboxide. The tube was then sealed 
to the vacuum line through the breakable joint, the solvent 
distilled out, and the remaining malonic-cfe acid-d2 baked 
under vacuum for one hour at 100°. The temperature was 
then raised to 160c for decarboxylation, the resulting C D 3- 
COOD being collected in a D ry Ice trap. The crude acid 
was distilled twice through a Piros-Glover microstill operat­
ing at about 25 theoretical plates and then fractionally 
crystallized three hmes. The melting point remained at 
15.92 ±  0 .07° after the last two fractional freezings. The 
final yield was 18 g. of acetic-d3 acid-d (5 3 %  based on the 
carbon suboxide). Mass spectrographic analysis of a 
sample of hydrogen prepared by reaction of the acid with 
magnesium showed a deuterium content of 9 5 %  ±  3 % .

Acetic Acid.— Reagent grade acetic acid was fractionally 
crystallized twenty times. The melting point of the final 
residue was 16.54 ±  0 .0 7 °, and it was used without further 
purification.

Both materials were stored under vacuum in tubes 
equipped with several breakable joints for removal of partial 
samples.

Vapor Pressure.— Vapor pressures were measured by the 
simple static method. The pressure exerted by acetic 
acid vapor in equilibrium with liquid acetic acid was ob­
served on a manometer connected to the vapor chamber.

(1) T o  whom inquiries concerning this article should be addressed: 
Department of Chemistry, Miami University, Oxford, Ohio.

(2) C. L. Wilson, J . Chem. Soc., 492 (1935).
(3) J. O. Halford and L. C. Anderson, J . Am . Chem. Soc., 58, 736 

(1936).
(4) N. Aipert and P, H. Elving, Ind. Eng. C h em ., 41, 2864 (1949).
(5) R. R . Dreisbach and S. A. Schrader, ibid., 41, 2897 (1949).
(6) W. Ramsay and S. Young, J . Chem. Soc., 47, 640 (1885).
(7) C. D. Hurd and F. D. Pilgrim, J . Am. Chem. Soc., 55, 757 (1933).
(8) Prof. J. O. Halford in a private communication has called the

authors’ attention to the explosion hazard involved if this reaction is 
not carried out at high dilution. Heavy-walled bom b tubing should 
be used and the concentration of CiO* should not exceed 1.5 molar.

To avoid distillation of acetic acid from the hot vapor 
chamber to the cold manometer, a small differential man­
ometer was interposed between them. In our adaptation, 
the sample bulb is connected to a small mercury manometer. 
Both are contained in a thermostated oil-bath having a 
plate glass window through which the manometer may be 
observed. The small manometer is connected to a large 
manometer outside the oil-bath by a tube fitted with a 3-way 
stopcock. As the bath is coming to temperature, the 
pressure in the connecting tube between the manometers 
is regulated, by pressure or vacuum connections to the stop­
cock, so that the mercury in the two arms of the small man­
ometer remains at about the same level. A  half hour at 
constant temperature was found sufficient for attaining 
vapor-liquid equilibrium. The small manometer is read 
by a telescopic cathetometer outside the bath. The large 
manometer is read by a steel scale graduated in 0 .5  m m ., 
readily estimated to 0. 1 m m . by a parallax-eliminating 
mirror-reading device. Both manometers were constructed 
of 22 mm. i.d . tubing, large enough to eliminate errors aris­
ing from differences in capillary depression and meniscal 
shape. A small amount of sample always distilled from 
the sample bulb to the mercury surface in the small man­
ometer during the runs. Manometer measurements were 
corrected for the weight of this layer which never amounted 
to more than 0 .2  mm. mercury equivalent. The total 
pressure in the sample bulb was obtained as the algebraic 
sum of the two manometer heights and was reduced to mm. 
of mercury at 0 ° and normal gravity. Corrections for the 
vapor pressure of mercury were applied where necessary.

The constant temperature bath was regulated by a con­
tinuously operating electronic control and was reliable to 
within 0 .0 1 ° at all temperatures at which measurements 
were made. Temperatures were measured by means of a 
platinum resistance thermometer calibrated by the National 
Bureau of Standards.

The entire apparatus was tested by measuring the vapor 
pressure of water up to 100°. The results obtained showed 
an average deviation of less than 0.25 m m . from the values 
given by Osborne and Meyers.9

Vapor pressures of the two acids were obtained by suc­
cessive equilibrations at a series of six to twelve tempera­
tures, each higher than the preceding, and then spotting in 
about an equal number of points at decreasing temperatures 
in the same range. Self-consistency between both sets of 
readings was taken as indicating that equilibrium was 
reached. A t the conclusion of such a run, about 8 0 %  of 
the sample in the bulb was distilled out through the attached 
breakable seal and sealed off. A  new series of vapor pres­
sures was taken on the remaining 2 0 % . Consistency of the 
observed vapor pressures between the 20%  sample and the 
total sample was taken as indicative of the purity of the 
sampleandof the absence from the system of permanent gases.

The vapor pressures observed for C H 3COOH and C D 3- 
COOD are listed in Tables I and II .

On fitting to an Antoine equation in the form 
log Pmm =  A  — B/(C +  t) 

the following values were obtained
C H 3COOH C D 3COOD

A 7.4275 7.4397
B 1558.03 1556.17
C 224.79 224.82

for pressures expressed in mm. of Iig. The tables
(9) N. S. Osborne and C. H. Meyers, J. Research Nall. Bur. Stand­

ards, 13, 1 (1934).
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T a b l e  I

Temp.,

V a p o r  P r e s s u r e  o f  A c etic  A cid

Obsd. vapor pressure, mm. Caled.
Total 20% vap.

"C . sample sample press.
29 .8 0 2 0 .0 2 0 .3
40 .25 3 5 .2 3 5 .3
51 .08 60.1 60 .1
5 5 .54 74.1 7 3 .9
60.93 9 4 .5 94 .1
65.50 115.0 114.8
71.04 145.1 144.7
75 .50 173.3 173.3
80.41 210 .3 210 .2
85.69 256.7 256 .6
90 .59 307 .0 307 .1
9 5 .66 3 6 7 .4 367 .7

100.29 431 .2 431 .2
105.45 512 .4 512 .4
110.00 594 .0 593 .9
115.12 697 .5 697.9
118.41 772.4 772 .2
122.44 871.1 871 .8
123.86 909 .5 909 .5
126.45 980.1 981 .0

T a b l e  II

V a p o r  P r e s s u r e  o f  A c etic - A  Acro-d
Obsd. vapor pressure, mm. Caled.

Temp., Total 20% vap.
°C. sample sample press.

24 .3 4 15 .6 15.6
30 .4 2 2 2 .0 2 2 .0
40 .2 7 37.1 37 .1
50 .2 7 60.7 6 0 .7
55 .39 77.1 77 .1
60 .04 9 4 .8 9 4 .8
60 .06 95.1 9 4 .9
65.11 118.2 118.1
69 .85 144.2 144.2
74.83 176.6 176.4
75.32 179.6 179.8
80 .18 2 17 .0 217 .5
84 .82 258 .8 2 59 .4
8 9 .9 2 3 12 .8 312 .9
9 0 .10 3 15 .2 314.9
94 .95 3 74 .0 374 .3
99 .89 4 43 .8 443 .8

103.97 508 .9 509 .0
104.73 522 .0 521 .9
109.80 615 .3 615 .4
114.59 715.3 715 .8
114.86 721.0 721 .8
116.61 761.3 761.9
118.88 815.7 816 .6
119.52 832.3 832 .4
12 1 .2 1 876.0 876 .0
122.44 9 08 .7 9 08 .8
124.39 962 .3 962 .4

a ls o  g i v e  t h e  v a p o r  p r e s s u r e s  c a l c u la t e d  f r o m  th e s e  
e q u a t io n s  f o r  t h e  t e m p e r a t u r e s  o b s e r v e d .  T h e  
a v e r a g e  d e v ia t i o n  o b s e r v e d  f r o m  c a l c u la t e d  v a lu e s  
is  le s s  t h a n  0 .2 5  m m . T h e  c o m p u t e d  n o r m a l  
b o i l in g  p o in t s  a r e :  f o r  C D 3C O O D ,  1 1 6 .5 3 ° ;  f o r
C H 3C O O H , 1 1 7 .8 9 ° .  T h e  u n c e r t a in t y  in  b o t h  
b o i l in g  p o in t s ,  e s t im a t e d  b y  a  p r o p a g a t io n  o f  th e  
a v e r a g e  d e v ia t i o n  in  v a p o r  p r e s s u r e , is  ± 0 .0 1 ° .

I t  is  o f  in t e r e s t  t o  c o m p a r e  t h e  v a p o r  p r e s s u r e  
d i f f e r e n c e  ( C H 3C O O H  m in u s  C D 3C O O D )  o b t a in e d  
b y  t h e  d i f f e r e n t ia l  m e t h o d  e m p lo y e d  b y  W i l s o n 2 
a n d  H a l f o r d  a n d  A n d e r s o n 3 w i t h  t h a t  o b t a in e d  b y  
s u b t r a c t in g  t h e  in d e p e n d e n t  m e a s u r e m e n t s  o f  th is  
r e s e a r c h . T a b l e  I I I  l is t s  t h e  v a p o r  p r e s s u r e  
d i f f e r e n c e  o b t a in e d  b y  t h e s e  a u t h o r s  a t  a  n u m b e r  o f  
t e m p e r a t u r e s  c o m p a r e d  w i t h  c o r r e s p o n d in g  d a t a  
f r o m  t h e  p r e s e n t  r e s e a r c h .

T a b l e  I I I

D if f e r e n c e  in  V a p o r  P r e s s u r e  o f  O r d in a r y  a n d  
D e u t e r o a c e t ic  A cid in  m m .

V.P. of CHsCOOH minus V.P. of CDaCOOD 
according to

Temp.,
°C. Wilson2

Halford-
Anderson3

This
research

2 1 .0 0 .7 0 .6 0 .7
3 5 .8 1 .6 0 .9 1.1
4 1 .7 2 .1 1 .3 1 .8
4 8 .6 2 .9 1 .8 2 .5
5 4 .6 3 .7 2 .4 3 .2
5 9 .7 4 .7 2 .8 4 .1
6 5 .9 6 .0 3 .4 5 .6
74 .3 8 .3 4 .7 7 .2
8 3 .6 11.8 6 .5 10 .4

T h e  r e s u lts  o f  th is  r e s e a r c h  f a l l  e v e r y w h e r e  
b e t w e e n  t h o s e  o f  t h e  e a r l ie r  a u t h o r s .  H a l f o r d  a n d  
A n d e r s o n  s t a t e d  in  e f f e c t  t h a t  t h e y  w e r e  u n c e r t a in  
o f  t h e  a d e q u a t e  p u r i f i c a t io n  o f  t h e ir  m a t e r ia l .  
T h e y  d o  n o t  r e p o r t  t h e  d e u t e r iu m  c o n t e n t  o f  t h e ir  
d e u t e r o a c id .  W i l s o n  r e p o r t s  a  m .p .  o f  1 5 .7 5 °  
f o r  h is  d e u t e r o a c id  c o m p a r e d  t o  1 5 .9 2 °  f o r  o u r s .  
O u r  a c id ,  k n o w n  t o  c o n t a in  9 5 %  d e u t e r iu m  m e lt s  
0 .6 8 °  lo w e r  t h a n  t h e  o r d in a r y  a c id .  S in c e  C D 3-  
C O O D  a n d  C H 3C O O H  s u r e l y  f o r m  s o l id  s o lu t io n s ,  
i t  s e e m s  u n l ik e ly  t h a t  a n  a d d i t i o n a l  5 %  o f  d e u ­
t e r iu m  w o u l d  lo w e r  t h e  m .p .  b y  a s  m u c h  a s  0 .1 7 °  
m o r e .  T h e r e  is  th u s  c o n s id e r a b le  r e a s o n  t o  b e l i e v e  
t h a t  W i l s o n ’ s a c id  w a s  le s s  p u r e  t h a n  o u r s .

A t t e m p t s  w e r e  m a d e  t o  p r e p a r e  C H 3C O O D  
f o r  a  s t u d y  o f  i t s  v a p o r  p r e s s u r e . T h e  m o s t  
s u c c e s s fu l  m e t h o d  w a s  s im ila r  t o  t h a t  e m p lo y e d  b y  
E n g le r , 10 a n d  i n v o lv e d  t h e  h y d r o ly s i s  o f  C H 3C O C l  
w i t h  D 20 ,  f o l l o w e d  b y  t r e a t m e n t  o f  t h e  c r u d e  h y ­
d r o ly s a t e  w i t h  C H 3C O O A g  in  o r d e r  t o  r e m o v e  d is ­
s o lv e d  D C 1.

L e w is  a n d  S h u t z 11 f a i l e d  t o  f in d  e v id e n c e  o f  
m e t h y l - c a r b o x y l  h y d r o g e n  e x c h a n g e  in  C H 3C O O D ,  
b u t  la t e r  w o r k  b y  H e r m a n  a n d  H o f s t a d t e r 12 
in d ic a t e s  t h a t  e x c h a n g e  m a y  o c c u r .  I n  v i e w  o f  t h e  
c o n f l i c t in g  e v id e n c e  i t  w a s  t h o u g h t  a d v i s a b le  t o  
in v e s t ig a t e  t h e  p o s s ib i l i t y  o f  e x c h a n g e  b e fo r e  
p r o c e e d in g  w i t h  t h e  v a p o r  p r e s s u r e  m e a s u r e m e n t s .

T h e  in fr a r e d  s p e c t r u m  o f  o n e  p o r t i o n  o f  a  s a m p le  
o f  C H 3C O O D  w a s  o b t a in e d .  A n o t h e r  p o r t i o n  o f  
t h e  s a m e  s a m p le  w a s  s e a le d  in. a  g la s s  t u b e ,  h e ld  a t  
10 0 °  f o r  t w o  d a y s ,  a n d  t h e n  e x a m in e d  b y  t h e  in fr a ­
r e d  s p e c t r o m e t e r .  P a r t s  o f  t h e  r e s u l t in g  s p e c t r a  
a r e  r e p r o d u c e d  in  F ig .  1. C o m p a r is o n  o f  t h e  t w o  
s p e c t r a  s h o w s  a n  u n e q u i v o c a l  in c r e a s e  in  a b s o r p t io n  
in  t h e  0 - H * * 0  r e g io n  a n d  d e c r e a s e  in  t h e  0 - D * * 0  
r e g io n .  W .  C .  C h i ld  o f  t h is  L a b o r a t o r y  h a s

(10) W. Engler, Z. physik. Chem., B 3 2 , 471 (1936).
(11) G. N. Lewis and P. W. Shutz, J. Am. Chem. Soc., 56, 493 

(1934).
(12) R. C. Herman and R. Hofstadter, J. Chem. Phys., 6, 538 

(1938).
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O -H — 0  O -D — O O -H — O O -D — 0

'Wave length, microns.
Unheated portion Heated portion

Fig. 1.— Part of "he infrared spectrograms of fresh “ C H 3- 
C O O D ” and the same material heated in glass at 100° for 
two days. The principal bonds ascribed to hydrogen bond 
and deuterium bond absorption are marked. The decrease 
in hydrogen bond and increase in deuterium bond absorption 
on heating indicates an exchange between methyl hydrogen 
and carboxyl deuterium.

c a r r ie d  o u t  a  s im ila r  e x p e r im e n t  u s in g  C H 3C H 2- 
C O O D  w it h  s im ila r  r e s u lts .

A p p a r e n t ly  t h e n  t h e r e  is  n o  s t a b le  c o m p o u n d  o f  
f o r m u la  C H 3C O O D  u n d e r  t h e  c o n d i t i o n s  o b t a in in g  
in  o u r  v a p o r  p r e s s u r e  a p p a r a t u s ,  a n d  t h e  q u e s t io n  
o f  i t s  v a p o r  p r e s s u r e  h a s  n o  c le a r ly  d e f in a b le  m e a n ­
in g . N o  a t t e m p t  w a s  m a d e  t o  in v e s t ig a t e  t h e  
e x c h a n g e  e q u i l ib r iu m  n o r  t o  m a k e  m e a s u r e m e n t s  o f  
v a p o r  p r e s s u r e  o n  t h e  e q u i l ib r iu m  m ix t u r e .

Liquid Density.— T h e  l iq u id  d e n s i t y  o f  C D 3-  
C O O D  w a s  m e a s u r e d  u s in g  a  w e ig h t  d i l a t o m e t e r  
s im ila r  t o  t h a t  o f  G ib s o n  a n d  L o e f f l e r ,13 b u t  d i f -

(13) R. E. Gibson and O. H. Loeffler, J. Am. Chem. Soc., 61, 2515 
(1939).

f e r in g  f r o m  t h e  c i t e d  d e s ig n  in  h a v in g  it s  o n ly  
o p e n in g  t h r o u g h  t h e  c a p i l la r y  t ip .  T h e  t h e r m a l  
e x p a n s io n  a n d  v o lu m e  o f  t h e  d i l a t o m e t e r  w e r e  
d e t e r m in e d  b y  a  c a l ib r a t io n  r u n  u s in g  w a t e r .  T h e  
o b s e r v e d  l iq u id  d e n s it ie s  a r e  s h o w n  in  T a b l e  I I I .

T a b l e  III

L iq u id  D e n s it y OF ACETIC-Cfi Acin-d
Temp., Density, g./cc. Temp., Density, g./cc.

°C. Obsd. Calcd. °C. Obsd. Calcd.

28 .70 1 .1091“ 1.1091 74.80 1.0528 1.0528
29 .86 1.1075 1.1077 79 .77 1.0466 1.0467
34 .8 4 1.1013 1.1016 84 .9 8 1.0402 1 .0402
39 .7 5 1.0956 1.0955 89 .9 0 1.0340 1.0341
4 4 .52 1.0898 1.0897 94 .8 5 1.0278 1.0279
49.81 1.0833 1.0833 99 .9 8 1.0213 1.0213
54.85 1.0772 1.0772 105.05 1.0148 1.0149
59 .40 1.0716 1.0717 109.51 1.0090 1.0091
64 .77 1.0650 1.0651 113.32 1.0041 1.0042
69 .8 8 1.0588 1.0588

“ Determined independently by pycnometer.

T h e  a b o v e  d a t a  w e r e  f i t t e d  t o  a  c u b i c  p o l y ­
n o m ia l  in  t e m p e r a t u r e  (t =  ° C . )  b y  m e a n s  o f  le a s t  
s q u a r e s ,  t h e  r e s u l t  b e in g

1.1450 -  (1.2807 X  10~*)t +  (1.218 X  10
(7.84 X  1 0 -9)/.3

w it h  a n  a v e r a g e  d e v ia t io n  o f  0 .7  X  1 0 - 4  g . / c c .  
T h e  d e n s it ie s  c a l c u la t e d  f r o m  th is  e q u a t io n  a re  a ls o  
l is t e d  in  T a b l e  I I I .
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The standard potential of silver-silver chloride electrode in spectroscopically pure and dry ethanol has been determined 
with the help of two types of cells without junction, one of which involves a metallic contact. The value + 0 .00977  volt 
of the potential (in molar scale) so obtained for the reaction AgCl +  0 .5H 2 ->■ Ag +  Cl~EtoHH+EtoH, not only differs in 
magnitude but also in sign from those reported by previous workers. The discrepancy is perhaps ascribable to the presence, 
however small, of accidental impurities and/or moisture in the alcohol. In the spectroscopically pure alcohol used in this 
work the presence of the above was scrupulously guarded against.

Introduction
S u it a b le  r e fe r e n c e  e le c t r o d e s  f o r  e l e c t r o - c h e m ic a l  

w o r k  in  t h e  n o n -a q u e o u s  s o lv e n t s  o f fe r  s p e c ia l  p r o b ­
le m s  a n d  h e n c e  t h e y  c a n n o t  b e  e a s i ly  m a d e .  I n  th is  
p a p e r ,  s i l v e r - s i l v e r  c h lo r id e  e le c t r o d e  h a s  b e e n  u s e d  
a s  a  r e f e r e n c e  in  c o n n e c t io n  w i t h  c e r t a in  m e a s u r e ­
m e n t s  in  e t h a n o l  a s  s o lv e n t .  F o r  t h is  p u r p o s e ,  it s  
s t a n d a r d  p o t e n t ia l  in  t h is  m e d iu m  in  t e r m s  o f  h y ­
d r o g e n  e le c t r o d e  as  z e r o ,  w a s  d e t e r m in e d .  T h e  v a lu e

s o  o b t a in e d  h a s  b e e n  c o m p a r e d  w i t h  t h o s e  r e p o r t e d  
b y  p r e v i o u s  w o r k e r s .1' 6

Apparatus and Method.— The following two types of 
cells were set up: Cell A .

p t, H 2; H C l/E tO H ; AgClAg + 1 2 3

(1) P. S. Danner, J. Am. Chem. Soc., 44, 2832 (1922).
(2) H. S. Harned and M. H. Fleysher, ibid., 47, 82 (1925).
(3) J. W. Woolcock and H. Hartley, Phil. May., [71 5, 1133 (1928).
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E °  =  Eob,  +  2k log C -  _
1 +  a V z c

2k log (1 +  0.07034C) +  2I 3 ~

2F3(ka,)̂  +  )  Quitta) ~ 4F 5(ka)^J

and Cell B 4

Cu
pt, H 2; H C 1/H 20 ;  AgClAg AgAgCl; H C l/E tO H ; H s, P t 

E o u  =  AE °  +  2 k  log - ™ '13? 0*  +  2k  log -F±HC1,EtOHChoi,') F A H C l/ H îO

where E °  is the standard reduction potential of the silver- 
silver chloride electrode and AE °  represents the difference in 
the standard potentials of this electrode in water and eth­
anol. All other symbols in toe above equations are the 
same as those used by Harned and Owen.5

The alcohol used was purified by refluxing commercial 
rectified spirit twice over pure N aO H ; the distillate was then 
subjected to a short reflux over pure N a metal and subse-
Suently distilled in all glass (Pyrex or Jena) apparatus having 

aCl2 guard tubes.6 The e .m .f.’s were recorded at 35 ±  
0 .25° with the help of a Leeds and Northrup type-K  po­
tentiometer in combination with a Hartmann and Braun 
galvanometer. The hydrogen electrode assembly consisted 
of a platinum foil coated with platinum black, and cau­
tiously purified electrolytically prepared hydrogen gas (p ~  
1 atm .). The train of purifiers includes a heated copper 
gauze, lead acetate solution, ooncd. N aO H  soln., coned. 
H 2S 0 4 and finally, purified alcohol. The silver-silver chlo­
ride electrode was prepared by the method of Noyes and 
Ellis7 using aqueous and non alcoholic solutions as was done 
by Nonhebel and Hartley.8 Before use the electrodes were 
checked in 0.1 N  aqueous KC1 solution and the pair of elec­
trodes used in cell B was tested for zero e .m .f.; the hydro­
gen electrodes used in this cell were purified simultaneously 
to secure uniformity. For use in alcoholic systems, the 
electrodes were washed thoroughly with alcohol.

Solutions of HC1 in ethanol were prepared by absorbing 
in the solvent, in almost complete absence of air, HC1 gas 
obtained by treating G .R . quality N aC l (E . Merck, oven- 
dried at 105 -110°) with coned. H 2SO4 and dried by passing 
through coned. H 2SO4. Solutions of high concentrations, 
e.g., 1 to 2 molar, often give out fumes of HC1 and are, 
therefore, unsuitable. The present work covers a range of 
concentrations from 0.000084 to 0.13018 molar. The ex­
perimental solutions were prepared by proper dilution with 
alcohol of the stock solution of HC1. The latter was stand­
ardized by taking aliquot portions of it in water or in a known 
excess of aqueous K O H  solution and then titrating the solu­
tions thus obtained either pH-metrically or volumetrically 
using phenolphthalein, against aq. K O H  or aq. H 2S 0 4 as 
the case may be. The concentration of the solutions has 
been calculated in terms of molarity and not molality, as the 
latter involves a precise knowledge of the density of the solu­
tions.

Results and Discussions.— T h e  v a lu e ,  + 0 .0 0 9 7 7  
v o l t  ( s e e  T a b l e  I ) ,  o b t a in e d  a s  t h e  s t a n d a r d  p o t e n ­
t ia l  o f  s i l v e r - s i l v e r  c h lo r id e  e le c t r o d e  in  m o la r  
s c a le ,  i.e., + 0 .0 2 1 9 0  v o l t  in  m o la l  s c a le ,  in  e t h a n o l  
w a s  c o m p u t e d  b y  t h e  e x t r a p o la t io n  p r o c e d u r e  o u t ­
l in e d  b y  H a r n e d 9 w it h  t h e  h e lp  o f  t h e  e x t e n d e d  f o r m  
o f  D e b y e - H i i c k e l  e q u a t i o n 10 f o r  a c t i v i t y  c o - e f f i ­
c ie n t .  T h e  la t t e r  is  s u p p o s e d  t o  p r o v i d e  c o r r e c -

(4) F. Daniels, “ Outlines of Physical Chemistry,”  7th Ed., John 
Wiley and Sons, Inc., New York, N. Y ., 1950, p. 471.

(5) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” Am. Chem. Soc. Monograph Series, Reinhold 
Publ. Corp., New York, N. Y ., 1943.

(6) L. M. Mukherjee, Science and Culture (India), 19, 314 (1953).
(7) Arthur A. Noyes and J. H. Ellis, J. Am. Chem. Soc., 39, 2532 

(1917).
(8) G. Nonhebel and H. Hartley, Phil. Mag., [6] 50, 729 (1925).
(9) H. S. Harned, J. Am. Chem. Soc., 60, 336 (1938).
(10) T. H. Gronwall, V. K. LaMer and K. Sandved, Physik Z., 29, 

358 (1928).

t i o n s  f o r  a l l  t h e  p r o b a b le  c o m p l i c a t i o n s  s u c h  a s  t h e  
la r g e  a n d  s p e c i f i c  s a lt  e f f e c t s  o w in g  t o  t h e  l o w  d ie l e c ­
t r i c  m e d iu m  u s e d  in  t h e  p r e s e n t  s t u d y .  T h e  v a lu e  
o f  a a s  f in a l ly  c h o s e n  b y  t r ia l  t o  f i t  t h e  c o n d i t i o n  
o f  e x t r a p o la t io n  c o m e s  o u t  t o  b e  6 .2  A .  w h i c h  is  
s o m e w h a t  d i f f e r e n t  f r o m  t h e  v a lu e  5 .9  A .  e m p lo y e d  
p r e v i o u s ly  f o r  e x t r a p o la t io n  w i t h  t h e  h e lp  o f  a  le s s  
c o m p r e h e n s iv e  e q u a t io n  f o r  a c t i v i t y  c o - e f f i c ie n t ,  
viz.

log y ±  =  — 2I3Q3 1 +  A ^ 2 V C  ~  l0S (1 +  0 - ° ' 034(7)

T h e  a c t u a l  m a g n it u d e  a n d  s ig n  o f  t h e  s t a n d a r d  
p o t e n t ia l  o f  s i l v e r - s i l v e r  c h lo r id e  e le c t r o d e  o b ­
t a in e d  in  t h is  w o r k  a r e  n o t  in  a c c o r d  w i t h  t h a t  r e ­
p o r t e d  b y  W o o l c o c k  a n d  H a r t l e y 3 w h o  r e a l iz e d  t h e  
s a m e  t o  b e  — 0 .0 8 8 3  ±  0 .0 0 0 3  v o l t .  T h e  r e s u l t s  o f  
H a r n e d  a n d .F le y s h e r 2 a ls o  d i f f e r  f r o m  t h e  v a lu e  r e ­
c o r d e d  in  t h is  p a p e r .  T h e  n e g a t iv e  s ig n  a t t a c h e d  t o  
t h e i r  v a lu e  s u g g e s ts  t h e  e le c t r o d e  p r o c e s s  ( A g C l  +  
e -  —*■ A g  +  C l - )  t o  b e  n o n - s p o n t a n e o u s .  T h is  is  
d i f f i c u l t  t o  e x p la in  a n d  c o u ld  n o t  b e  c o n f i r m e d  in  
t h e  p r e s e n t  s e t  o f  m e a s u r e m e n t s .  M o r e o v e r ,  a  
c e l l  o f  t h e  t y p e  A g - A g C l ,  0 .1  N  L i C l / E t O H ;  
H g 2C l2- H g  w a s  f o u n d  t o  r e g is t e r  a n  e .m .f .  o f  
+ 0 . 0 4 7 5 0  v o l t  ( a t  2 5 ° ) ,  i.e., t h e  v a lu e  e x p e c t e d  
f o r  t h e  s a m e  s e t  u p  in  a q u e o u s  s o lu t io n ,  a s s u m in g , 
o f  c o u r s e ,  t h a t  t h e  n a t u r e  o f  t h e  e le c t r o d e  p r o c e s s  
a n d  t h e  s ig n  o f  t h e  s t a n d a r d  p o t e n t ia l s  o f  t h e  r e ­
s p e c t iv e  e le c t r o d e s ,  i.e., A g - A g C l  a n d  H g - H g 2C l 2, 
r e m a in  t h e  s a m e  a s  in  w a t e r .

I n  c o n n e c t i o n  w i t h  t h e  p r e s e n t  w o r k  i t  w a s  o b ­
s e r v e d  t h a t  r e p r o d u c ib le  a n d  s t e a d y  v a lu e s  o f  e .m .f .  
c o u ld  b e  s e c u r e d  i f  a n d  o n ly  w h e n  t h e  s a m p le s  o f  
a l c o h o l  u s e d  w e r e  a lm o s t  t h e  s a m e  in  q u a l i t y .  T h e  
p u r i t y  a n d  d r y n e s s  w e r e  t e s t e d  b y  m e a n s  o f  u lt r a -
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T able  I “

HCl/EtOHconcn.,
M

E.m.f. obs. (v.) cor. to one atm. Hydrogen press, 
(ref. cell A)

Mean activity 
coeff. of HCÌ =k i.e., in molar 

scale
0.000084 0.50820 0.9890

.000149 .47955 .9541

.000771 .39620 .8890

.001030 .38175 .8751

.001290 .37100 .8539

.001780 .35700 .8061

.003530 .32500 .7431

.006154 .29920 .6946

.009070 .27940 .6878

.011834 .27035 .6194

.015130 .26590 .5316

.021790 .24395 .5520

.037241 .22160 .4975

.037400 .22105 .4958

.065090 .19555 .4607

.130180 .16320 .4234
“ E °  in molar scale (ref. cell A ) =  + 0 .00 97 7  volt; E °  in 

molar scale (ref. cell B ; see fig. 1) =  + 0 .21 24 5  volt.

violet spectrophotometry which was adopted 
throughout, as a routine.6 It is not unlikely that 
the reported discrepancies might be attributable 
to alcohol whose quality was not rigorously defined 
by the previous workers. The influence of traces 
of water in alcohol often referred to by some work­
ers as the cause of the observed discrepancies was 
also looked into. It has been shown that about 0.02

molar solution of HC1 in ethanol could retain up to 
about 1.3% by vol. of water without any noticeable 
change in the observed e.m.f.; solutions of lower 
concentrations are, however, much more sensitive 
to addition of water.

Conclusion. 1. The standard reduction poten­
tial of silver-silver chloride in ethanol is found to 
be +0.00977 volt in molar scale (i.e., +0.02190 
volt in molal scale), the nature of the electrode 
process, as suggested thereby, is in agreement with 
that in aqueous medium, viz., AgCl +  e -*• Ag +  
Cl- . 2. The experimental value of mean activ­
ity co-efficients of HC1 in alcoholic solutions have 
been correlated with the Debye-Hiickel equation 
taking into account the extended terms introduced 
in it. 3. Reproducibility and steadiness of the
e.m.f. values of such systems seem to depend pri­
marily on the state of purity and dryness of the 
medium which must be rigorously defined.

Acknowledgment.—My grateful thanks are due 
to Dr. S. K. Mukherjee, D.Sc., of the Department 
of Applied Chemistry, University College of Science 
and Technology, Calcutta, and to Dr. A. K. 
Ganguly, D.Sc., at present a Post-Doctorate 
Fellow at the University of Notre Dame, Indiana, 
U.S.A., for their helpful suggestions and keen 
interest in the ivork. I also wish to express my 
sincere thanks to Prof. B. N. Ghosh, D.Sc., F.N.I., 
Palit Professor of Chemistry, University of Cal­
cutta, for giving laboratory facilities.

OXYGEN TRANSFER BETWEEN CARBON DIOXIDE AND 
CARBON MONOXIDE IN THE PRESENCE OF CARBON

By A. A. O r n i n g  a n d  E. S t e r l i n g 1
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Radioactive carbon, C 14, was used as a tracer to study oxygen transfer reactions between CO» and CO in the presence of 
different carbons in the temperature range from 650 to 900°. Tire reaction was dependent as much upon the physical state 
of the ‘ ‘carbon” as upon composition and the presence of catalytic agents. Oxygen transfer, between carbon and oxidizing 
and reducing gases, is a probable reaction step in the gasification of carbon that explains many observations of the kinetics 
of the gasification reaction. The tracer technique is discussed as a tool for testing theories on the mechanism of these 
reactions between gases and solids.

Adsorption and degassing experiments2 show that 
carbon adsorbs oxygen in chemically bonded 
structures that decompose upon heating to liberate 
oxides of carbon. It has been found that a de­
gassed sugar carbon reduces carbon dioxide to 
carbon monoxide at 600°, the extra oxygen of the 
dioxide remaining on the carbon.3 Experiments 
in flowing systems have shown that carbons, previ­
ously reduced in a stream of hydrogen, have a 
limited capacity at about 600° for reducing carbon 
dioxide to carbon monoxide and that the oxygen 
deposited on the carbon can be removed by a 
stream of hydrogen to form water.4 Radioactive

(1) Explosives Department, E. I. du Pont de Nemours & Co., Gibbs- 
town, N. J.

(2) H. H. Lowry and G. A. Ilulett, J. Am. Chem. Soc., 42, 1408 
(1920).

(3) A. F. Semechkova and D. A. Frank-Kamenetsky, Acta Physico- 
chirn., U.R.S.S., 12, 879 (1940).

(4) J. D. F. Marsh, Inst. Gas Engrs., Commun. No. 393, 1951.

carbon has been used as a tracer to show that, 
when carbon dioxide is reduced by carbon, the 
carbon of the dioxide remains in carbon monoxide 
in the gas phase.5

These observations show that carbons react 
with oxidizing and reducing gases to form, or to 
remove, chemically bonded oxygen on the carbon 
surface. These reactions occur at measurable 
rates at temperatures below those required for the 
breakage of carbon to carbon bonds in the gasi­
fication reaction so that the oxygen transfer reac­
tions involved in the oxidation and reduction of 
the carbon surface may be studied under such con­
ditions that there is negligible complication re­
sulting from simultaneous gasification reactions. 
Availability of a radioactive tracer, C14 in C 02, 
enabled measurement of rates of oxygen transfer 
between GO* and CO over carbon in a system at

(5) F. Bonner and J. Turkevich, J . A m . Ch em . S o c ., 73, 561 (1951).
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dynamic equilibrium so that interpretation of data 
would not be complicated by effects of heat release 
or of changes in gas composition. Study of these 
oxygen transfer reactions was considered im­
portant because of their relation to the gasification 
of solid fuels, a process of increasing importance 
for the production of synthesis and fuel gases.

Apparatus and Procedure
Apparatus consisted of equipment for flowing various 

proportions of carbon dioxide and carbon monoxide through 
a bed of granular carbon and for estimating the proportions 
of radioactive carbon in the components of effluent gas. 
Radioactivity measurements were made on the gas samples 
by use of a mica window Geiger-Mueller counter, Victoreen
V .G . 10A, with a 2.5 mg. per cm .2 window. The gas 
flowed through a cylindrical cell, l 3/s in. in diameter and 
1 Vs in. deep, under the counter window.

Radioactive carbon dioxide was made by decomposition 
of barium carbonate with lead chloride.6 The barium car­
bonate, containing C14, was obtained from the Isotopes 
Division, U . S. Atomic Energy Commission. One milli- 
curie of the carbonate W'as sufficient, diluting with non­
active carbon dioxide, to produce 250 1. of carbon dioxide 
giving about 3000 counts per minute.

The sample of carbon, 7 g. nominal weight and sized be­
tween 8 and 20 mesh U . S. Standard sieves, was held in a 
Vs" i.d . Vycor tube set vertically in an electrically-heated 
furnace. A packing of crushed porcelain and quartz wool 
served as a sample support and to preheat the entering gas. 
Temperature was measured by a thermocouple set in the 
middle of the bed. Calibration indicated constant tem­
perature within ± 2 °  throughout the bed.

The sample was preconditioned in non-radioactive gas 
for three hours under the temperature, gas composition and 
flow conditions of the experiment. A  gas flow of 34 cc. per 
minute, N .T .P ., was used except as otherwise indicated. 
After preconditioning, gas containing carbon dioxide tagged 
with C 14 was substituted for the non-active gas. When 
radioactivity measurements on the entering and effluent 
gas streams indicated complete flushing of the system, count­
ing rates on effluent gas, before and after removal of C 0 2, 
were made to determine the distribution of radioactive car­
bon.

Analysis of Data.—Analysis of the data required 
quantitative relations between counts per unit 
time and the specific radioactivity and concentra­
tion of tagged components. Calibration experi­
ments showed that, under the conditions of the 
present investigation, dilution at constant pressure 
with inactive C 02, CO or N2 reduced the number of 
counts per minute in proportion to the ratio of the 
original to the new volume. Some deviation from 
this relation might have been expected,5’7 but 
none was observed. Specific radioactivities of 
individual gas components were calculated from 
observed numbers of counts per minute, on the 
basis of inverse proportionality "with the volume of 
diluted gas, as the number of counts per minute 
above background that would have been observed 
had the counting cell been filled at normal tempera­
ture and pressure with the given component alone.

The gas metered into the reaction system had 
radioactive carbon in the carbon dioxide only. 
No significant amount of radioactivity was found 
on the solid carbon following an experiment and 
the specific radioactivity of the effluent gas was 
the same as that of the entering gas as long as the 
temperature was low enough so that gasification 
was negligible. Exit gases were found to have 
radioactivity in both the carbon dioxide and the

(6) N. Zwiebel, J. Turkevich and W. W . Miller, J . A m . Chem. Soc
71, 376 (1949).

(7) J. T. Kummer, Nucleonics, 3, 27 (1948).

carbon monoxide, the relative amounts depending 
on the carbon sample and experimental conditions.

These findings were consistent with an assump­
tion that reaction occurred at the carbon surface as

1
C 0 2 (O ) +  CO

2

The symbol (O) is used to represent an atom of 
oxygen held on the carbon surface in a chemically 
bonded structure. For a given state of the solid 
surface the rates of the forward and reverse reac­
tions are proportional to the partial pressures of 
the gases entering the reactions. These rates will 
be represented by fcipco, and k2pco, respectively. 
Since the samples were brought to equilibrium 
with respect to oxygen transfer in the gas mixture 
to be used in each experiment, these rates were 
equal.

fcipco, =  hpco (1)

The radioactive carbon remained in the gas phase 
either in the carbon dioxide or the carbon monoxide. 
The sum of the partial pressures of these gases, 
each multiplied by its specific radioactivity, was 
the same for entering and effluent gases. The 
partial pressure of each gas component, multiplied 
by the ratio of specific radioactivities of the given 
component and the original carbon dioxide, was 
treated as the equivalent partial pressure of radio­
active gas and will be designated here by an 
appropriate symbol with an asterisk. The con­
servation of radioactivity in the gas phase can be 
expressed with such symbols as

Poo, +  pco =  Po* (2)

The transfer of radioactivity from the C 02 is a 
first-order process.8 It satisfies a rate equation of 
the form

= -hi poo, +  hpio (3)

where the ratio, W/F, of sample weight to gas 
flow rate at the temperature and pressure of the 
experiment, is used as a measure of contact time.

Equations 2 and 3, when all of the radioactivity 
is initially in the C 02, lead to the following solution

fc +  f c . - ( W , n j  i - ^ * j  < «

The numerator of the last term in the logarithmic 
factor is the fraction of the total radioactivity 
found in the CO, while the denominator is the frac­
tion of CO in the mixture of CO +  C 02, and hence 
the value toward which the numerator approaches 
■with increasing time. Equations 1 and 4, giving 
the ratio and the sum of rate constants, were used 
to calculate the forward and reverse constants, 
ki and fc2, respectively, from the gas composition 
and observed change in distribution of radioactivity.

Table I gives experimental data for various 
materials. Figure 1 shows the effect of gas com­
position and temperature upon the reaction rate 
for the high temperature coke listed in Table I. 
Figure 2 gives similar data for Graphite II.

(8) R. B. Duffield and M. Calvin, J . 4w- C h em . S o c ., 68, 557
(1946).
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D a t a  on  O x y g e n  T r a n s f e r

Material
Ash,
%

Temp.,
"C .

Carbon
monoxide,

%
F/W ki

(cc. g. 1 min, !)
kt

Porcelain 810 53 8 .8 0 .1 5 0 .1 3
Porcelain 915 50 9 .7 0 .4 9 0 .4 9
Graphite I < 0 .0 0 5 900 56 11.2 0 .46 0 .3 6
Activated coccnut char 0 .9 650 55 1 6 .2 6 .8 5 .6
Activated coconut char 0 .9 900 77 16.2 4 7 .6 14 .2
Coke 10 .0 800 50 17.5 2 .5 2 .5
Leached coke 800 53 17 .0 6 .7 5 .9
Coke +  6 %  K 2C 0 3 800 60 17.2 4 1 .5 2 7 .7
Porcelain +  6 %  K 2C 0 3 800 55 8 .7 0 .8 0 7
Porcelain + 6 %  K 2C 0 3 900 55 9 .6 4 .0 3 .3

p oo, atmospheres.
Fig. 1.— The effect of gas composition and temperature 

upon the reaction rate for high temperature coke.

Discussion
Graphite I proved as unreactive as porcelain. 

Graphite II was equally pure but more reactive. 
The high temperature coke was more active than 
either graphite, but less active than an activated 
coconut char. Potassium carbonate, which is 
known to catalyze the gasification reactions, was 
added in amount of 6% by weight to the porcelain 
and the high temperature coke. Enhanced trans­
fer rates were found. Iron is also known to catalyze 
the gasification reactions. A sample of the high 
temperature coke was treated with chlorine at 
620°. Though considerable ferric chloride distilled 
from the coke, samples so treated appeared more 
active than the original coke. The chlorine must 
have had some effect other than removal of iron.

These data show that oxygen is transferred be­
tween carbon dioxide and carbon monoxide in a 
heterogeneous reaction at rates that depend upon 
the nature of the solid, upon the presence of cata­
lytic agents, and upon the gas composition. The 
physical state of the carbon seems as important as 
chemical composition and catalysis. Graphite I 
was hard and gritty; Graphite II had a typically 
soft unctuous feel. The coke had a coarser pore 
structure than that of the graphites. Addition 
of 6% of potassium carbonate was more effective 
on the high temperature coke than on porcelain. 
The difference may be due either to differences in

p oo, atmospheres.
Fig. 2.— The effect of gas composition and temperature 

upon the reaction rate for Graphite II.

porosity or to an effect of carbon as the substrate.
The ratio of the rate constants, kx and k2, is 

given by the ratio of partial pressures of CO and 
C 02, equation 1. The individual values depend 
further upon an effect of gas composition on the 
state of oxidation of the carbon surface. These 
constants are given in Figs. 1 and 2 for the high 
temperature coke and for Graphite II in various 
mixtures of CO and C 02 and at various tempera­
tures.

Data for the high temperature coke may be 
represented by the equations

h  =  /fcioe-43'100,ii7, (5)
and

kl0 =  5.70 X  10>co (6)

where pco is measured in atmospheres. The lines 
drawn through the data of Fig. 1 are given by these 
equations. Data for graphite may be represented 
by the equations

and
h  =  ,tioe“ 68’900,Rr (7)

1.86 X  1012pco 
p co  +  1.91pcOs

(8)

as shown in Fig. 2.
It may be assumed that the activity of the 

sample depends upon the activity of oxygen ad­
sorbed upon its surface and upon the activity of 
surface available for oxidation. These activities 
may be assumed to be proportional to the frac-
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tions, d and 1 — 6, of surface or of active centers 
that are, or are not, occupied by chemically bound 
oxygen. Equation 1 then becomes

ki'( 1 — B)pco, =  kddpco 

h 'p ooh\l -  e) = 

h '0  =

Pco +  (h '/k t ')p c o i

ki'pcQj_______
Pco +  ( h ’ /h ' ) p c 0 2

(9)

(10)

( I D

If fc'i equals fc'2, equation 10 agrees with equation 
6 for the coke when the sum of partial pressures of 
CO and C 02 is 1 atmosphere. Equation 10 simi­
larly agrees with equation 8 for the graphite if the 
ratio of k\ to fc'2 is 1.91.

The assumptions of equation 9 may be questioned 
in that different points, or active centers, on the 
surface of a solid may be expected to differ in 
activity. The assumed linear dependence of 
activity upon fractional coverage must be no more 
than a first approximation. Tracer techniques 
provide a tool for investigating such relation­
ships. The present investigation confirms the 
approximate linear relationship, though it lacks 
the high precision needed to establish the exact 
form.

Evidence here reported and data of the present 
investigation show that gases, such as C 02 and 
H20, can bring about the oxidation of a carbon

surface and that such gases as CO and H2 can re­
duce the oxidized carbon surface. These reactions 
are measurably fast below temperatures needed 
for gasification of the carbon by the same oxidizing 
gases. The chemically-adsorbed oxygen weakens 
adjacent carbon to carbon bonds so that at higher 
temperatures thermal rupture of the weakened 
bonds liberates oxygen in combination with car­
bon. Reducing gases may hinder this gasification 
reaction since they preferentially remove the 
oxygen in a reduction reaction. Oxygen transfer 
also explains the approach to equilibrium, with 
respect to the water-gas shift, which is observed 
in the product of many gasification systems.

There is nothing in the experimental data that 
identifies oxygen, first placed upon the carbon by 
reduction of steam, with oxygen that later appears 
in the products of gasification obtained under con­
ditions of high gasification rates. On the other 
hand, conventional treatment of heterogeneous 
reaction kinetics data involves approximations 
that limit discrimination between proposed reac­
tion mechanisms. More critical examination with 
new tools and concepts will be needed to establish 
the reaction mechanism, but it should be recognized 
that oxygen transfer between carbon and oxidizing 
and reducing gases is a preliminary step that 
qualitatively, if not quantitatively, explains the 
kinetics of the gasification reactions.

THE PREPARATION AND INFRARED SPECTRA OF THE 
OXIDES OF NITROGEN1

B y  R . E. N ig h t in g a l e , A. R . D o w n ie , D . L. R o t e n b e r g ,
B r y c e  C r a w f o r d , Jr ., a n d  R . A. O gg , J r .

School of Chemistry, University of Minnesota, Minneapolis, Minnesota, and 
Department of Chemistry, Stanford University, Stanford, California

Received M ay 12, 1954

Improved laboratory preparations of several oxides of nitrogen are described, convenient for accurate and quantitative 
preparation of pure samples. The analysis of mixtures of these compounds by infrared spectroscopy is discussed, with 
critical identification of the bands which are useful.

The many interesting reactions of the oxides of 
nitrogen have been the subject of study by numer­
ous chemists since their discovery. During our 
investigation of the kinetics of some of their reac­
tions,2 we have found it necessary to prepare and 
purify a number of these materials. Moreover, 
since we use infrared absorption bands to follow 
the concentration of one or more of these com­
pounds during the course of a reaction, we have 
been interested in their infrared spectra under 
various conditions.

Although many preparations can be found in the 
literature,3 the oxides of nitrogen are not easy to 
obtain in known amounts and in a pure state free 
from water and other oxides of nitrogen. The

(1) This research was supported by the Bureau of Ordnance, U. S. 
Navy.

(2) G. R. Cowan, D. L. Rotenberg, A. Downie, B. Crawford, Jr. 
and R. A. Ogg, Jr., J. Chem. Phys., 21, 1397 (1953); R. E. Nightin­
gale, G. R. Cowan and B. Crawford, Jr., ibid., 21, 1998 (1953).

(3) D. M . Yost and H. Russell, Jr., “ Systematic Inorganic Chemis­
try,” Prentice-Hall, Inc., New York, N. Y ., 1946.

methods we describe in this paper have proved 
convenient and reliable, and should be useful to 
other investigators working with these com­
pounds.

To use the infrared spectra of these molecules for 
identification or analysis, one needs reliable spec­
tra] data for each pure compound. In many cases 
these are available in the literature, but in some 
cases they are not. Particular care must be 
exercised because, in a mixture of these compounds 
(such as one usually encounters in kinetic studies), 
an absorption band of one molecule is frequently 
found overlapped by one of another molecule.

A brief discussion of the preparation of 0 3 and 
preparation and spectral properties of H N 03 has 
been included. Ozone is used in the preparation 
of N20 6, and since a good deal of trouble is often 
experienced in removing the last traces of water in 
the N20 5 preparation, the infrared spectrum of 
H N 03 is of particular interest. Much of our 
work in the preparation of these compounds has
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been directed toward the removal and exclusion of 
water.

Chemical Preparations
A ll the oxides are prepared from  com m ercially available 

tan k gases on a vacuum  line. N itric  oxide has been used 
as the basic starting m aterial for all of the oxides discussed 
because its pressure can be measured with an ordinary mer­
cury  m anom eter. Once pure N O  has been prepared, N 0 2 

m ay be obtained qu an titatively  b y  reaction w ith  0 2, and 
N 2O5 q u an titatively  b y  the oxidation of N 0 2 w ith 0 3.

H alocarbon grease3* has proven to be the m ost satisfactory 
lubricant for stopcocks and ground joints in our vacuum  
system . A lthough it absorbs N 0 2 (and perhaps other 
gases) over a period of tim e, it has the advan tage th at it 
contains no hydrogen, and thereby cannot react to  give 
w ater. A lso, it dees have fairly  satisfactory m echanical 
properties.

Nitric O xide.— Com m ercial tan k nitric oxide contains 
considerable am ounts of N 2, N 0 2, N 20 3 and N 20 . T he 
first three of these are quite easily rem oved; nitrogen can 
be pum ped off while the oxides are held a t liquid nitrogen 
tem perature, and N 0 2 and N 20 3 can be rem oved b y  distilla­
tion from  a trap  surrounded b y  solid C O 2 , a t which tem pera­
ture th ey  have a  negligible vapor pressure. R em oval of 
nitrous oxide is more difficult, and there is no convenient 
w a y  to separate it  com pletely from  nitric oxide. H ow ever, 
their boiling points are some 60° apart and fractionation is 
practical. W e, in fa c t, fractionated tw o or three tim es and 
kep t only the m ost volatile  third of our original sample. 
T his procedure was possibly unnecessarily extravagan t, bu t 
it did give a product in which the N 20  pressure was reduced 
to  less than 0 .5 %  and which was sufficiently pure for our 
purposes.

T h e purified n itric oxide was a pale straw-green liquid 
which froze to  a light grey-blue solid. A n y  small am ount 
of N 20  rem aining w as detected b y  the v ery  intense infrared 
band a t 2240 c m .-1 .

T h e  fractionation was carried out on the vacuu m  line 
shown in F ig . I , the procedure being as follow s.

F ig . 1 .— A pparatus for the purification o f n itric oxide.

A fter the system  has been evacuated down to  the cylinder 
head, gas is let into the line up to  stopcock 3 to  about one 
atm osphere. Liquid nitrogen is then placed around C  and 
3 is opened. M ost of the oxides condense rap id ly , b u t the 
presence of nitrogen m akes the last few  centim eters go slowly 
so th a t it  is best to  draw the last of the gas through C  b y  
carefully opening stopcock 5 and pum ping. F in a lly  it is 
opened wide and the nitrogen all pum ped off. T his proce­
dure is repeated three or four tim es so th at we have 3 - 4  

liter-atm . of frozen oxides in C . A t  this point the conden­
sate w ill be blue, p articularly  around the top, due to  N 20 3.

Stopcocks 1 , 2 and 5 are closed and the liquid nitrogen 
around C  is replaced rapidly b y  a  D ry  Ice-acetone-bath, 
being itself transferred to D . N itric  and nitrous oxides 
then distil over into D  leaving behind the N 0 2, N 20 3 

and w ater. I t  is im portant th at the D ry  Ice-bath reach 
considerably higher around C  than did the liquid nitrogen, 
for the N 0 2 and N 2C 3 condense a t the top of the cold surface 
and in order th a t th ey  m ay be retained efficiently, the D ry  
Ice-b ath  m ust com pletely cover them . T his distillation is 
repeated if necessary until there is no trace of the character­
istic  deep blue color of N 2 0 3 in the condensate. T h e  second

(3a) This may be obtained from Halocarbon Products, Inc., North 
Bergen, New Jersey.

fractionation is done from  D  to  E  rather than from  D  to C  
so th at the condensate m ay be kep t isolated while th e im ­
purities are pum ped aw ay.

W e are le ft w ith  a m ixture of N O  and N 20  a t liquid ni­
trogen tem perature in either D  or E . T h e  refrigerant is 
lowered so th at it does not quite touch the container, which 
rem ains, how ever, w ithin the D ew ar. T h e  oxides evapor­
ate  slow ly into the line until, a t about '/« atm osphere, the 
m anom eter rem ains steady for some tim e while the nitric 
oxide is m elting. T h e  evaporation is carried out above this 
pressure, as one gets better therm al equilibrium  if  the con­
densate is liquid rather than solid. In  this w a y , th e N 20  is 
retained at the tem perature of the boiling N O  instead of 
distilling off from  the warm er parts of the condensate. A s 
the pressure rises the gas is bled off into bulbs A  and B  and 
evaporation is continued until both contain alm ost an atm os­
phere. T h e  rem aining condensate is discarded. T h e gas 
is recondensed and the process repeated until the N O  is 
sufficiently free of N 20 . T h e  final product is distilled into 
B  where it  is stored.

Nitrogen D ioxide-D initrogen T etroxid e.— N 0 2 (in equi­
librium  w ith N 2O4 ) is prepared b y  treating N O  with 0 2. 
T his reaction is third order and quite slow at low pressures. 
I f  excess oxygen is undesirable, it m ay be rem oved b y  freez­
ing the N O 2- N 2O4 in a  container which allows a large surface 
to  come in con tact w ith the refrigerant; if the cold surface 
is too sm all, the presence of the uncondensed 0 2 m akes con­
densation of the N 0 2 v ery  slow. T h e 0 2 is then pum ped off.

T h e oxygen used in the preparation of nitrogen dioxide is 
prepared from  com m ercial tan k  0 2 b y  rem oval of nitrogen 
and w ater. A  q u an tity  of oxygen is condensed, abou t 2 / 3 

of the condensate slow ly pum ped aw ay, and a bulb of 0 2 

is collected, leaving some to retain any w ater.
O zon e.— D ry  ozone is prepared behind a safety-glass 

explosion screen in the apparatus shown in F ig . 2. T h e 
ozonizer is sim ilar to  th at described b y  Henne and Peril- 
ste in . 4 E xtrem e precautions are necessary to  exclude 
w ater, which readily reacts w ith N 20 5 to  give H N 0 3.

F ig. 2.— -Apparatus for the preparation o f ozone.

Prior to  the preparation the system  is pum ped out for 
some tim e and bulb F ,  which u ltim ately  is to  contain the 
0 3, is flamed to  rem ove adsorbed m oisture. Sufficient 
oxygen is condensed in A  b y  liquid N 2. T h e  liquid N 2 is 
lowered so th a t the 0 2 boils off slow ly, flushing out the line; 
a n y  N 2 w ill come off in the first portion. T h e ozonizer is 
then turned on. O xygen passes through the P 20 5 trap , B , 
the flow m eter, C , and into the ozonizer. T ra p  D  is cooled 
w ith  a  D r y  Ice-acetone-bath  to  rem ove any w ater or N 20 5 

produced b y  residual N 2, and the 0 3- 0 2  m ixture is condensed 
in E . A  positive flow of gas m ust be m aintained through F  
and th e D r y  Ice trap  G , or moisture w ill be condensed in E  
from  the atm osphere.

W hen enough 0 3 has been collected, w ith  some liquid 0 2 

in A  to  retain  an y  w ater, the stopcock between D  and E  is 
closed, the positive flow through G  being m aintained b y  slow­
ly  boiling off some of the O 2- O 3 from  E . T h e  0 3 is now con­
centrated b y  allowing the oxygen to boil off slow ly. T he 
last fraction  w ill be richest in 0 3, but it  is advisable to  leave 
a  little  of the condensate in E  to  retain any w ater. T h e 
ozonized 0 2 gas in the liter bulb w ill be a pale blue and 
should be used w ithin a  short tim e as it  decomposes fairly  
rapidly.

N itrogen P e n to x id e — I f  com paratively sm all am ounts 
of N 2O s are needed and if  the presence of excess ozone and 
oxygen can be tolerated, the preparation m ay be carried 
out directly  in a  storage bulb or absorption cell b y  th e re-

14) A. L. Henne and W. L. Perilatein, J. Am. Chem. Soc., 65, 2183
(1943).
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Fig. 3.— The more intense infr&red bands of the oxides of nitrogen. The pressures indicated for NO2 and N2O4 are incorrect; 
these should read: 8 . 1  mm. N02 and 0.8 mm. N2O4 in 265 mm. Ns.

action 2N O 2 +  O3 —► N »0 5 +  0 2. Direct reaction between 
O3 and N O  is unadvisable because of the explosive violence 
of this reaction.

Larger quantities are obtained by successive preparations 
of small amounts. Ozonized oxygen is added cautiously 
to an excess of N O 2 in a long-necked flask which permits a 
large area to be refrigerated. Following the reaction, the 
mixture is frozen down with D ry Ice, the oxygen pumped off, 
and the reaction vessel allowed to warm up again. This 
procedure is repeated until the brown color of gaseous N 0 2 
has been removed completely.

Nitric Acid.— Anhydrous nitric acid was prepared for the 
purpose of studying its infrared spectrum. The prepara­
tion is carried out essentially as was done by Redlich and 
Nielsen5 by vacuum distillation of a mixture of concen­
trated H N O 3 and H 2SO4. This is followed by several frac­
tional distillations from more H 2S 0 4 at low temperature on 
the vacuum line. The produce is colorless.

Infrared Spectra
We have examined the spectra of the oxides of 

nitrogen in the rock-salt region, 650-2500 cm.-1, 
to find absorption bands suitable for analytical 
purposes. The results of our search are shown in 
Fig. 3; the region above 2500 cm.-1 has not been 
included since there are no strong bands to be 
found there. The spectra in Fig. 3 should be use­
ful in showing the positions, relative intensities, 
and shapes of the infrared bands of each molecule. 
Easy methods for determining such things as the 
amount of N20  in an NO sample, or a small amount 
of water in N2O5, become immediately apparent.

Spectra of these compounds have been reported 
in the literature6 and in most cases we have little

(5) O. Redlich and L. E. Nielsen, J. Am. Chem. Soc., 65, 654 
(1943).

(6) The following selected references give a more complete dis­
cussion of the infrared spectra of the oxides of nitrogen:
NaO: E. K. Plyler and E. F. Barker, Phys. Rev., 41, 369 (1932);

W . S. Richardson and E. B. Wilson, J. Chem. Phys., 18, 694
(1950) .

NO: A. L. Smith, W . E. Keller and H. L. Johnston, ibid., 19, 189
(1951) .

NsOi: Very little is to be found in the literature. An infrared band

to add. We have, however, gone to considerable 
trouble to obtain the spectrum of N20 5 free from 
water and have made an interesting observation 
with our fast scanning instrument.7

W e have used silver chloride windows on our infrared 
cells when working with NO2 , N 2 O4 , N 20 5 and HNOa since 
these materials attack sodium chloride, particularly when 
the gases are wet. In order to eliminate the possible reaction 
of N 2O5 or 0 3 with the common sealing compounds used to 
fasten the silver chloride windows onto the Pyrex absorption 
cells, we have welded the silver chloride directly to the glass. 
A  small amount of silver chloride was placed around the rim 
of the cell end and heated vigorously with a gas-oxygen 
flame until the silver chloride wetted the glass. Some free 
silver was formed, but this caused no trouble. The cell 
end was then heated evenly almost to redness and the silver 
chloride window was dropped on as firmly and evenly as 
possible. A  few small cracks between the window and the 
cell were filled in with more AgCl by heating a small area at 
a time with a tiny flame until the cell was vacuum tight.

Figure 4 shows one portion of the spectrum of 
N2O5 on which we have focused our attention. 
The strong band at 1240 cm.-1 quite definitely be­
longs to N2O5. A band just above it at 1315 cm.-1 
also has been assigned to N.O5. However, if one 
prepares N2Os in an infrared absorption cell as 
described above, and looks at this region with the

at about 1300 cm.-1 has been assigned to NaO*. L. H. Jones, 
R. M . Badger and G. M. Moore, ibid., 19, 1599 (1951).

NOa: M . K. Wilson and R. M . Badger, Phys. Rev., 76, 472 (1949).
N 2O4: G. B. B. M . Sutherland, Proc. Roy. Soc. {London), 141, 342

(1933).
N2O6: Gas-phase infrared work is incomplete. There is mention of

some isolated bands in the work of Ogg, et oZ. R A. Ogg, 
W . S. Richardson and M . K. Wilson, J. Chem. Phys., 18, 573
(1950) ; R. A. Ogg, ibid., 770 (1950). For infrared studies on 
crystalline NaOs see, J. C. Decius, ibid., 21, 1116 (1953).

HNO2: L. H. Jones, R. M . Badger and G. M . Moore, ibid., 19, 1599
(1951) .

HNO*: H. Cohn, C. K. Ingold and H. G. Poole, J. Chem. Soc. (London) 
4272 (1952).

Oi: M . K. Wilson and R. M. Badger, J. Phys. Chem., 16, 741 (1948).
(7) P. J. Wheatley, E. R. Vincent, D. L. Rotenberg and G. R. 

Cowan, J. Opt. Soc. Am., 41, 665 (1951); G. R. Cowan, E. R. Vincent 
and B. Crawford, ibid., 43, 710 (1953).
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Fig. 4.— A portion of the spectrum of N 20 5 as taken with an 
infrared fast-scanning spectrometer.

fast-scanning spectrometer, the band at 1315 
cm.-1 is initially very weak while the one at 1240

cm.-1 assumes its full intensity immediately. 
Then the smaller band begins to grow to a constant 
value, while the stronger band decreases slightly. 
Since nitric acid has a strong band at 1315 cm.-1, 
this band is probably due zo a trace of water in the 
N20 6 preparation. The final amount of HNO3 
formed in a typical run (~0.4 mm.) could arise 
from only 0.1% of water in the reactants.

It has been reported8 that N20 6 also has a band 
in the 860 cm.-1 region. We have observed 
only a very weak band centered at 880 cm.-1. 
Nitric acid shows a strong band centered at 880 
cm.-1, and in our N20 5 samples the ratio of the 
optical densities of the 1315 and 880 cm.-1 bands 
are the same, within the error of measurement, as 
in the spectrum of pure nitric acid. We therefore 
believe that this H N 03 band was that assigned to 
N20 5 at 860 cm.-1.

(8) R. A. Ogg, Jr., J. Cham. Phys., 18, 770 (1950).

N O T E S

LIGHT-SCATTERING DURING THE 
FORMATION OF GELATIN GELS

B y  G e o rg e  L. B e y e r
Communication No. 1645 from Kodak Research Laboratories, 

Eastman Kodak Company, Rochester, N. Y.
Received April 8, 1954

Previous measurements of light-scattering during 
the transition of colloidal solutions to the gel state 
have attempted to derive the increase of particle 
size from the depolarization of scattering1 or from 
the intensity of scattering.2 These methods were 
able to give only qualitative observations of the 
changes occurring. The present paper concerns 
the application of a new method by which light­
scattering may be used to study the early stages of 
the sol-gel transition, and which permits the cal­
culation of absolute particle dimensions.

A recent report of Boedtker and Doty3 on the 
light-scattering of gelatin solutions included some 
observations on the behavior of these systems at 
low temperatures. They found that dilutions of 
aggregates formed at low temperatures were sur­
prisingly stable at constant temperature, and 
allowed straight-line extrapolation of the 90° 
scattering to zero concentration. Such extrapola­
tion appears to offer a means of determining the 
absolute average size of the aggregate particles 
present in the undiluted solution.

The present author confirmed the stability of 
these dilutions, and applied this dilution method 
to the determination of the average size of the 
aggregates present in gelatin solutions in various 
stages of gelation. The measurements reported

(1) P. K. Katti, J. Chem. Phys., 20, 1980 (1952).
(2) M . Prasad and K. D. V. Doss, J. Coll. Sci., 4, 349 (1949).
(3) H. Boedtker and P. Doty, Technical Report No. 1, Part (a) 

issued under Office of Naval Research Contract N5ori-07654, NR- 
330-025, Dec. 15, 1952.

here used a fractionated gelatin which had a 
molecular weight from light-scattering of 103,000, 
with an intrinsic dissymmetry of 1.06, and an 
intrinsic viscosity of 0.36. These results were 
obtained at 40°, and all experiments were made 
at the isoelectric pH of 4.7, in solutions 0.05 molar 
with respect to each of the following: acetic acid, 
sodium acetate and potassium chloride. Details 
of the molecular weight measurements for various 
gelatin fractions will be presented in a later paper. 
The first experiments were made with solutions at 
three different gelatin concentrations stored at 2° 
for 18 hours, then brought to 10° and held at this 
temperature for 4 hours before dilutions were 
prepared. Extrapolation of both the 90° scatter­
ing and the dissymmetry of scattering produced 
apparent straight lines (see Fig. 1) from which the 
following values were calculated.

T a b l e  I
Gelatin
concn., Aggregate wt. R, A.,
g./ml. (cor. for dissym.) for coil

0 .00 5 0  5 .0  X  10« 2100
.0020 0 .61  X  106 790
.0010 0 .31  X  106 590

Both the aggregate weight and the root-mean- 
square end-to-end distance, R, remained constant 
within 10% over a 2-hour period. These results 
show the great dependence of the aggregate size 
on the gelatin concentration during the aggregation 
process. A random coil configuration has been 
assumed for the shape of the aggregate in the cal­
culations above. An estimate of the shape of the 
aggregate was gained from measurements of the 
distribution of scattered light over a series of angles 
between 45 and 135° for five gelatin concentrations 
prepared by dilution of the aggregates obtained as
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above at 0.0050 g./ml. These data were then 
plotted by the Zimm4 grid method, and extrapolated 
to zero angle and zero concentration. The aggre­
gate weight so obtained is independent of the 
particle shape and can be compared with the values 
calculated by the dissymmetry method assuming 
various configurations. Spherical and rod-shaped 
aggregates do not give reasonable results, but 
corrections assuming a monodisperse coil give an 
aggregate weight only 60% of that found by the 
grid method. A polydisperse coil model with the 
distribution of molecular weights assumed by 
Doty5 improves the agreement to 70%. It is 
concluded that the aggregate has a coil configura­
tion, but that a broader distribution of particle 
sizes would have to be assumed to give good agree­
ment between the methods. The uncertainty in 
extrapolation both by the dissymmetry and the 
grid methods is sufficient to make such further 
calculations of questionable value. Although 
linear plots of 1 /{z — 1) have better theoretical 
justification for the extrapolation of the dissym­
metry, 2 , to infinite dilution, the fit obtained is 
no better than that shown in Figs. 1 and 2. The 
resulting aggregate weights and dimensions, R, 
differ from those listed by 11% or less, and the 
relationships between aggregate weight and R, and 
between aggregate weight and viscosity are changed 
only slightly.

The first stages of gelation have been studied 
for a solution containing 0.005 g./ml., which was 
cooled from 40 to 15.0°. The turbidity of this 
solution increases rapidly at first, then appears to 
approach a maximum value, which is not reached 
even after 24 hours. Similar increases of the 
inherent viscosity, {??}, also occur, but both are 
difficult to interpret in terms of the structure of 
the aggregate from measurements at a single con­
centration. The dilution method allows a con­
tinuous measure of the aggregate weight and size, 
as is illustrated by the data of Fig. 2, and the re­
sults in Table II, which were obtained with dilu­
tions of the aggregate at various stages.

The dimensions calculated for all these aggre­
gates are proportional to the square root of the 
aggregate weight within experimental error. This 
result suggests that the aggregates closely ap­
proach a Gaussian distribution of segments for 
which this proportionality is expected.6 The

(4) B. H. Zimm, J. Chem. Phys., 16, 1093 (1948).
(5) P. Doty and R. F. Steiner, ibid., 18, 1211 (1950).
(6) A . M . Bueche, J. Am. Chem. Soc., 71, 1452 (1949).

Gelatin concn., g ./m l. X  102. Gelatin conen., g ./m l. X  102.

Fig. 2.— Light scattering during gelation; dilutions from 
c =  0.0050 g ./m l. at 15°: O, 30 m in.; • ,  60 min.; A ,  140 
min.; a , 300 min.; □ , 500 min.; ■ , 1500 min.

T a b l e  I I
Time 

at 15.0°, 
min.

Aggregate 
wt. (cor. 

for dissym.)

Av. no. of
moles/
aggreg.

R, A.,
for
coil

ft)
for c =  
0.005

30 1 .7 8  X  10s 1 .7 3 420? 0 .4 6 4
60 2 .1 0  X  105 2 .0 4 455 .5 1 2

140 2 .7 5  X  106 2 .6 3 540 .6 0
300 3 .7 0  X  106 3 .6 0 650 .7 4
500 4 .8 0  X  106 4 .6 6 750

1500 9 .3 0  X  106 9 .0 5 1040 1 .0 8

r e la t io n  b e tw e e n  th e a g g r e g a te  w e ig h t  a n d  t h e  in -
herent viscosity of the 0.005 g./ml. solution closely 
follows an equation of the form {17} =  3.6 X  10“ 3 
(Agg. wt.)°-41. A more significant relationship 
would be expected if the viscosity data also were 
extrapolated to zero concentration. The results 
of this preliminary study of gelation do not appear 
to follow the kinetic mechanism proposed by 
Stockmayer7 for the polymerization of multi­
functional monomers, since the latter would ex­
pect a greater rate of reaction for larger aggregates.

(7) W. H. Stockmayer, J. Chem. Phys., 11, 45 (1943).

THE SURFACE TENSION OF POTASSIUM
B y  W . P r im a k  a n d  L. A. Q u a r t e r m a n

Chemistry Division, Argonne National Laboratory, Lemont, Illinois 
Received May 19, 1954

An attempt to determine the surface tension of 
liquid potassium was first made by Quincke many 
years ago, when he devised the drop method for 
determining surface tension,1 by dropping potas­
sium from a capillary tube in an atmosphere of 
carbon dioxide dried by sulfuric acid. Despite his 
expressed uncertainty of the result (he remarked 
the drops were of unusual size, developed a white 
coating as they formed, and would occasionally 
ignite), it has been widely quoted and even sub­
jected to the refinements of corrections calculated 
for the drop method.2'3 Quarterman and

(1) G. von Quincke, Ann. Physik (Poggendorff), 135, 621 (1868).
(2) W . A. Roth and K. Scheel, “ Landolt-Bornstein Physikalisch- 

chemische Tabeilen,” Vol. I, Edward Brothers Publ. Co., Ann Arbor, 
Mich., 1943, 5th Ed., p. 200.

(3) “ International Critical Tables,” Vol. IV, McGraw-Hill Book 
Co., New York, N . Y., 1928, p. 440.
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S u r f a c e  T e n s io n  o f  P o ta ssiu m

Total 
no. of 
drops

Cooling 
rate, 

deg./sec.

Length of 
freezing 
curve, 
sec.

Heat
capacity,
cal./deg.

91 0.0097 2410 1.10
.0098 2610 1.10

252 .0062 6460 1.60

484 .0093 5850 3.06
.0141 4115 3.06

Primak4’6’6 observed that the behavior of liquid 
potassium in glass capillary tubes did not conform 
to the high surface tension obtained by Quincke 
(37 mg./mm.) and indicated instead a surface 
tension between 86 and 95 d./cm. Some theoreti­
cal evidence has become available through the work 
of Skapski7 and Oriani.8 Oriani’s final relation 
may be written

-  r  —  -t- — p!/'
d T  w/JV'/.M*/.

where a is the surface tension, T is the temperature 
(about 350°K.), M  is the atomic weight (39.1), p 
is the density (about 0.83), N is the Avogadro 
number [6.02(1023)], /  is a packing factor (1.09), 
L0 is approximated8 by the heat of sublimation9’10 
[8.72(10“ ) ergs/'g. atom], «  is Oriani’s correlation 
factor (5.4-6.2). The mean value of da/dT for 
rising and falling temperatures obtained by the 
authors6 ( — 0.02) seems low and an examination 
of the data for other metals suggests it may be as 
high as —0.1. With these numbers, Oriani’s 
relation indicates the surface tension of potassium 
should lie between 81 and 126 d./cm. Additional 
experimental evidence for a much lower value of 
the surface tension than Quincke’s was obtained 
by Quarterman and Primak11 during the course of 
their determination of the heat of reaction of 
graphite and potassium.12 It was hoped to refine 
the method into a precise determination but, since 
the opportunity to do this has not arisen, it seems 
desirable to publish the past observations.

During the course of one of the experiments the 
calorimeter13 was assembled with a ground capil­
lary (o.d. 4.44 mm., i.d. 0.60 mm.) leading from 
the potassium still and condenser to the calorimeter 
cup. As the potassium distilled into the 
calorimeter (maintained now at 110° by an air- 
bath) the drops were counted visually. After a 
series of drops had been delivered, the weight of 
potassium was determined from the heat transfer 
coefficient, the length of the freezing curve (air- 
bath maintained at 50°), and the known heat of 
fusion.9 The heat transfer coefficient was ob-

(4) ANL-42.12, (1948). p. 55.
(5) ANL-4359, (1949). p. 00.
(6) L. A. Quarterman and W. L. Primak, J. Am. Chem. Soc., 72, 

3035 (1950).
(7) A. S. Skapski, J. Chem. Phys., 16, 389 (1948).
(8) R. A. Oriani, ibid., 18, 575 (1950).
(9) L. G. Carpenter and C. J. Steward, Phil. Mag., 27, 551 (1939).
(10) E. F. Fiock and W. H. Rodebush, J . Am. Chem. Soc., 48, 

2525 (1926).
(11) ANL-4526, (January 1951), p. 85.
(12) L. Quarterman and W . Primak, J. Am. C h em . Soc., 74, 806

(1952).
(13) Reference 12, Fig. 1.

b y  t h e  D rop - W e ig h t  M eth o d

Wt. of 
drops, 

g-

r
yV l

Harkins-
Brown

function

Surface
tension,
d./cm.

1 .7 8 0 .105 0 .8 7 120
1 .94 .102 .87 130

4 .41 .109 .86 110

11.5 .098 .87 150
12.2 .096 .88 150

tained from the slope of the cooling curve just 
prior to freezing and the heat capacity determined 
electrically as previously described12 (air-bath at 
92°, potassium at 82°). Three sets of determina­
tions were achieved in filling the cup. There 
evidently was not a sufficiently high concentration 
of potassium vapor present in the cup during the 
baking out process, for the potassium did not wet 
the flat portion of the tip between the i.d. and the
o.d., the drops forming from the i.d. The surface 
tensions were computed with the use of the 
Harkins-Brown function,14 <t>(r/V'/l), (the needed 
values were obtained by a graphical extrapolation) 
by the formula a = gm/2-rr<j> = 5180 m/<f> where g is 
the acceleration due to gravity, m the weight of a 
single drop, and r the capillary radius. The results 
are given in Table I.

The results of the present determinations are 
only approximate for a number of reasons: the 
exact tip dimensions were uncertain since slight 
wetting at the edge may have occurred; the drop 
size was in a range which Harkins and Brown con­
sider poor for drop-weight determinations, and a 
range for which the Harkins-Brown function is not 
well known; the accuracy of the freezing method 
used to determine the weight of potassium was 
probably no better than 10% because of the use of 
an air-bath as a thermostat; the drops were de­
livered in an irregular manner in a series of spurts. 
These would be expected to lead to high results. 
Accordingly the results of Table I are taken to 
confirm the previous surface tension values ob­
tained by the authors using the capillary rise 
method.

It is now taken as certain that the results re­
ported by Quincke for the surface tension of 
potassium are wrong by about a factor of 4, and 
that the correct value is about 95 d./cm. (within 
1 0 % ) .

(14) W . D Harkins and F. E. Brown, J. Am. Chem. Soc., 41, 519 
(1919).

SPARK-IGNITION ENERGIES IN 
HYDROGEN-BROMINE MIXTURES

By T om D. B r o t h e r t o n  a n d  R o b b in  C. A n d e r s o n
Defense Research Laboratory and Department o f  Chemistry,

The University o f Texas, Austin, Texas
Received July 6, 1954

In connection with a series of studies of hydro­
gen-bromine flames, measurements have been 
made of spark ignition energies. The system is of 
interest as one differing quite markedly from the 
hydrocarbon fuels which have commonly been
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studied,1-2 and offering possibilities for comparisons 
of experimental data with calculations from theo­
retical equations such as that of Lewis and von Elbe.3

Experimental
The ignition vessel was made of borosilicate glass. The 

central section was a large glass cylinder 3 inches long and 
2.29 inches wide. Its volume was 515 ml. A t each end a 
section of 1.25 inch glass tubing was connected to the cylin­
der by a spherical ground-glass joint. Each end section had 
a side-arm which was provided with a vacuum stopcock. 
One of these was connected with a vacuum pump and the 
other with a hydrogen line. A t one end another side-arm 
was provided as a holder for an ampoule of liquid bromine 
which could be broken to introduce bromine vapor into the 
system.

Each, end-section was also fitted with a short side-arm 
about 3 cm. long ending in a spherical ground-glass joint 
and a cap. The side-arm was packed with glass wool. 
Just before ignition of a mixture the caps were removed. 
The glass wool plugs served to prevent for a short time ap­
preciable diffusion of air into the system and also acted as 
safety valves, which blew out if the pressure in the reaction 
vessel increased sharply.

The electrodes were mounted in 1 cm. glass tubes extend­
ing axially down the end-pieces to the center of the large 
cylinder. The electrodes were of 0.025 inch tungsten wires 
with blunt ends. The distance between ends was about 1 
to 3 mm. (because of problems of corrosion and leakage, 
the electrodes could not be mounted to give a variable gap). 
Connection to the external electric circuit was provided by 
soldering on l/g inch copper rods.

The whole ignition vessel was mounted in an air-bath, 
which was maintained at 50° for mixtures containing less 
than 54 mole %  bromine, and at 60° for mixtures richer in 
bromine.

After successively flushing the vessel with hydrogen and 
evacuating it, the vessel was thoroughly evacuated. The 
bromine ampoule was then broken and the bromine vapor­
ized. Thirty minutes after vaporization, the pressure of 
the bromine gas was measured. Hydrogen was then slowly 
admitted until a predetermined partial pressure was reached. 
The final pressure was always greater than atmospheric 
pressure by a few m m . A  period of two hours was allowed 
for mixing of the gases by thermal diffusion.

Immediately prior to ignition, the spherical caps covering 
the glass-wool plugs were removed. Thus, all ignition tests 
were conducted at atmospheric pressure, which averaged 
about 746 m m . All mixtures were ignited within a few 
moments after removal of the caps, usually within two 
minutes.

There was some initial reaction between the electrodes 
and the gases in the vessel, but after the formation of a dark 
coating, no further reaction was observed. A high-pressure 
mercury vapor lamp was mounted above the electrodes to 
proride an abundance of ion-pairs in the region of the elec­
trode gap.

The power supply was a Hi Volt Power Supply manufac­
tured by the Condenser Products Company, Chicago, 
Illinois. The output voltage was continuously variable 
from 0 to 12,000 volts. Maximum ripple at the output 
terminal was 1 .5 % . To further reduce the ripple, a 0.05  
ni. condenser was connected to ground.

The high voltage terminal was connected to a voltage- 
dirider circuit consisting of a 10 megohm and a 101.4  
megohm resistor. A  third very high resistance (1010 ohms) 
was placed in the circuit to permit very slow charging of the 
variable capacitance.

The capacitance of the circuit was continuously variable 
from 50 to 250 n/if. with air dielectric and 100 to 500 /x/uf. 
with carbon tetrachloride dielectic. The capacitance was 
calibrated in place. The energy of the spark discharge was 
calculated from the capacitance and the potential before 
discharge.

For high-energy spark discharges, capacitance and po­

ll) See B. Lewis and G. von Elbe, "Combustion, Flames, and 
Explosions of Gases,” Academic Press, Inc., New York, N. Y ., 1951, 
p. 391 el 8eq.

(2) II. F. Calcote, C. II. Gregory, C. M. Barnett and R. B. Giliner. 
Ind. Eng. Chem.. 44, 2656 (1952).

(3) B. Lewis and G. von Elbe, J. Chem. Fhys., 15, 803 (1947).
See also ref. 2, p. 351.

tential could be measured simultaneously by replacing the 
1010 ohm resistance by a copper rod. For low-energy spark 
discharges, this was not possible, for multiple sparks often 
passed between the electrodes. For these discharges, a 
method similar to that employed by Calcote2 was adopted. 
A  series of tests for a given composition and a fixed electrode 
gap distance were run, alternately measuring the break­
down voltage and the minimum capacitance required for 
ignition.

In determining the minimum ignition energy of a mixture, 
the capacitance was first set to the minimum value. The 
potential was then slowly increased to the breakdown value. 
If ignition did not occur with the first discharge, after an 
interval of at least 10 seconds a second discharge was passed. 
If ignition had not occurred after the passage of at least 4 
discharges, the capacitance was increased and the process 
repeated.

The hydrogen and bromine used were the best grades 
commercially available.

Results
The averaged results of the experimental de­

termination of the spark ignition energies for 
gaseous hydrogen-bromine mixture are plotted in 
Fig. 1. The ignition energy descends from a value 
of 34 millijoules at 42% bromine in a parabola-like 
curve similar to those obtained for the spark igni­
tion of other combustible mixtures.1’2

Mole %  Brj.
Fig. 1.— Spark ignition energies for hydrogen-bromine 

mixtures.

Since it was not feasible to vary the spacing of 
the electrodes, the values of Fig. 1 do not represent 
minimum ignition energies in all cases, spacings 
greater than the quenching distances being neces­
sary to observe the true minima.1 However, data 
on the minimum tube diameters for flame propaga­
tion4 show that the quenching distance is larger

(4) T. D. Brotherton, V. D. Phillips and R. C. Anderson, 4th 
Symposium on Combustion, Williams and Wilkins Company, Mary­
land, 1963, p. 701.
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for a mixture containing 70% bromine than for one 
with 50% bromine. Thus, the effect of the gap 
spacing should be to make the value at 70% rela­
tively too high, and the curve of Fig. 1 does show 
clearly that the 70% mixture requires less energy 
for ignition than the 50%.

A distinct change in the behavior of the hydro­
gen-bromine system occurred just beyond 69% 
bromine. At a composition of 71% bromine, 
flame propagation was quite slow, but was approxi­
mately spherical. At a composition of 74% 
bromine, spherical propagation of the flame did not 
occur. Instead, flat, ribbon-like tendrils of flame 
moved about at random for as long as two seconds 
after a discharge of sufficient energy had occurred. 
Similar results were obtained with mixtures of 
76, 78 and 80% bromine. The averaged minimum 
energy for these 4 mixtures can be joined by a 
smooth curve; but since a phenomenon different 
from that encountered with leaner mixtures is 
clearly involved, no attempt is made to link them 
with the ordinary ignition values.

Discussion
Kokochashvil:5 found that the minimum pressure 

for self-ignition for hydrogen-bromine mixtures at 
temperatures of 470, 523 and 571° occurred at a 
composition of 67% bromine. The experimental 
ignition energies reached an apparent minimum 
at 68 or 69% bromine, a value in general agreement 
with the results on minimum pressures.

Values calculated using the equation of Lewis 
and von Elbe3 and the data on burning velocities6 
and limiting tube diameters4 previously reported 
did not show good agreement with experimental 
values.7 For 40% bromine, the calculated value 
was 298 millijoules, giving a ratio of Hca\c/Hexp = 
7.4. For 48% bromine, the calculated value was 
160 millijoules, giving a ratio of Hcaic/Hexv =  22, 
even though the gap spacing was such that this 
experimental value should be very close to the 
true minimum spark ignition energy. However, 
it may be noted that similar variations have been 
observed with other systems—e.g., propane and 
air1—which have low heat release and low burning 
velocities.

There are, however, strong indications that the 
ignition process involves a thermal mechanism. 
In a diffusion-controlled mechanism of ignition, the 
limiting factor would be the ratio of the rate of 
production of atoms to the rate of diffusion of these 
atoms. Minimum requirements for ignition might 
then be expected to be found for compositions in 
the range of 50% bromine, or less, because these are 
the ranges in which atomic concentrations for 
bromine and hydrogen respectively reach maxima 
and which could give most effective ignition. For 
a thermal mechanism of ignition, the rate of 
generation of heat by reaction would have to be 
counterbalanced against losses by heat flow. 
The first should be at a maximum for equimolar

(5) V. I. Kokochasuvili, J. Phys. Chern. ( U.S.S.R.), 23, 15, 21 
(1949); ibid., 24, 268 (1950).

(6) S. D. Cooley and R. C. Anderson, J, Am. Chem. Soc., 74, 739 
(1952).

(7) Details of these calculations are reported in Report No. 335, 
T. D. Brotherton and R. O. Anderson, 25 August, 1953, University of 
Texas, Austin, Defense Research Laboratory.

mixtures, but the second should decrease in excess 
bromine; so optimum conditions for ignition could 
conceivably occur in mixtures with excess bromine.

The authors wish to express their appreciation 
for the support of this work by the Defense Re­
search Laboratory, operating under contract NOrd- 
9195 with the Bureau of Ordnance, US Navy 
Department.

TEMPERATURE COEFFICIENTS OF VIS­
COSITY OF SOME HALOGEN SUBSTITUTED 

ORGANIC COMPOUNDS
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Any attempt to correlate the viscous properties 
of liquids with liquid structure necessitates the use 
of accurate viscosity measurements made on puri­
fied compounds over a wide temperature range. 
Present day literature data on viscosity-tempera­
ture relationships is not very extensive. In an 
effort to contribute to such data, the viscosities of 
the following organic liquids were determined over 
a wide temperature range: dibromomethane,
dichloromethane, diiodomethane; o-dichloroben- 
zene, m-dichlorobenzene, p-dichlorobenzene; 1,2,3- 
trichlorobenzene, 1,3,5-trichlorobenzene, 1,2,4- 
trichlorobenzene; p-chlorophenol, o-chlorophenol.

Measurements for 0-, m- and p-dichlorobenzenes 
were made using a Hoeppler precision viscometer. 
The temperature in the Hoeppler was maintained 
within 0.2°. Measurements of absolute viscosities 
with this instrument are reliable to 0.2%. The 
Cannon-Fenske modification of the Ostwald type 
viscometer was used for the remaining viscosity 
measurements. All measurements were made in a 
thermostatically regulated bath of water-glycerol 
mixture. It was always possible to maintain 
the bath to within 0.05° of the given temperature. 
Readings were taken on a 0-100° stem corrected 
thermometer, graduated in tenths of a degree.

T a b l e  I

D e n s it ie s  a n d  V isc o sitie s  a s  a  F u n c t io n  of  
T e m p e r a t u r e

Compound
Temp.,

°C. Density

Viscosity,
centi-
poises

Dibromomethane 0 2.54852° 1.3405
15 2.50986“ 1.0672
25 2.4815
30 2.4693 0 .9413
40 2.4426 0 .8566
50 0 .7870
60 2.3907 0 .7225
70 0 .6749
80 2.3430 0 .6265

Dichloromethane - 3 . 4 0 .5436
0 1.36174“ 0 .5424

15 1.33479“ 0 .4625
20 1.3255“
25 1.3160
30 1.3071 0 .4088
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T a b l e  I

Compound
D i i o d o m e t h a n e

o - D i o h l o r o b e n z e n e

m- D i  c h l o r o b e n z e n e

1055

(■Continued)

Temp.,
°C. Density

Viscosity,centi-
poises

12.2 3.3394“
15 3.3326“
20 3.3212“
25 3.3073
30 3.2939 2.4138
40 3.2691 2.1115
50 1.8483
60 3.2169 1.6550
70 1.4471
80 3.1744 1.3221

100 3.1168 1.1451
120 3.0708 0.9875
150 0.8174

- 8 2.3051
3 1.8494

10 1.6239
20 1.3056
21 1 1.3947
25 1.2998
31 9 1.2018
35 1.2883
41.6 1.0616
45 1.2770
50.4 0.9627
55 1.2657
58 0.8819
65 1.2549
68.8 0.7956
75 1.2437
78.9 0.7186
85 1.2325
88.4 0.6664
95 1.2224
99.6 0.5804

110 1.2035
120 1.1910
121 0.5011OCO 1.1793 0.4800
140 1.1673

- 8 1.7493
3 1.3980

10 1.2750
20 1.2884
23.3 1.0450
25 1.2819
32.8 0.9551
35 1.2705
40.4 0.8807
45 1.2585
50.0 0 . 7 9 4 8
5 5 1 . 2 4 6 8
5 8 . 2 0 . 7 3 5 9
6 5 1 . 2 3 4 9
6 9 . 1 0 . 6 5 9 4
7 5 1 . 2 2 3 4
7 8 . 8 0 . 6 0 5 6
8 5 1 . 2 1 2 7
8 8 . 3 0 . 5 6 8 3
9 5 1 . 1 9 9 0
9 9 . 9 0 . 5 3 1 0

1 1 0
1 1 5 . 8

1 . 1 8 0 3
0 . 4 8 1 5

p - D i c h l o r o b e n z e n e

p - C h l o r o p h e n o l

o - C h l o r o p h e n o l

1 , 2 , 3 - T r i c h l o r o b e u z e n e

1 , 3 , 5 - T r i c h l o r o b e n z e n e

1 , 2 , 4 - T r i c h l o r o b e n z e n e

120 1 .1 6 8 7
130 1 .1 5 5 2 0 .4 3 5 0
140 1 .1 4 3 9

55 1 .2 4 9 5
5 5 .4 0 .8 3 9 4
65 1 .2 4 0 0
6 9 .3 0 .7 2 0 2
75 1 .2 3 4 3
7 9 .4 0 .6 6 7 8
85 1 .2 1 4 5
89 0 .6 2 3 3
95 1 .2 0 1 9
9 9 .4 0 .5 6 2 9

110 1 .1 8 1 4
1 1 6 .4 0 .5 0 9 3
120 1 .1 6 9 2
130 1 .1 5 7 2 0 .4 5 1 0
140 1 .1 4 4 8

4 4 .6 1 .2 5 7 1 6 .5 0
5 0 .4 1 .2 5 0 6 5 .0 6
6 0 .4 1 .2 4 0 6 3 .6 5
7 0 .2 1 .2 3 0 3 2 .7 7
8 0 .3 1 .2 1 9 8 2 .1 8
9 0 .2 1 .2 0 9 7 1 .7 7
9 9 .2 1 .2 0 0 4 1 .5 0

0 1 .2 7 1 6 1 2 .1
4 .8 1 .2 6 4 7 9 .2 1

1 0 .0 1 .2 5 9 4 7 .0 9
2 0 .0 1 .2 4 7 5 4 .6 0
3 0 .0 1 .2 3 5 5 3 .2 6
4 0 .0 1 .2 2 3 3 2 .4 5
5 0 .0 1 .2 1 1 3 1 .9 1
6 0 .0 1 .1 9 9 6 1 .5 6
7 0 .0 1 .1 8 7 7 1 .2 9
8 0 .0 1 .1 7 5 9 1 .1 1
9 0 .0 1 .1 6 4 0 0 .9 5

4 0 .0 1 .4 5 3 3 1 9 .9
5 0 .0 1 .4 4 0 7 1 6 .8
6 0 .0 1 .4 2 8 4 1 4 .4
7 0 .0 1 .4 1 5 8 1 2 .7
8 0 .0 1 .4 0 3 0 1 1 .1
9 0 .0 1 .3 9 1 2 9 .8 5
9 8 .0 1 .3 8 1 2 9 .0 6

6 4 .0 1 .3 8 6 5 8 .9 3
7 0 .0 1 .3 7 8 0 8 .4 1

8 0 .0 1 .3 6 4 4 7 .5 7
9 0 .0 1 .3 5 4 2 6 .9 4
9 9 .0 1 .3 4 3 0 0 .4 2

0 1 .4 8 2 7 3 2 .9
1 0 .0 1 .4 6 9 8 2 5 .7
20.0 1 .4 5 6 9 2 0 .8
3 0 .0 1 . 4441 1 7 .2

4 0 .0 1 .4 3 1 3 1 4 .7
5 0 .0 1 .4 1 8 6 1 2 .8
6 0 .0 1 .4 0 5 7 11.2
7 0 .0 1 .3931 9 .8 9
8 0 .0 1 .3 8 0 2 8 .8 7

9 0 .0 1 .3 6 7 5 8 .0 3
9 8 .0 1 .3 5 7 5 7 .4 4

0 V a l u e s  t a k e n  f r o m  “ Physico-Chemical Constants of Pure 
Organic Compounds,”  b y  J .  T i m m e r m a n s ,  E l s e v i e r  P u b .  
C o . ,  H o u s t o n ,  T e x a s ,  1 9 5 0 .
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T a b l e  I I

E n e r g ie s  of  A c t iv a t io n  fo r  V isc o u s  F l o w

Compound
Ev is»

cal./mole

Temp.
range,

°C.

Dibromomethane 1798.6
Dichloromethane 1489.5
Diiodomethane 2550 .6
o-Dichlorobenzene 2373
m-Dichlorobenzene 2087
p-Dichlorobenzene 2317

Mean Evia, cal./mole

1,2,3-Trichlorobenzene 3130 0-98
1,2,5-Trichlorobenzene 2290 64-99
1,2,4-Trichlorobenzene 2860 40-98
p-Chlorophenol 3150 45-99
o-Chlorophenol 2380 0-90

readings, differing by not more than 0.05% of the 
mean value, were obtained.

The density of each liquid was determined at 
selected temperatures by gravimetric procedure. 
Weighings were made on an analytical balance 
whose absolute error is less than 0.2 mg.

In Table I, the densities and viscosities of the 
compounds studied are given as a function of 
temperature. When the logarithm of the viscosity 
is plotted as a function of 1 /T X  103, dibromo- 
methane, dichloromethane, diiodomethane, o-di- 
chlorobenzene, m-dichlorobenzene and p-di chloro­
benzene yield linear graphs, and hence show normal 
behavior for unassociated liquids. The values of 
the slopes, E ,¡,, are given in Table II. The tri- 
substituted benzenes and the chlorophenols show 
definite deviation from linearity, indicating some

Compound

Dibromomethane
Dichloromethane
Diiodomethane
o-Dichlorobenzene
m-Dichlorot enzene“
p-Dichlorobenzene
1.2.3- Trichlorobenzene
1,3,5-Trichlrobenzene
1.2.4- Trichlorobenzene 
o-Chlorophenol 
p-Chlorophenol

T a b l e  I I I

S o u r c e  a n d  P u r it y  of  C o m p o u n d s

B.p., °C. B.p., "C ,
Source Purity determined from lit.

Eastman #1903 9 8 %  (min.)
Eastman #342 9 8 %  (min.)
Eastman #167 9 8 %  (min.)
Dow Chemical 9 9 .2 8 %

1 72 .5 -1 7 3 .0 173
Dow Chemical 9 9 .5 6 %

2 1 5 .5 -2 1 6 .5 218-219
2 0 5 .5 -2 0 6 .5 2 0 8 .5 ,2 0 7 .5 , 206
210-211 213, 212-213, 210
1 74 .5 -1 7 5 .0 175-176,174-175
217-218 2 1 9 .7 ,2 1 8 .3 -2 1 8

218.

“ Prepared from pure m-chloroaniline by diazotization, followed by Sandmeyer reaction. Purified by washing with con­
centrated sulfuric acid, then with water; dried over calcium chloride and distilled.

The efflux times were recorded with an accuracy 
of 0.1 second. With proper care, the error in 
loading was reduced to less than 0.001%. Suc­
cessive runs were made until three consecutive

association. Mean activation energies of flow 
were calculated for these compounds, as shown in 
Table II. Table III indicates the source and 
purity of the substances used.
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