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T R A C E R  E L E C T R O P H O R E S I S .  I .  E R E E  L I Q U I D  M E T H O D 1

B y  H o r st  W. H o y e r ,2 K a r o l  J. M y s e l s  a n d  D. St ig t e r

Department of Chemistry, University o f Southern California, Los Angeles, Calif.
Received February 12, 1953

A precise and relatively simple method of using tracers in the determination of electrophoretic mobilities is described. 
It is free of boundary anomalies, and needs no special electrodes. It uses only open tubes and is thus free of surface effects. 
Under certain conditions it permits the determination of mobility of a component which is in dynamic equilibrium with 
others. The method is based on the analytical determination of the volume swept by a boundary between two otherwise 
identical solutions, one tagged, the other tracerless. The stability of the boundary in a narrow horizontal tube is satisfactory 
even at room temperature. The method has been adapted especially to the measurement of mobility of micelles of associa
tion collcids tagged with water-insoluble dyes. Systematic errors are avoided, the accuracy of the method is of the order of
0.3% and is limited by the analytical error.

The need for perfect electrodes in the Hittorf 
method, and the occurrence of boundary anomalies 
and the presence of foreign leading ions in moving 
boundary methods, are among difficulties en
countered in conventional determinations of elec
trophoretic mobility. Tracer methods may obviate 
these difficulties, but introduce so many others 
that only one precision tracer method, that of 
Brady,8 seems to have been described. This 
method uses a fritted glass disc which may intro
duce systematic errors due to surface effects.

AVe have developed a different method which 
uses only open tubes and hence is not subject to 
this objection. It uses much higher relative 
changes in the measured concentrations and 
hence gives a higher precision for the same ana
lytical error. For purposes of intercomparison 
we have also used a modified Brady method which 
will be described later. The two methods agree 
within their precision (Fig. 4) but the open tube 
method appears both more accurate and more 
precise.

The absence of a stabilizing density difference 
across :he boundary between tagged and tracerless 
solution is always a source of complication in 
tracer electrophoresis. Electrosmotic flow, which 
is unavoidable, rapidly renders parabolic an

(1) Most of this material as well as its early development is reported 
in the Ph.D. thesis of Horst W. Hoyer, University of Southern Cali
fornia, 1951, and was presented at the X llth  International Congress of 
Pure and Applied Chemistry, New York, September 13, 1951.

(2) Bristol-Myers Company Fellow, 1949-1951.
(3) A. P. Brady, J. Am. Chem. Soc., 70, 911 (1948).

originally straight boundary.4 Diffusion destroys 
original sharpness, and unless one works at the 
temperature of maximum density, thermal con
vection currents introduce distortions. Thus a 
well defined plane boundary cannot be maintained 
in tracer electrophoresis. This prevents the use of 
moving boundary methods but not of analytical 
methods. In the latter, one needs to define only 
a surface being crossed by the analytically de
termined specie. This surface is formed by the 
electrode in the Hittorf method, by a porous mem
brane in Brady’s method, and by the plane of a 
stopcock (2, Fig. 1) of a horizontal capillary in our 
work.

In the study of micelles of detergents tagged5 
with water-insoluble dyes, we encountered addi
tional difficulties due to the interaction of solution 
with lubricants. On the other hand, the develop-

(4) H. W. Hoyer and K. J. Mysels, T h is  J o u r n a l , 54, 966 (1950).
(5) The term “ tagged,” “ labeled” or “ tracer” particles should be 

applied to any particle which is substantially identical with other 
particles in the process studied yet can be distinguished by an appropri
ate analytical method. Isotopic atoms are commonly used as tracers 
because in most processes different atomic weights cause only minute 
differences, yet the analytical determination is easy. However, other 
labeling methods are possible and may have advantages. Thus isotopic 
tracers are useless if it is desired to label the micelle of an association 
colloid which is in dynamic equilibrium with other species present. 
We are using* for this purpose dyes of small molecular weight which are 
insoluble in water but combine with the micelles (probably by dissolv
ing in their hydrocarbon center). The dye is thus attached to a micelle 
probably without significantly affecting its properties6 and can be 
detected readily colorimetrically. Hence it acts as an excellent tracer 
or tag permitting the determination of the properties of the micelle 
alone.

385
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Fig. 1.— The free liquid tracer electrophoresis cell: dots indicate the portion occupied by the tracer solution at the be
ginning of a run and crosshatches that occupied by concentrated sodium chloride; the clear portion contains the untagged 
solution.

ment of this and of a related diffusion method15 
was greatly facilitated by the direct visibility of the 
tracer, although both methods are fully applicable 
to radioactive and other tracers.

Experimental
Cell and Procedure.— The cell used is shown schemati

cally in Fig. 1. Its heart is the central horizontal capillary 
tube limited by three-way stopcocks 1 and 2. This is 
filled with the tracer solution while the adjoining tubes on 
both sides arc filled with untagged solution. Concentrated 
sodium chloride solution extends to the silver-silver chloride 
electrodes, each having an area of 400 cm .2, which complete 
the circuit.

The electrode vessels are filled with salt solution through 
the funnels. The central tube is filled quantitatively with 
tracer solution via the downward tubes of stopcocks 1 or 2 
by suction applied to stopcock 5. Then the arching tubes 
are filled with untagged solution in a similar way and sharp 
liquid junctions are formed at the levels of the stopcocks 4. 
Finally all downward outlets arc immersed in mercury cups, 
and after balancing pressures, the corresponding stopcocks 
are closed while stopcocks 5 are opened. The apparatus is 
brought to temperature equilibrium in an air thermostat. 
This takes about 1.5 hours and is checked by observing t.he 
level of liquid above one of the stopcocks 5 with a cathe- 
tometer. Then stopcock 5 near the cathode is closed, the 
three-way stopcocks 1 and 2 opened, and the current 
switched on.

A  run lasts between 2 and 4 hours. The current flowing 
through the cell is measured at frequent intervals. The 
absence of leaks, temperature fluctuation or gassing is as
certained by observation of the liquid level.

Upon completion of a run, the solution is removed from 
the three-way stopcocks and adjacent tubes on both sides, 
then the contents of the horizontal capillary are collected 
quantitatively with washings of untagged solution, weighed 
and their optical density determined. An alternate pro
cedure, particularly useful at low tracer concentrations is 
to disconnect the central part of the cell, carefully clean and 
dry the stopcock bores and side tubes, then homogenize the 
contents of the horizontal tube by tilting, and determine the 
optical density of a part of the homogenized solution with
out any dilution.

Lubricants.— Stopcock greases caused serious difficulties 
with our detergent solutions. None tried would consist
ently prevent leakage of detergent solution between open
ings ( i.e .,  around the barrel) of a stopcock which had to be 
turned several times. Elimination of pressure drop across 
the barrel by mercury cups, as suggested to us by D r. R .
J. Williams, finally overcame this difficulty. Two greases, 
Dow  Silicone vacuum grease and Peters-Van Slyke grease 
of the Fisher Scientific C o ., prevented leakage to the outside 
along the barrel and this only when the stopcocks were 
pressed in by pressure adapters. The silicon grease, how
ever, emulsified strongly in the solutions and gave a tur
bidity which was difficult to take into account in determining 
optical densities. The Van Slyke. grease did not emulsify

(6) K. J .  Mysels and D .  Stigter, T h i s  J o u r n a l , 57, 104 (1953).

but dissolved much larger amounts of the tracer dye from  
the tagged solution. To minimize this cause of error, the 
greased stopcocks were exposed overnight to the tagged 
solution before actual use. The grease is thus saturated 
with dye and the most easily accessible part of it washed 
away. The use of the Van Slyke grease about doubled the 
reproducibility of results and permitted the making of some 
six runs without dismantling and regreasing the cell.

Auxiliary Determinations.— A  Beckman spectropho
tometer served to determine the concentration of the tracer 
dye.

The current at 200-325 volts was supplied by a constant 
voltage source (Model 25, Lambda Electronics Corporation) 
and measured to 0 .1 %  by potentiomet.ric determination of 
the potential drop across a 300-3000-ohm  resistor in series 
with the cell.

The conductivity of the solutions was measured to 0 .1 %  
with a Jones-Dyke7 bridge with extrapolation to infinite 
frequency to compensate for polarization errors.

The volume between stopcocks 1 and 2 was determined 
with mercury and with tracer solution in blank runs. The 
two determinations agreed to 0 .5 %  and the more precise 
values obtained with mercury were used in the calculation.

Computation.— If the reference surface is indicated sche
matically by 2 in Fig. 2, the amount of tracer crossing this 
surface is equal to the decrease of the total amount of tracer 
in front of plane 2 during the experiment. If all the tracer 
is present originally between planes 1 and 2, determination 
of the amounts present between these planes before and after 
electrophoresis gives the desired quantity, provided that 
no tracer has crossed plane 1 and the tracer concentration 
just in front of plane 2 remains unchanged throughout the 
experiment. Experimentally, stopcocks 1 and 2 (Fig. 1) 
serve to define the corresponding planes.

The quantities measured are 
v, vol. of the tube between stopcocks (cc.) 
i, av. current flowing through the cell (amp.)
Co, eonen. of tracer in original solution 
C, av. concn. of tracer between stopcocks at end of expt. 
t, time of duration of the expt. (sec.) 
k, conductivity of the soln. (m ho/cm .)

If m (cm .! /v .  sec.) is the electrophoretic mobility of the 
tagged species, s (cm ./sec.) its actual velocity, Av (cm .3) 
the volume of solution swept by the particles crossing the 
plane of the stopcock, I'] (v ./c m .)  the potential drop and 
A' (cm .2) the cross-section of the tube, one obtains

_  s _  _  n A v /X l _  kAv _  k (Co — C)v
M E  i / X  i / X  it it Co

This computation depends on the equality of k  for both 
solutions. W e have always found these to agree within the 
error of measurement.

Joule Heating.— The passage of electric current causes 
the temperature of the solution to rise above that of the air 
thermostat, until the rate of heat dissipation is equal to that 
of heat production. The heating occurs mainly in the nar
row tubes of the apparatus where about 8 0 %  of the resist
ance is located and the dissipating surface is least. Hence

(7) P. H. Dyke, Rev. Sci. Jnslr., 2, 379 (1931).
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the change in resistance of the cell with time gives a good 
basis for calculating the temperature rise in the capillary. 
As expected, the steady state of current and hence tempera
ture are approached exponentially and reached within 10%  
in 15 minutes. The steady state temperature rise is pro
portional to the power dissipated per unit length of t he capil
lary and amounts to about 1° per 5 milliwatts/cm.

Under steady state conditions the bulk of the tempera
ture gradient occurs at the glass-air interface and most of 
the rest in the glass. This may be seen from the following 
estimates, assuming the liquid to be completely stationary 
so that all heat transport is by conduction. The maximum 
temperature difference within the liquid is given by

W
iirK w

and that between the two glass surfaces by

Tu
W  r o

2ttA'bi n

where W  is the power (m w .) dissipated per cm. of tube 
length, K w and K ei the heat conductivities of solution and 
wall (0.0015 and 0.0018 c a l./c m ./°C ./s e c ., respectively), 
r0 and n  the inner and outer radii of the tube (0.14 and 0.40  
cm ., respectively). Therefore, the power input required 
to raise the temperature of the solution by 1° corresponds 
to a temperature difference of about 0 .06 ° within the liquid 
and of about 0 .1 ° between the two surfaces of the capillary 
so that the temperature difference between the air of the 
thermostat and the outside of the capillary is about 0 .87 °. 
Since convection currents in the liquid will reduce tempera
ture gracients, this calculation gives the maximum value 
for the temperature difference within the tube.

W e use an air thermostat8 whose temperature fluctuates 
by less than 0 .1 ° . The main reason for using an air thermo
stat is to avoid electrical leaks with our detergent solutions. 
It has also the advantages of convenience and cleanliness. 
Its disadvantage is the poor cooling of the capillary which 
limits the current intensities used. A  water thermostat 
would improve the cooling by a factor of 5 or 10 and might 
be preferable for the study of solutions more easily con
trolled by stopcocks. The cell of Fig. 1 could be used with
out changes.

E ffect of Tem perature R is e .— The temperature rise in
creases the mobility of the ions in the solution, but as a first 
approximation causes no error in the computation of the 
mobility. This is because the transport number of any 
specie is independent of temperature, to the extent that 
temperature affects equally the mobility of all ions. There
fore, using k measured at, say 2 5 °, one computes /x at 2 5 °, 
no matter what the actual temperature of the solution. 
However, since temperature may affect the structure of the 
micelle so that the assumption of equal effect on all ions 
might lead to erroneous results, we prefer to adjust the tem
perature of the thermostat so that, the steady state tempera
ture of the capillary is close to 2 5 °.

Current Inten sity.— High values of i  permit faster com
pletion of experiments, reduce dangers from density dif
ferences of solution, require higher voltages and cause 
greater heating. The last effect increases with the square 
of i  and generally is the limiting factor if it is desired to keep 
the temperature rise of the solution within 1 or 2 ° . In 
solutions of low conductivity, the available potential is the 
limiting factor, but these experiments are of short duration 
anyhow.

Temperature rises up to 3 ° do not seem to have any effect 
on the functioning of the cell, as may be seen from data of 
Table I in which the only variable is the current intensity. 
A v/ v  is close to 0 .6  and the temperature of the air thermo
stat 2 5 °.

T a b l e  I

0 .7 5 %  S o d iu m  L a u r y l  S u l f a t e  in  0.05 M  S o d iu m  
C h l o r id e  (O r a n g e  O T  T r a c e r )

w , Temp.
mw./cm. rise, °C. IX X 10 »

5.7 1 .25 3 .55f,
9 .0 1.75 3 . 5 1 d

17. 3. 1 3.57

(8) To be described shortly by K. J. Mysels.

1 2

b

C ! p

d  ! p

Fig. 2.— Schematic shape of the boundary under various 
conditions: shaded part is the tracer solution. The volume
between 1 and 2 is originally occupied by the tracer solution. 
a indicates the proportion of that volume actually swept by 
the tracerless solution and jS indicates the proportion com
puted: a, no convection or diffusion; b, effect of diffusion
and convection; c, too large transport; d, density difference; 
e, high electrosmotic velocity; f, same with tracer solution 
beyond 2.

S ize and Shape of H orizontal T u b e.— For our colorimetric 
method of measuring tracer concentrations, about. 3 ml. 
seems to be the minimum volume of the capillary. Smaller 
volumes would be preferable since small diameters reduce 
heating but. require more sensitive analytical methods. 
W e have generally used tubes 3.0 mm. i.d . and 43 cm. length 
for the more conducting solutions and 3.5 m m . i.d . and 28 
cm. length for the more dilute ones, but have noticed no dif
ference in results when these were interchanged.

Volum e Transported.— As the volume A v ,  swept by the 
unt.agged particles passing the first stopcock increases, the 
change in concentration between stopcocks (Co — C)/C0 
increases and the analytical error decreases in importance. 
When A v  becomes large, some of the untagged particles 
pass the second stopcock, escape detection, as shown in 
Fig. 2c, and thus give an erroneously low value of ¡x. The 
point, at. which this becomes significant depends on the shape 
of the boundary and determines the highest permissible 
value of Av.

If the electrosmotic velocity at the wall were equal to — /x 
and other influences were neglected, the boundary would re
main sharp and assume the shape of a paraboloid of revolu
tion whose base remains at the first stopcock and whose 
tip reaches the second when A v  =  0.5w, as shown in Fig. 2a. 
If this value of A v  is exceeded, the computed value of n  de
creases rapidly, as shown by curve A  in Fig. 3. If the elec
trosmotic velocity is lower, the paraboloid becomes less 
elongated and A v  has a higher limit.

Two factors favor a higher limit of A v .  One is diffusion, 
which tends to blur the boundary uniformly; and the other 
is thermal convection due to the lower temperatures on the 
periphery of the tube, which causes a symmetrical up and 
down motion in a plane perpendicular to the axis of the tube. 
Both tend to shift the rapidly moving particles at the tip of 
the paraboloid into slower streamlines and the stationary 
ones at its base into faster streamlines. This shortens the 
paraboloid, as shown in Fig. 2b, and permits higher Av  
values. In the limiting case, where electrosmotic velocity 
is zero, diffusion and thermal convection have little effect,
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Fig. 3 .— Effect of volume transported on the computed 
mobility. 0 .7 5 %  sodium lauryl sulfate, Orange OT tracer: 
curve A corresponds to Fig. 2a and c; curve B  to Fig. 2b 
idealized.

and Ar up to v would be permissible. Line B in Fig. 3 shows 
for this case the change in p as Aw exceeds v.

Any difference in the density between the two solutions 
will cause an unsymmetrical distortion of the boundary, as 
shown in Fig. 2d, and thus reduce the permissible value of 
Av. Diffusion and convection tend, of course, to counteract 
such layering of the solutions, and with our colored tracers it 
is easy to see when it occurs. Care in preparing the solu
tions obviates any difficulty from this source.

Experimentally, the boundary observed in our cell was 
generally diffuse, covering a range of some 10 cm ., i.e ., 
about one-quarter of the tube, and was slightly skewed by 
density gradients. Figure 3 shows results obtained under 
otherwise constant conditions for different Av values. It 
shows that only above Av/v =  0.7 is there any perceptible 
systematic error.

In principle an electrosmotic velocity larger than — n 
would lead to the movement of some tracer to the left of the 
original boundary, as shown in Fig. 2e and 2f. In practice,9 
however, this will not occur because of the effectiveness of 
diffusion and convection in shortening the paraboloid except 
under exceptional conditions of wide tube, very slowly dif
fusing particles and low conductivity of the solution.

Results.—From a qualitative point of view it may
be mentioned that we never observed two separate 
boundaries. It is therefore apparent that if there 
are two or more species of solubilizing micelles they 
are either very similar or interconvert rapidly com
pared to our measurements.

Figure 4 shows micellar mobilities of potassium 
laurate obtained by the present method at an 
early date when leakage, large heating effects and 
turbidity caused by silicone grease prevented 
highest accuracy. The data nevertheless have an 
average deviation of only 1% from the line and 
agree with those obtained by the modified1 Brady 
diaphragm method within the uncertainty of the 
latter. Figure 3 shows the micellar mobility of 
sodium lauryl sulfate obtained at a later date 
after the above difficulties have been overcome.

(9) Should such a case be encountered, the liquid in front of the first 
stopcock would be analyzed for tracer. If the solution beyond the 
second stopcock is originally tracerless (Fig. 2e), twice the amount 
found would be added to that remaining between the stopcocks; 
if the solution beyond the second stopcock is originally also tagged 
(Fig. 2f) only once this amount would be added.

C, g ./100  cc.
Fig. 4 .— Electrophoretic mobility of micelles of potassium 

laurate containing 4 mole %  of potassium hydroxide, Sudan 
IV  tracer: O , open tube; A, diaphragm.

Points below Av/v =  0.7 give six values of ¡x X 
104 cm.2/v . sec. between 4.38 and 4.40, av. dev. 
0.15%, and one stray value at 4.32 whose inclu
sion raises the av. dev. to 0.35%, which is well 
within the precision (0.15%) of the colorimetric 
determination. In recent routine applications of 
the method less than 10% of the runs had to be 
discarded because of experimental difficulties.

Interpretation of these results is not simple be
cause of the inadequacy of present theories and 
lack of additional data on these micelles. There is 
no good way of accounting for the mobility of a 
micelle in the presence of other micelles. Extrap
olation to the critical micelle concentration gives 
the mobility of a micelle in the presence of only a 
low concentration of simple ions. This is within 
the realm of Booth’s theory10 if the radius of the 
micelle is known. Assuming a radius equal to the 
length of the laurate anion, i.e., 20.5 A., and extrap
olating the values of Fig. 4 to a mobility of 4.1 X 
10~4 at the C.M.C. gives11 a zeta potential of 90 
mv. This value is not very sensitive to variations 
in micellar size and hence should be close to reality. 
In contrast, charge calculations are very sensitive 
to the radius chosen and cannot be reliable. The 
zeta potential is high enough and ionic strength 
low enough to make important the relaxation 
effects taken into account by Booth. The poten
tial calculated by Henry’s12 procedure gives a 
value of only 75 mv. and by the simple Smolu- 
chowski equation 52 mv.
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(12) D. C. Henry, Proc. Roy. Soc. (London), A133, 10G (1931).
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MEASUREMENT OF HEAT OF DISSOCIATION OF FLUORINE BY THE
EFFUSION METHOD1

B y  H e n r y  W ise

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
Received August 24, 1958

The heat of dissociation of fluorine has been measured by means of the gas effusion method. These determinations were 
carried out in a nickel tube housing a thin-edged circular orifice made of the same material. The rate of gas effusion was 
determined over the temperature range from 500 to 800°K. at a total pressure of 4 X 10—1 mm. The results of these meas
urements yield for the reaction F.(g) = 2F(g) a value of A H % S =  37.G ±  0.8 kcal./mile.

Introduction
A  w id e  r a n g e  o f v a lu e s  h a s  b e e n  r e p o r t e d 2 f o r  th e  

e n e r g y  o f d is s o c ia t io n  o f t h e  f lu o r in e  m o le c u le . 
E s t im a t e s  o f  t h is  f u n d a m e n t a l  p h y s ic a l  p a r a m e t e r  
b a s e d  o n  t h e  c o n t in u o u s  a b s o r p t io n  s p e c t r u m  s h o w  
w id e  d is a g r e e m e n t  w i t h  th o s e  o b ta in e d  b y  t h e r m o 
c h e m ic a l c o n s id e ra t io n s  f o r  t h e  C 1 F  m o le c u le  a n d  
t h e  m e a s u re m e n t  o f t h e  e q u i l ib r iu m  p re s s u re  o f F 2 
a t  e le v a te d  t e m p e r a t u r e s .3

F o r  a d ir e c t  d e t e r m in a t io n  o f t h e  h e a t  o f d is s o c ia 
t io n  o f f lu o r in e  t h e  g a s  e ffu s io n  m e t h o d 4 is  p a r t ic u 
l a r ly  s u ita b le  s in c e  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 re  p e rf o r m e d  a t  lo w  p re s s u re s  (m o le c u la r -f lo w  re 
g io n )  a n d  th e re fo re  a  m e a s u ra b le  d e g re e  o f d is s o c ia 
t io n  is  a t t a in e d  a t  r e la t iv e ly  lo w  te m p e r a tu r e s . 
S u c h  a  m e t h o d  h a s  b e e n  e m p lo y e d  in  th e  d e t e r m i
n a t io n  o f t h e  t h e r m a l  d is s o c ia t io n  o f  io d in e  a n d  b r o 
m in e .6 T h e  e x p e r im e n t a l  m e a s u re m e n ts  t o  b e  
d e s c rib e d  w e re  c a rr ie d  o u t  in  a  n ic k e l  t u b e  h o u s in g  
a  t h in -e d g e d  c ir c u la r  o r if ic e  m a d e  o f th e  s a m e  m a 
t e r ia l  a n d  h e a te d  t o  t h e  d e s ire d  t e m p e r a t u r e  b y  
m e a n s  o f  a  fu rn a c e . T h e  r a t e  o f g a s  e ffu s io n  as a 
f u n c t io n  o f  o r if ic e  t e m p e r a t u r e  w a s  d e te r m in e d  
f r o m  t h e  r a t e  o f p re s s u re  c h a n g e  in  a  P y r e x  ve sse l 
c o n t a in in g  f lu o r in e  g a s  a t  r o o m  t e m p e r a t u r e  a n d  a 
p re s s u re  o f 10 -4 m m .  w h ic h  w a s  jo in e d  t o  t h e  n ic k e l 
t u b e  o n  t h e  u p s t r e a m  s id e  o f t h e  o rific e .

Theoretical Analysis
F o r  a  g a s  p a s s in g  t h r o u g h  a n  o r if ic e  w it h  t h i n  

e d g e s, t h e  d ia m e t e r  o f  w h ic h  is  s m a ll i n  c o m p a r i 
s o n  w i t h  th e  m e a n -f r e e  p a t h  o f  a m o le c u le , th e  r a t io  
o f m a s s  f lo w  ra te s  o f  a  p a r t ia l ly  d is s o c ia te d  d ia t o m ic  
ga s a t  t e m p e r a t u r e  T2 a n d  a n  u n  d is s o c ia te d  ga s a t  
t e m p e r a t u r e  I \  is  g iv e n  b y

&  '  U S  n/S «  +  “ • «* "> / !•  + « >  O )

w h e r e  s u b s c r ip ts  1 a n d  2 re fe r  t o  t h e  c o n d it io n s  p r e 
v a i l i n g  a t  t e m p e r a t u r e s  T\ a n d  T 2, r e s p e c t iv e ly .6 
I n  d e r i v i n g  e q u a t io n  1 t h e  a s s u m p t io n  is m a d e  
t h a t  th e  i n d i v i d u a l  c o m p o n e n ts  o f th e  g a se o u s  m ix 
t u r e  effuse in d e p e n d e n t ly  a n d  t h a t  th e  a t t a in m e n t  
o f  th e  e q u i l ib r iu m  c o m p o s it io n  in  th e  n o n -e ffu s e d

(1 ) T h is  p a p e r  p re se n ts  th e  re su lts  o f  o n e  p h a se  o f  re se a rch  c a rr ie d  
o u t  a t  th e  J e t  P r o p u ls io n  L a b o r a t o r y  u n d e r  U . S . A r m y  O rd n a n c e  
D e p a r t m e n t  C o n tr a c t  N o .  D A -0 4 -4 9 5 -O R D  18.

(2 ) L . H a a r  a n d  C h . W . B e c k e t t ,  N a t l .  B u r .  S ta n d . R e p o r t  N o .  
1 43 5  (F e b . 1, 1 9 5 2 ).

(3 ) R .  N . D o e sc h e r , J. Chem. Phys., 19, 1 0 7 0  (1 9 5 1 ) .
(4 ) M .  K n u d s e n , Ann. Physik, 29, 179 (1 9 0 9 ) ,  A .  C . E g e r t o n , Phil. 

Mag., 33, S3 (1 9 1 7 ), a n d  Proc. Roy. Soc. {London), 103A, 4 6 9  (1 9 2 3 ) .
(5 ) T h .  D e V r ie s  a n d  W . H . R o d e b u s h , J. Am. Chem. Soc., 49, 6 5 6  

(1 9 2 7 ) .

p o r t io n  o f th e  ga s is r a p id  r e la t iv e  t o  th e  ra te  o f ef
f u s io n .6

B y  r e a r r a n g e m e n t  o f  e q u a t io n  1 o n e  o b ta in s  
th e r e fo r e  f o r  th e  d e g re e  o f  d is s o c ia t io n

I n  t h e  p re s e n t  s t u d y ,  t h e  c o n d it io n s  p r e v a i l in g  
a t  2 9 8 ° K . a re  c h o s e n  as th e  re fe re n c e  s ta te  s in c e  
th e  d e g re e  o f d is s o c ia t io n  o f f lu o r in e  a t  t h a t  t e m 
p e r a t u r e  is n e g l ig ib ly  s m a ll .  A s  a n  in d e x  o f  th e  ra te  
o f m a s s  f lo w  o f ga s t h r o u g h  t h e  o rific e  t h e  r a t e  o f 
p re s s u re  c h a n g e  i n  a  s to ra g e  v e s s e l k e p t  a t  r o o m  
t e m p e r a t u r e  o n  th e  u p s t r e a m  s id e  o f th e  o r if ic e  is 
d e t e r m in e d  ( F i g .  1 ). S u c h  a n  a n a ly s is  is s t r i c t ly  
a p p lic a b le  o n ly  i f  th e  m e a n  fre e  p a t h  o f t h e  m o le 
c u le s  is less t h a n  o r  c o m p a r a b le  t o  t h e  d ia m e t e r  o f 
t h e  c o n n e c t in g  t u b e . T h e r e f o r e , t h e  ra te  o f m a s s  
e fflu x  m ( i n  g . s e c .- 1 ) is  p r o p o r t io n a l  t o  th e  ra te  o f 
p r e s s u re  c h a n g e  in  th e  s y s t e m  u p s t r e a m  o f th e  o r i 
fice. B a s e d  o n  e q u a t io n  2 t h e  d e g re e  o f d is s o c ia 
t io n  m a y  th e re fo re  b e  e x p re s se d  as

d In PA

( y k <llnP' / A i d," p' ) - a414 "
w h e r e  a =  cro ss  s e c t io n a l a re a  o f o r if ic e  ( c m . 2) ,  
m =  m a s s  f lo w  ra te  (g . s e c .- 1 ) ,  P  =  p re s s u re  o f gas 
o n  u p s t r e a m  s id e  o f o r if ic e  (d y n e s  c m . -2 ) .  S in c e  
t h e  ra te  o f  c h a n g e  o f p re s s u re  re p re s e n ts  t h e  d e 
p e n d e n t  e x p e r im e n ta l  v a r ia b le  as  r e q u ir e d  b y  e q u a 
t io n  3 , th e  s lo p e  o f th e  p r e s s u r e -t im e  c u r v e  w a s  
e v a lu a t e d  in  th e  p re s s u re  re g io n  f r o m  4 .5  X  1 0 -4 to
3 .5  X  1 0 -4 m m .  o v e r  th e  e n t ir e  t e m p e r a t u r e  re g io n  
s t u d ie d .7 I n  t h is  s m a ll  p re s s u re  i n t e r v a l  v e r y  
l i t t le  v a r ia t i o n  in  f lo w  ra te  w i t h  p re s s u re  w a s  o b 
s e r v e d , a n d  th e  a v e ra g e  p re s s u re  w a s  c h o s e n  f o r  th e  
c a lc u la t io n .

Experimental Measurements
1. Description of Apparatus.—A schematic drawing of 

the apparatus is shown in Fig. 1. A nickel cylinder B 
(3 cm. in diameter and 50 cm. in length) houses the sharp- 
edged circular orifice (0.0185 cm. in diameter). The entire 
unit is contained inside a cylindrical furnace whose tem
perature can be accurately controlled and maintained by 
means of an external variable resistance. A thermocouple 
junction (chromel-alumel) located on the outer wall of the

- (
U k d , " p -, v u

(6 )  F .  E . H a rr is  a n d  L . K .  N a sh , Anal. Chem., 22, 1552 (1 9 5 0 ) .
(7 )  T h is  s lo p e  w a s  c a lc u la t e d  fr o m  a  se r ie s  o f  c o n s e c u t iv e  p ressu re  

d e c r e m e n ts  o v e r  t im e  in te rv a ls  s u ffic ie n tly  s m a ll  s o  t h a t  t h e  m ass  
e ffu s e d  d u r in g  s u c h  a n  in te rv a l  r e p re se n te d  o n ly  a  s m a ll p o r t io n  o f  th e  
t o t a l  m ass  o f  g a s  p re s e n t  in  th e  s y s te m .
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nickel tube next to the orifice is used for temperature meas
urement. Fluorine gas enters the nickel system from the 
Pyrcx vessel A (about 1000-ml. capacity), which is main
tained at 298°K. by surrounding it with a thermostated 
oil-bath. The glass vessel is also provided with a Pirani 
gage, the output of which is transmitted to a recording 
Speedomax.8 By this means, the rate of effusion of gas 
through the orifice at elevated temperatures can be deter
mined from the variation of pressure with time in vessel A 
kept at 298°K.

Fig. 1.—Apparatus for measurement of heat of dissociation 
of fluorine by the effusion method.

As shown in the diagram (Fig. 1), fluorine is supplied to 
vessel A from the Pyrex storage flask C in which the gas 
at a pressure of several hundred mm. is kept during the en
tire investigation. The purity of this material was found 
to be in excess of 98.7 weight per cent.9 In order to di
minish the contamination of F2 caused by interaction of the 
gas with the container on prolonged storage, vessel C is 
surrounded by a liquid N2 trap. Another such trap is 
placed between containers C and A in order to reduce fur
ther contamination of the gas during its passage from one 
vessel to the other.

A fluorinated hydrocarbon11 “ Halocarbon Stopcock 
Grease”  is used on all stopcocks coming in contact with 
fluorine. This stopcock lubricant proved very satisfactory 
in high-vacuum work (10-6 mm.) after a short period of 
evacuation, during which the more volatile constituents of 
this product were removed. On the downstream side of the 
orifice, a mercury diffusion pump backed by a mechanical 
pump is located. A McLeod gage and another Pirani gage 
are also employed in the calibration of the apparatus.

2. Calibration of Apparatus.—Since the rate of effusion 
of gas through the orifice is determined by the rate of pres
sure change in vessel A, an accurate calibration of the 
Pirani gage to fluorine is required. A commercial type of 
Pirani gage,12 together with a conventional bridge circuit 
is employed for these measurements. In order to reduce 
the reaction rate between the fluorine gas and the filament 
of the Pirani gage, the heating current for the gage is re
duced from 100 milliamperes to 85 milliamperes. At this 
current setting, the Pirani circuit was found to yield rapid 
response and sensitivity over a pressure range from 10 -6 to 
10-3 mm. in a calibration of the instrument with nitrogen 
gas.

(8 )  A  s e lf -b a la n c in g  p o t e n t io m e t e r  m a n u fa c tu r e d  b y  L e e d s  a n d  
N o r t h r u p , I n c .,  P h ila d e lp h ia .

(9 )  T h e  a n a ly s is 10 s h o w e d  0 .8  w e ig h t  %  O 2, 0 .3 %  N 2, a n d  0 .1 %  
H F .

(1 0 )  R .  H . K im b a l l  a n d  L . E . T u ft s ,  U . S. A t o m ic  E n e r g y  C o m 
m iss ion  R e p o r t  M D D C  195.

(1 1 )  A  p r o d u c t  o f  H a lo c a r b o n  P r o d u c t s  C o r p , ,  N o r t h  B e rg e n , N . J .
(1 2 ) T y p e  R - l l l l ,  S y lv a n ia  P r o d u c t s ,  E m p o r iu m , P a .

Because of the reactivity of F2 with mercury, the McLeod 
gage cannot be utilized as a primary standard for the cali
bration of the Pirani gage to fluorine gas. Thus, it became 
necessary to evaluate the response of the Pirani circuit to 
F2 by a capillary flow method. The rate of gas flow through 
such a glass capillary into vessel A was measured for several 
inert, gases at a constant upstream pressure. Next, fluorine 
gas at the same upstream pressure was substituted for the 
reference gas and the rate of response of the Pirani due to 
accumulation of F2 in vessel A was determined. From these 
data the current output of the Pirani circuit, could be corre
lated with pressure of fluorine gas after the necessary correc
tions were made for variation in capillary flow with molecu
lar weight and viscosity,13 as given by the Poisseuille equa
tion. During the course of the investigation, numerous 
checks of the Pirani gage with an inert gas such as argon 
showed no variation in response of the instrument after pro
longed periods of contact with F2 at low pressures.

In addition, the orifice area and its temperature coeffi
cient were determined by passing a non-dissociating gas 
of known molecular weight through the apparatus. It is 
obvious that the orifice area a  may be evaluated from meas
urements of the effusion rate m of such an inert gas as given 
by equation 1. If the rate of change of gas pressure in ves
sel A is taken as an index of the rate of effusion through the 
orifice located in the reactor B (Fig. 1), the following equa
tion applies for an ideal gas in the non-isothermal case in 
which the temperature of the orifice T b is different from that 
of the storage vessel T a

( a )  (4)
\ K / tbY ta JrB \ JiJ  A /

where M\ — molecular weight of inert gas, R  =  gas 
constant (ergs mole-1 deg.-1), T  =  temperature (°K .), 
V  is the volume of the apparatus upstream of the orifice, 
P a  is the instantaneous pressure in A at T a  and P b  that 
near the orifice at temperature T b . Because of the phe
nomenon of thermal transpiration P b <  P a  since T b <  T a - 
This pressure gradient caused by thermal transpiration is 
difficult to evaluate from theoretical considerations. It 
therefore becomes more expedient to calibrate empirically 
an effective orifice area defined as

g l -  m . m
For the purpose of calibration argon was chosen since some 
of its physical properties13 closely resemble those of fluorine.

Analysis of Results
T h e  re s u lts  o f th e  e x p e r im e n t a l  m e a s u re m e n ts  

a re  s u m m a r iz e d  in  T a b l e  I .  F r o m  t h e  m e a s u re d  
ra te  o f p re s s u re  c h a n g e  in  v e sse l A  t h e  d e g re e  o f d is 
s o c ia t io n  o f f lu o r in e  a a t  a  g iv e n  t e m p e r a t u r e  is c a l
c u la te d  a c c o r d in g  t o  e q u a t io n  3 . I n  t h e  e v a lu a t io n  
o f t h e  e q u i l ib r iu m  c o n s ta n t  K p f o r  t h e  r e a c t io n  
y 2F 2(g )  =  F ( g )  ( T a b l e  I I )  as g iv e n  b y

Ä p
2 aP%'

(1 -  a2) ‘A (G)
a  c o r r e c t io n  m u s t  b e  a p p lie d  t o  th e  t o t a l  p re s s u re  
o f t h e  ga s P  m e a s u re d  in  ve sse l A  b e c a u s e  o f t h e r 
m a l  t r a n s p ir a t io n  b e tw e e n  t h e  o r if ic e  a n d  v e s s e l A  
( F i g .  1 ) .  T o  a  f irs t  a p p r o x im a t io n  t h e  p re s s u re  
r a t io  P b / P a  v a r ie s  as a / T b / T a - S in c e  t h e  e q u i l ib 
r i u m  c o n s ta n t  is  a f u n c t io n  o f P  t h e  e ffe c t o f 
t h is  c o r r e c t io n  t e r m  o n  K p w i l l  b e  p r o p o r t i o n a l  t o  
( T b / T a ) i/4. T h u s  th e  d e g re e  o f u n c e r t a i n t y  in  
t h e  f in a l re s u lts  d u e  to  t h is  a p p r o x im a t io n  w i l l  b e  
r e la t iv e ly  s m a ll.

G r a p h i c a l  a n a ly s is  o f th e  e x p e r im e n t a l  re s u lts  
in  a. p lo t  o f th e  lo g a r it h m  o f t h e  e q u i l i b r i u m  c o n 
s t a n t  versus t h e  re c ip r o c a l a b s o lu t e  t e m p e r a t u r e  
y ie ld s  th e  c u r v e  s h o w n  in  F i g .  2 . F r o m  t h e  s lo p e

(1 3 )  J . H . S im o n s , “ F lu o r in e  C h e m is t r y ,”  A c a d e m ic  P re ss , I n c . ,  
N e w  Y o r k ,  N .  Y . ,  1950 .
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o f t h is  c u r v e , as e v a lu a t e d  b y  th e  m e t h o d  o f  least- 
s q u a re s , t h e  a v e ra g e  h e a t  o f d is s o c ia t io n  o v e r  th e  
t e m p e r a t u r e  ra n g e  s tu d ie d  is  19.0 +  0 .4  k e a l. p e r  
h a lf  m o le  o f f lu o r in e . C o m b in e d  w i t h  th e  a v a i l 
a b le  e n t r o p y  d a t a 14 f o r  t h is  s y s t e m , AH°29s is  f o u n d  
t o  b e  3 7 .6  k c a l ./ m o le  w i t h  a  s t a n d a r d  d e v ia t io n  of 
0 .8  k c a l ./ m o le  f o r  th e  re a c t io n  F 2( g )  =  2F ( g ) .

T a b l e  I
E x p e r im e n t a l  R e su l ts  f o r  th e  D e g r e e  o f  D isso c ia tion  

o f  F j as  a  F u n ction  o f  T e m p e r a t u r e

T,
°K.

d log P/dt 
sec. _1 X 104

(a /F )cff., 
cm. 1 X 107 aa

298 1 1 .0 0  ±  0 .1 5 2 .1 4 6  ±  0 .0 0 5 0
350 10 .68 2 .2 5 8 0
422 10 .29 2 .3 8 9 0
4.77 1 0 .34 2 .4 9 9 0
513 9 .9 3 2 .5 8 0 0 .0 0 7
550 9 .8 4 2 .6 4 3 .023
565 9 .7 5 2 .6 7 3 .035
572 9 .7 0 2 .6 8 9 .034
604 9 .3 9 2 .7 5 0 .097
609 9 .4 1 2 .7 6 0 .091
619 9 .3 5 2 .7 8 0 .099
658 8 .7 1 2 .8 5 7 .247
677 7 .7 0 2 .8 9 6 .588
733 7 .5 1 3 .0 0 7 . 074
781 7 .3 5 3 .1 0 2 . 744
790 7 .3 5 3 .1 2 0 . 749

“ See equation 3.

T a b l e  II
E q u il ib r iu m  C o n st a n t  fo r  R e a c t io n  V sF sG?) =  F (g )

T,°K. a
pn

a t m . X  10*
A V

atm.1/ 2
298 0 5.27
513 0.007 6.89 1.16 X 10 u.
550 .023 7.13 3.88 X IO-«
565 .035 7.23 5.96 X IO-5
572 .034 7.28 5.90 X IO“3
604 .097 7.47 1.68 X 10-“
609 .091 7.51 1.58 X 10~4
619 .099 7.56 1.73 X 10-4
658 .247 7. SO 4.50 X 10-'
677 . 588 7.92 1.29 X 10“ 3
733 .674 8.23 1.66 X 10 3
781 .744 8.55 2.06 X 10 3
790 .749 8.60 2.10 X  10 3

" Corrected for thermal transpiration; P  — Pnn 
(77298)'/’ .

I t  is w o r t h w h i le  t o  n o te  t h a t  t h e  e x p e r im e n t a l  
e r r o r  o f th e  r e p o r t e d  m e a s u re m e n ts  is re d u c e d  b y  
th e  p r o c e d u r e  e m p lo y e d  in  th e  e v a lu a t io n  o f th e  
d e g re e  o f d is s o c ia t io n . In s t e a d  o f c a lc u la t in g  th e
a v e ra g e  m o le c u la r  w e ig h t  o f t h e  ga s m ix t u r e  f r o m  
th e  e ffu s io n  ra te , t h e  d e g re e  o f d is s o c ia t io n  o f th e  
f lu o r in e  m o le c u le s  is  f o u n d  f r o m  t h e  r e la t iv e  c h a n g e  
in  e ffu s io n  r a t e  as g iv e n  b y  e q u a t io n  3 . B y  th is  
m e t h o d  in h e r e n t  e x p e r im e n t a l  e rro rs  w i l l  t e n d  to  
ca n c e l e a c h  o th e r , t h e r e b y  in c r e a s in g  th e  a c c u r a c y  
w it h  w h ic h  a m a y  b e  c o m p u t e d  o v e r  a n d  a b o v e  th e  
p re c is io n  m e a s u re  w i t h  w h ic h  th e  in d i v i d u a l  p a r a m 
e te r  m a y  b e  m e a s u re d . T h u s ,  th e  o v e r -a l l  a c c u r a c y  
o f t h e  d a ta  is e s t im a te d  t o  b e  ± 2 . 5 % .

(14) L. C. Cole, M. Farber and G. Elverum, J. Chem. Phys., 2 0 ,  

f>8f> (1952).

( 1/T 1 x I0 3 ( - k h ) — —

Fig. 2.—Equilibrium constant for reaction VaF.fg) = F(g) 
as a function of temperature.

H o w e v e r ,  i t  is t o  b e  n o te d  t h a t  a t  t e m p e r a t u r e s  
a b o v e  7 0 0 ° K .,  t h e  e x p e r im e n t a l  re s u lts  d e v ia t e  in  
excess o f  th e  e x p e r im e n t a l  e r r o r  f r o m  th e  c u r v e  
s h o w n  in  F i g .  2 . A t  th e s e  e le v a te d  t e m p e r a t u r e s , 
t h e  m e a s u re d  ra te  o f e fflu x  o f  g a s  f r o m  th e  s to ra g e  
ve s s e l is a b n o r m a lly  h ig h  s u g g e s tin g  a  s m a lle r  d is 
s o c ia t io n  e n e r g y  t h a n  o b s e r v e d  a t  lo w e r  t e m p e r a 
tu r e s . A t  f irs t  t h is  d is c r e p a n c y  w a s  b e lie v e d  t o  be  
c a u s e d  b y  a n  in c re a s e  in  o rific e  a re a  d u e  t o  c o r r o 
s io n  o f th e  n ic k e l b y  f lu o r in e  a t  th e s e  e le v a te d  t e m 
p e ra tu re s . H o w e v e r ,  s u b s e q u e n t  c a l ib r a t io n  o f  th e  
o r if ic e  d ia m e t e r  w i t h  in e r t  gases in d ic a t e d  n o  c h a n g e  
in  th e  d im e n s io n s  o f t h e  o p e n in g . O n  t h e  o th e r  
h a n d , in  th is  t e m p e r a t u r e  ra n g e  in t e r a c t io n  b e 
tw e e n  th e  f lu o r in e  a n d  th e  w a lls  o f t h e  m e t a l  ve s s e l 
w a s  o b s e r v e d . T h u s  a  c o n t in u o u s  d e c re a s e  in  
p re s s u re  w a s  re c o r d e d  in  t h e  s y s t e m  w h e n  f lu o r in e  
w a s  a d m it t e d  to  t h e  n ic k e l  t u b e  w it h o u t  e ffu s io n  
t h r o u g h  th e  o rif ic e . O n  p r o lo n g e d  c o n t a c t  b e 
t w e e n  th e  ga s a n d  t h e  w a lls  o f t h e  ve s s e l, a n  e q u i l ib 
r i u m  c o n d it io n  c o u ld  n o t  b e  a t t a in e d  a t  th e s e  e le 
v a t e d  t e m p e r a t u r e s . T h i s  p h e n o m e n o n  w a s  a b 
s e n t a t  lo w e r  t e m p e r a t u r e s . I n  t h e  c o m p u t a t io n  
o f t h e  h e a t  o f d is s o c ia t io n  o f f lu o r in e  ( F i g .  2 )  th e  
e m p ir ic a l  d a t a  o b s e r v e d  a b o v e  7 0 0 ° K . h a v e  co n se 
q u e n t l y  n o t  b e e n  in c lu d e d .

T h e  re s u lts  o f th e s e  e x p e r im e n ts  t e n d  to  c o n f ir m  
t h e  d is s o c ia t io n  e n e r g y  c a lc u la te d  f r o m  t h e r m o 
c h e m ic a l d a t a 15 [ D 0( F 2)  =  4 0  k e a l. ]  w h ic h  a re  b a s e d  
o n  th e  h e a t  o f f o r m a t io n  o f C l f  o f 1 1 .6  k c a l./ m o le . 
I t  is a ls o  in  g o o d  a g re e m e n t  w i t h  t h e  re s u lts  
[Z>o(F 2) =  3 6 .5  ±  1 k c a l .J  r e p o r t e d  in  th e  d ire c t  
m e a s u r e m e n t  o f t h e  p re s s u re  v a r ia t i o n  w i t h  t e m 
p e r a t u r e .3

(15) A, E ueken and E. Wickn, Nalurwissenschaflen, 10, 233 (19.10).
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The dielectric constants of 26 alkylbenzenes have been determined at 20 and 30°, and their molar polarizations and dipole 
moments have been calculated. Comparison was made of the present results with previous values available in the literature 
for 14 of the compounds, and some discrepancies among the values are discussed. The atomic polarizations of alkylbenzenes 
were calculated as a function of the number of side chain carbon atoms. Dipole moments of these hydrocarbons, cal
culated from the Onsager equation, are discussed in relation to the moments found in the gaseous state. The quantities 
g'/2Ju, calculated from the Kirkwood equation, are given; these proved to agree more closely with the gas moments than 
do the moments calculated from the Onsager equation.

A l t h o u g h  m u c h  w o r k  h a s  b e e n  d o n e  u p o n  t h e  
p r e p a r a t io n  o f  h i g h l y  p u r if ie d  a lk y lb e n z e n e s  a n d  
u p o n  t h e  d e t e r m in a t io n  o f  s o m e  o f  t h e i r  p h y s ic a l  
p r o p e rt ie s  b y  N B S  a n d  A P I  P r o je c t  4 4 ,1 N A C A ,2 
a n d  o th e rs ,3 l i t t le  w o r k  a p p e a rs  t o  h a v e  b e e n  d o n e  
u p o n  t h e  d ie le c tr ic  c o n s ta n ts  o f  a lk y lb e n z e n e s . 
T i m m e r m a n s ,3 u s in g  ± 0 . 1  t o  ± 0 . 2 %  a c c u r a c y  
as a  c r i t e r io n , lis ts  t h e  d ie le c tr ic  c o n s ta n ts  o f  o n ly  
b e n z e n e , to lu e n e  a n d  p -x y le n e .

I t  is  a  p u r p o s e  o f  t h is  p a p e r  t o  r e p o r t  m e a s u re 
m e n ts  o f  ± 0.1  t o  ± 0 .2%  a c c u r a c y  o n  t h e  d ie le c tr ic  
c o n s ta n ts  o f  2 6  a lk y lb e n z e n e s . T h e s e  d a t a  w e r e  
e m p lo y e d  i n  t h e  c a lc u la t io n  o f  t h e  m o la r  p o la r iz a 
t io n s , a t o m ic  p o la r iz a t io n s  a n d  d ip o le  m o m e n t s 4-6 
r e s u lt in g  f r o m  t h e  a p p lic a t io n  o f  v a r io u s  th e o rie s  
o f  p o la r i z a t i o n .4'6 I t  a p p e a rs  t h a t  t h e  K i r k w o o d  
e q u a t io n 6 is  m o r e  s a t is f a c t o r y  t h a n  t h e  O n s a g e r  
e q u a t io n 4 e v e n  f o r  t h e  c a lc u la t io n  o f  t h e  d ip o le  
m o m e n t s  o f  s l ig h t ly  p o la r  c o m p o u n d s .

E x p e r im e n t a l
The hydrocarbons employed were prepared or purified at 

this Laboratory.2 Despite the fact that the hydrocarbons 
were stored in the dark in brown bottles with ground glass 
stoppers, some autoxidation had occurred. To remove 
these impurities the hydrocarbons were passed through 
silica gel columns until the dielectric constants remained 
constant. As a further check on the purity, the densities 
and refractive indices were then determined7 and it was found 
that the average differences between the NBS values1 or 
the NACA values2 previously reported and those found in 
this investigation were two units and one unit in the fourth 
decimal places for the densities and refractive indices, re
spectively. The benzene employed for standardization of 
the dielectric constant cell was distilled from a Podbielniak 
column having in excess of 150 theoretical plates and was 
dried over calcium hydride. The density and refractive 
index were 0.87904 and 1.5010 (NBS, d20, 0.87903; n20D

(1 ) N a t io n a l  B u re a u  o f  S ta n d a rd s , “ S e le c te d  V a lu e s  o f  P r o p e r t ie s  
o f  H y d r o c a r b o n s ,”  A m e r ic a n  P e tr o le u m  P r o je c t  44 , N B S  C ir cu la r  
C  4 6 1 , U n ite d  S ta te s  G o v e r n m e n t  P r in t in g  O ffice , W a s h in g to n , D .  C .,  
194 7 .

(2 )  (a )  L .  C . G ib b o n s ,  el aL, J. Am. Chem. Soc., 6 8 , 1 13 0  (1 9 4 6 ) ;  
( b )  J . V .  K a r a b in o s ,  K .  T .  S e r ija n  a n d  L . C .  G ib b o n s ,  ibid., 6 8 , 2 1 0 7  
(1 9 4 6 ) ;  ( c )  C .  M ,  B u e ss , J . V .  K a r a b in o s ,  P .  V . K u n z  a n d  L . C . 
G ib b o n s ,  N A C A  T e c h n ic a l  N o t e  N o .  102 1 , 1 9 4 6 ; (d )  J . V .  K a r a b in o s  
a n d  J . M .  L a m b e r t i ,  N A C A  T e c h n ic a l  N o t e ,  N o .  101 9 , 1 9 4 6 ; ( e )  T .  W .  
R e y n o ld s ,  et al., Ind. Eng. Chem., 4 0 , 1751 (1 9 4 8 ) ;  ( f )  K .  T .  S e r ija n , 
H . F .  H ip s h e r  a n d  L .  C .  G ib b o n s ,  J. Am. Chem. Soc., 71, 8 7 3
(1 9 4 9 )  .

(3 )  J . T im m e rm a n s , “ P h y s ic o -C h e m ic a l  C o n s ta n t s  o f  P u r e  O rg a n ic  
C o m p o u n d s ,”  E ls e v ie r  P u b lis h in g  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  
195 0 .

(4 )  L. O n sa g e r , J. Am. Chem. Soc., 58, 1 48 6  (1 9 3 6 ) .
(5 )  A .  P. A lts h u lle r , T h i s  J o u r n a l , 57, 5 3 8  (1 9 5 3 ) .
(6 )  J. G . K ir k w o o d ,  J. Chem. Phys., 7, 911  (1 9 3 9 ) .
(7 )  I .  A .  G o o d m a n  a n d  P . H . W ise , J. Am. Chem. Soc., 72, 3 07 6

( 1 9 5 0 )  .

1.5011). The dielectric constant values used for benzene 
were 2.284 at 20° and 2.265 at 30°.8

The dielectric constants were determined with a Sphering 
Bridge apparatus (General Radio 716-C). The oscillator 
employed was a Hewlett-Packard (M-200D) operated at 
1000 cycles/sec. The detector circuit consisted of a decade 
amplifier, 1000 cycles/sec. band pass filter and a vacuum 
tube voltmeter. A complete worm-gear correction was 
employed with the precision condenser. The accuracy of 
the data obtained is estimated to be 0.1 to 0.2%, while the 
reproducibility of results is better than 0.1%.

The dielectric constant cell9 consisted of four nickel cylin
ders connected in pairs and rigidly connected to an inner glass 
piece through which the leads passed to sealed-in metallic 
leads for external connection. The inner piece had a ground 
glass joint and fit into an outer test-tube. The air capacity 
was 50.75 micro-microfarads and the residue capacity was 
4.33 micro-microfarads.

Temperature control was maintained by pumping water 
from a large constant temperature bath through a stainless 
steel water jacket surrounding the glass cell. The tem
perature was regulated to within ±0 .1° of the desired tem
perature.

R e s u lt s  a n d  D is c u s s io n
The dielectric constant results of this investiga

tion are listed in columns 2 and 3 of Table I and 
the values listed in column 2 of Table I (e20°) are 
also given in Table II where they are compared with 
the most probable values given by Maryott and 
Smith in the N.B.S. compilation of the dielectric 
constants of liquids.10 All of the N.B.S. values not 
at 20° were extrapolated to 20° for comparison with 
the values obtained in the present investigation.

As can be seen from Tables I and II, only 15 out 
of the 27 hydrocarbons have been measured previ
ously. Values for seven of the hydrocarbons listed 
in column 2 of Table II represent the results of a 
single previous investigation or the results of quite 
old work. In some instances where differences ex
ist, which are larger than the experimental errors 
estimated, the hydrocarbons employed in very old 
measurements used in the N.B.S. compilation be
cause of a lack of more recent values, may not have 
been of the highest purity owing to the absence of 
present day purification methods.

By far the largest discrepancy in Table II is the 
difference between the value of 2.33 at 20° given for 
l-methyl-4-f-butylbenzene which comes from the

(8 ) (a) F . van  d e r  M a e s e n , Physica, 15, 481  ( 1 9 4 9 ) ;  (b ) A . S .
B ro w n , P. M . L e v in  a n d  E . W . A b ra h a m s o n , J. Chem. Phys., 19, 1 22 6
( 1 9 5 1 ) ;  (e )  W .  M .  H e s to n , J r .,  a n d  C . P .  S m y t h , J. Am. Chem. Soc., 
72, 9 9  (1 9 5 0 ) ;  (d )  L . M o u r a d o f f -F o u q u e t ,  Compt. rend., 226, 1 9 7 0  
( 1 9 4 8 ) ;  (e )  J . H a d a m a r d , ibid., 204, 1 23 4  (1 9 3 7 ) .

(9 )  P u rc h a se d  f r o m  J . C .  B a ls b a u g h , C a m b r id g e ,  M a s s a c h u s e t ts .
(1 0 ) A . A .  M a r y o t t  a n d  E .  R .  S m ith , “ T a b le  o f  D ie le c t r ic  C o n s ta n t s  

o f  P u re  L iq u id s ,”  N B S  C ir c u la r  51 4 . A u g . 1951 .
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T able I
D ielectric C onstants, M olar P olarizations and M olar R efraction of Some A lkylbenzenes

C o m p o u n d

Benzene
Methylbenzene
Ethylbenzene
1.2- Dimethylbenzene
1.3- Dimethylbenzene
1.4- Dimethylbenzene 
Propylbenzene 
{-Propylbenzene 
l-Methyl-2-ethylbenzene 
l-Methyl-3-ethylbenzene 
l-Methyl-4-ethylbenzene
1.2.3- Trimethylbenzene
1.2.4- Trimethylbenzene
1.3.5- Trimethylbenzene 
Butylbenzene 
i-Butylbenzene 
s-Butylbenzene 
¿-Butylbenzene
1.2- Diethylbenzene
1.3- Diethylbenzene
1.4- Diethylbenzene 
l-Methyl-4-i-propylbenzene
l,3-Dimethyl-5-ethylbenzene 
Tetralin
l-Methyl-3-l-butylbenzene 
l-Methyl-4-/-butylbenzene 
l-Methyl-3,5-diethylbenzene
1.3.5- Tnethylbenzene
“ Values obtained from reference 8.

,30 ■“cm p» 11D Pcm-Pd
2.284° 2.265“ 26.65 26.2 0.45
2.385 2.364 33.55 31.1 2.45
2.403 2.381 39.05 35.75 3.3
2.574 2.544 41.55 35.8 5.75
2.367 2.347 38.45 35.95 2.5
2.269 2.250 36.65 36.0 0.65
2.372 2.351 43.75 40.45 3.3
2.384 2.363 44.05 40.4 3.65
2.595 2.566 47.4 40.45 6.95
2.365 2.347 43.5 40.65 2.85
2.265 2.247 41.4 40.7 0.7
2.636 2.609 47.45 40.45 7.00
2.378 2.359 43.2 40.7 2.5
2 .2796 41.55 40.8 0.75
2.359 2.338 48.65 45.1 3.55
2.319 2.298 48.05 45.2 2.85
2.364 2.345 48.65 45.0 3.65
2.366 2.346 48.45 45.0 3.45
2.594 2.565 52.9 45.05 7.85
2.369 2.350 48.65 45.3 3.35
2.259 2.244 46.0 45.4 0.6
2.253 2.236 46.1 45.35 0.75
2.275 2.257 46.3 45.5 0.8
2.773 2.744 50.65 42.9 7.75
2.330 2.313 52.6 49.9 2.7
2.250 2.234 50.55 49.9 0.65
2.264 2.251 50.9 50.2 0.7
2.256 2.243 55.6 55.0 0.55
” F. H. Muller, Physik.Z.,, 38, 283 (1937).

11 00 POM-Pra [Pol” [PolS [Polo
25.15 1.5 0.45 1.55 0.0
29.9 3.65 2.5 3.75 2.0
34.45 4.6 3.3 4.7 2.7
34.45 7.1 5.9 7.25 5.25
34.6 3.85 2.5 3.9 1.9
34.65 2.0 0.65 2.0 0.0
39.0 4.75 3.35 4.8 2.6
39.0 5.05 3.65 5.1 2.9
38.95 8.35 7.15 8.65 6.45
39.15 4.35 2.85 4.4 2.2
39.2 2.2 0.7 2.2 0 0
39.0 8.4 7.2 8.75 6 55
39.2 4.0 2.55 4.1 1.9
39.3 2.25 0.7 2.25 0.0
43.55 5.05 3.6 5.15 2.7
43.65 4.4 2.85 4.45 2.0
43.5 5.15 3.7 5.25 2.80
43.45 5.0 3.5 5.1 2.65
43.5 9.4 8.05 9.65 7.20
43.7 4.95 3.4 5.00 2.55
43.8 2.2 0.65 2.3 0.0
43.6 2.5 .8 2.55 0.0

.8
41.25 9.4 8.1 9.85 7.40

2.75
48.0 2.55 0.6 2,65 0.0

.65

.6

T able  II
C omparison of D ielectric Constant V alues at 20°

C o m p o u n d
N .B .S .

v a lu e s J >&

P re se n t
in v e s t i
g a t io n

Methylbenzene 2.389 2.385
Ethylbenzene 2.412 2.403
1,2-Dimethylbenzene 2.568 2.574
1,3-Dimethylbenzene 2.374 2.367
1,4-Dimethylbenzene 2.270 2.269
Propylbenzene 2.36(9)“ 2.372
{-Propylbenzene 2.38(0)“ 2.384
1,2,4-Trimethylbenzene 2.41“ 2.378
l-Metliyl-4-ethylbenzene 2.25(0)“ 2.265
{-Butylbenzene 2.34“ 2.319
¿-Butylbenzene 2.38“ 2.366
l-Methyl-4-{-propyl benzene 2.24(3) 2.253
Tetralin 2.757 2.773
l-Methyl-4-I-butylbenzene 2.33“ 2.250
° A. A. Maryott and E. R. Smith, “ Table of Dielectric

Constants of Pure Liquids,” N.B.S. Circular 514, Aug. 1951. 
6 N.B.S. values listed to four figures are considerably accurate 
to 0.5% or better. Values listed to three figures are prob
ably accurate to 2% or better. Figures in parentheses are 
not to be counted in estimating accuracy. “ These values 
are based on a single determination or on very old work.

work of Le Fevre, Le Fevre and Robertson11 and the value of 2.250 from the present investigation. A dielectric constant of 2.33 for this p-dialkylbenzene is much higher than the values for the other p-dial- kylbenzenes all of which fall in the range from 2.25
(11) C. G. Le Fevre, R. J. W. Le Fevre and K. W. Robertson, J.

Chem. S o c 480 (1935).

to 2.27 units. The dielectric constant value for 1- methyl-4-f-butylbenzene given by Le Fevre, et a l., is quite close to the value obtained for l-methyl-3- f-butylbenzene in the present investigation. Furthermore, the density given by these investigators for l-methyl-4-i-butylbenzene is intermediate between the values reported for the 1,4- and 1,3-iso- mers by Serijan. Hipsher and Gibbons.2* Probably the l-methyl-4-f-butylbenzene used in the measurement of Le Fevre, et a l., was considerably contaminated with the 1,3- and possibly the 1,2-isomer.In columns 4 through 11 of Table I a number of molar polarizations, molar refractions and their differences are given for the aromatic hydrocarbons investigated. The quantity P l c m  refers to the molar polarizations of the liquids calculated by the Claus- ius-Mosotti equation and Rld to the molar refractions of the liquids employing the sodium D-line. The differences in these quantities for non-polar alkylbenzenes range from 0.45 to 0.8 cm.3 with the values for all the p-dialky I benzenes being 0.7 ±0 . 1  cm.3 The quantity R h  is given in column 7 and was calculated employing n  given by Forziati.13 The differences between P l c m  and R La are given in column 8. These differences would represent the atomic polarizations plus the orientation polarization if the Clausius-Mosotti equation were valid for slightly polar compounds. The use of «d, instead of a «(effective) which includes all of the infrared contribution to the polarization, results in
(1 2 )  A . F .  F o r z ia t i,  J. Research Natl. Bur. Standards, 4 4 , 373  

(1 9 5 0 ) .
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0.67-0 .75P a being accounted for. In column 9 the polarization, [P 0 ]d , is calculated using the Onsager equation4'5 with »id used for the refractive index. It may be seen that [P0]d is about equal to P lcm  — 
P ld for the non-polar hydrocarbons, 0.1 to 0.2 cm.3 larger for hydrocarbons with dipole moments between 0.3 and 0.6 D , and up to 0.35 cm.3 larger for hydrocarbons with moments around 0.6 to 0.7
D . In column 10 the values of [Po]» are given. These values are calculated employing n,».2’4 This quantity should equal the orientation plus the atomic polarization, and it may be seen that [Po]«, is equal to or very slightly larger than P lcm — P Lco for the non-polar alkylbenzenes, but becomes increasingly larger than P lcm — P L» with increasing polarity of the hydrocarbons up to differences of 0.45 cm.3 owing to the failure of the Clausius- Mosotti equation for polar liquids.For benzene, the p-dialkylbenzenes and the sy m -  trialkylbenzenes [Po]» =  P a . The p-dialkyl compounds in which the two alkyl groups are different have the same [Po]» as do the corresponding compounds with identical alkyl groups and with the same number of side-chain carbons. (This fact would cast some doubt upon the possibility that the p-dialkylbenzenes with dissimilar groups have finite dipole moments.) Employing the [P0 ]<= values for benzene, 1,4-dimethylbenzene, 1-methyl -4-ethylbenzene, 1,4-diethylbenzene, 1,3,5-trimeth- ylbenzene, l-methyl-4-i-propylbenzene and 1- methyl-4-i-butylbenzene, the quantity P a was related to n , the number of side-chain carbons, by the least squares equation

P a =  (1.56 ±  0.05) +  (0.22 ±  0.01)»i (1)

In Table III are given the atomic polarizations
T a b l e  III

A t o m i c  P o l a r i z a t i o n s  o f  S o m e  H y d r o c a r b o n s

C o m p o u n d Pa ( l i q u id )13 Pa  ( g a s )1

m-Paraffins 0.22 + 0.01 +
0.076/115 0.07//,15

Cyclohexane 0.7
Decalin 0.7
Butene-2 1.5
Acetylene 1.3
Benzene 1.55 1.9, 1.1 

(ave. 1.
Toluene 1.75 2.5, 0.9 

(ave. 1.
1,4-Dimethylbenzene 2 . 0 2.0
l-Methyl-4-ethylbenzene 2.2
1,3,5-Trimethylbenzene 2.2 2.2
1,4-Diethylbenzene 2.45
l-Methyl-4-t-propylbenzene 2.45
l-Methyl-4-i-butylbenzene 2.65
Naphthalene 2.4
Biphenyl 2.8

of a number of hydrocarbons in the liquid and gas
(1 3 )  L iq u id  v a lu e s  f o r  a lk y lb e n z e n e s  fr o m  le a s t -sq u a re s  e q u a 

t io n .
(1 4 )  G a s  v a lu e s  fr o m  L a n d o l t -B o r n s t e in ,  ‘ ‘ N u m e r ic a l  V a lu e s  a n d  

F u n c t io n s  f r o m  P h y s ic s ,  C h e m is tr y ,  A s t r o n o m y ,  G e o p h y s ic s ,  a n d  
T e c h n o lo g y , ”  V o l .  I ,  “ A t o m ic  a n d  M o le c u la r  P h y s ic s ,”  P a r t  I I I ,  
S p r in g e r  V e r la g , B e r lin , 195 1 , p .  51 5 .

(1 5 )  A . A u d s le y  a n d  F . R .  G o ss , J. Chem. Soc., 2 9 8 9  (1 9 5 0 ).

eous states. The atomic polarizations of aromatic hydrocarbons are larger than those of the n-paraf- fins because of both the higher atomic polarization of the benzene nucleus and the large increment for the CH2 group in the aromatic series. This increase in atomic polarization with unsaturation is to be noted also with an alkene, butene-2 and an al- kyne, acetylene. In both cases, inserting a single multiple bond results in an atomic polarization about equal to that of benzene. Cyclization has no effect on the atomic polarization as is shown by the values for cyclohexane and decalin.The atomic polarizations derived from gas measurements of the dielectric constant are in fairly good agreement with those found in the liquid state in the present investigation. The gas atomic polarization may actually be slightly lower than the liquid values, if the same differences between the liquid and gas values exist as in the n-paraffins. It should be remembered, however, that even a highly accurate gas measurement will result in an uncertainty of ± 0 .3  to 0.4 cm.3 in P a , and measurements of moderate accuracy may result in uncertainties from ± 0 .5  to 1  cm.3 in P a , while the polarizations calculated from dielectric constant measurements on the liquid are accurate to ± 0 .0 5  to 0.1 cm.3. In view of the experimental uncertainties the agreement in the table is quite good.The values for the two polynuclear hydrocarbons, naphthalene and biphenyl, are also of some interest. 
If the value given for naphthalene is correct, the additional unsaturation in this fused ring system 
does not increase the atomic polarization over that of the corresponding alkylbenzene with four side- chain CH2 groups. The biphenyl molecule ap
pears to have about twice the atomic polarization of benzene. Again this is not the result of addi
tional unsaturation but may be accounted for if we take P a =  1.56 +  6(0.22) = 2.88. Thus it would 
appear that the presence of an unsaturated linkage somewhere in the hydrocarbon molecules increases the atomic polarization by about one cm.3, 
but further unsaturation appears to have no corresponding effect. The atomic polarization in 
both the aliphatic and aromatic series increases linearly with the increase in CH2 groups.

The values of [Po]o in column 11 of Table I are obtained by subtracting the appropriate P a from 
[Po ]». If it is assumed that the atomic polarization of a slightly polar hydrocarbon is the same as the atomic polarization of the isomeric non-polar hy
drocarbon then the differences, [Po]» — P a , should be the orientation polarization obtainable from the 
Onsager equation. This procedure is similar to employing a n (effective), which includes all of the infrared contributions to the refractive index, in the Onsager equation.

In Table IV are listed the dipole moments calcu
lated from the Onsager equation using n v ; (y i ) , the dipole moments calculated by the equation y  =  
(e —  t o d 2)  X 1018 previously considered,6 (,u2), the dipole moments calculated from Onsager’s equation completely corrected for atomic polarization (from 
[Po]» — P a ), (¿u3), the values of gI/3M4 calculated from the Kirkwood equation,6 and finally the mo-
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T able IV
D ipole M oments of Aromatic IIyimOCARBONH

Compound MI M2 M3 1/ '-/!M1 Mgas
Benzene 0.15 0.18 0.0 0 .0 16
Methylbenzene .35 .38 .31 0.52 .3717
Ethylbenzene .40 .41 .36 .59 . 5S17
1,2-Dimethylhenzene .53 . 55 .50 . 69 .6215
1,3-Dimethylbonzene . 35 .35 .30
1,4-Dimethylbenzene .18 .18 .0 ,0 IS
Propylbenzene .40 .38 .35
f-Propylbenzene .42 .40 .37 .62 . 6517
l-Methyl-2-ethylbenzenc . 59 .58 .50
l-Mcthyl-3-ethylbenzeiie .37 .35 .33
l-Methyl-4-ethylbenzene .18 .17 .0
1,2,3-Trimethyl benzene .59 .59 .56
1,2,4-Trimethylbenzene .35 .34 .30
1,3,5-Trimethylbenzene .20 .18 .0
Butylbenzene .42 .37 .36
l-Butylbenzene .37 .33 .31
s-Butylbenzene .42 .38 .37
¿-Butylbenzene .41 .37 .36 .63 .7017
1,2-Diethylbenzene .62 . 58 .59
1,3-Diethylbenzene .40 .36 .36
1,4-Diethylbenzene .17 .16 .0
l-Methyl-4-i-propylbenzene .19 .17 .0
l,3-Dimethyl-5-ethylbenzene .20 .18 .0
Tetralin .62 .63 .00
l-Methyl-3-2-butylbcnzene .36 .31 .32
l-Methyl-4-2-butylbenzene .17 .15 .0 .0 .39"
l-Mcthyl-3,5-diethylbenzene .18 .15 .0
1,3,5-Triethylbenzene .17 . 14 .0

m e n ts  c a lc u la te d  f r o m  g a s  m e a s u re m e n ts . T h e  
K i r k w o o d  e q u a t io n  w a s  e m p lo y e d  in  th e  f o r m

=
I" 3(2e +  nD2) 4 /9  kT\l_(2e +  l) (m 2 +  2) J\4,rN )

T h e  q u a n t i t y  g is  a  p a r a m e t e r  w h ic h  in d ic a te s  th e  
m a g n it u d e  o f t h e  h in d e r in g  e ffe ct o f  a m o le c u le  o n  
n e ig h b o r in g  m o le c u le s . T h e  q u a n t i t y  P0 is  a n  
o r ie n t a t io n  p o la r iz a t io n .

T h e  v a lu e s  o f t h e  d ip o le  m o m e n t s  f o r  m a n d  g2 
a re  in  g o o d  a g re e m e n t . T h e  a v e ra g e  d iffe re n c e  is 
0 .0 2  D  w i t h  t h e  v a lu e s  f o r  ¡x2 b e in g  s l ig h t ly  lo w e r  
t h a n  th e  v a lu e s  f o r  f o r  th e  h ig h e r  m o le c u la r  
w e ig h t  h y d r o c a r b o n s . T h e  c o m p le te  c o r r e c t io n  
f o r  a t o m ic  p o la r iz a t io n  re d u c e s  t h e  d ip o le  m o m e n t s  
as m u c h  as 0 .0 5  D  c o m p a r e d  w i t h  yui- T h e  u s e  
o f « D  in  th e  O n s a g e r  e q u a t io n  w h e n  c a lc u la t in g  m 
d o e s  a c c o u n t  f o r  0 .0 7  to  0 .7 5  o f  t h e  a t o m ic  p o la r iz a 
t io n , b u t  t h e  r e m a in in g  c o r r e c t io n  is o f s o m e  s ig 
n if ic a n c e  f o r  d ip o le  m o m e n t s  b e lo w  0 .5 0  D.

T h e  v a lu e s  o f g'/2m a re  in  b e t t e r  a g re e m e n t  w i t h  
th e  m o m e n t s  c a lc u la te d  f r o m  g a s  m e a s u re m e n ts  
t h a n  a re  m, n2, /is. T h e  v a lu e  o f g'f,m f o r  to lu e n e  
o f 0 .5 2  D  is a n o m a lo u s ly  h ig h , b u t  th e  r e m a in in g  
v a lu e s  o f g'/2m a g re e  w i t h i n  a b o u t  0 .0 5  D  w i t h  th e  
ga s v a lu e s  (e x c e p t in g  l -m e t h y l -4 - f -b u t y l b e n z e n e ) .

I t  a p p e a rs  t h a t  t h e  O n s a g e r  e q u a t io n  g iv e s  d ip o le  
m o m e n t  v a lu e s  f r o m  0 .1  t o  0 .3  D  to o  s m a ll f o r  a l k y l -  
b e n z e n e s . A  s m a ll im p r o v e m e n t  c o u ld  b e  m a d e  if 
a n  e llip s o id a l m o d e l r a t h e r  t h a n  a s p h e ric a l m o d e l 
w e re  a s s u m e d  f o r  th e  a lk v lb e n z e n e s , 19 b u t  th e  i m 
p r o v e m e n t  w o u ld  h a r d l y  b e  m o r e  t h a n  0 .0 5  D fo r  
t h is  class o f  c o m p o u n d s . I t  is o f in te r e s t  t o  n o te  
t h a t  th e  O n s a g e r  m o m e n t s  f o r  a u t o m a t ic  h a lid e s  
a re  a ls o  0 .1  t o  0 .4  D  u n i t  lo w e r  t h a n  th e  g a s  m o 
m e n t s .211 B o t h  ty p e s  o f m o le c u le s  w o u ld  s h o w  d i 
p o le  a s s o c ia tio n  w h ic h  m ig h t  b e  e x p e c te d  to  b e  c o n 
t r a -a s s o c ia t io n  in  b o t h .21 T h e  O n s a g e r  m o m e n t s  
m i g h t  b e  im p r o v e d  b y  e x t r a p o la t io n  o f th e  v a lu e s  
o f  n t o  l / T  =  0,4’22 b u t  i t  is q u e s t io n a b le  w h e t h e r  
th e  d is c re p a n c ie s  w i l l  e n t ir e ly  d is a p p e a r .

I t  a p p e a rs  t h a t  e v e n  in  t h e  ca se  o f  o n ly  s l ig h t ly  
p o la r  c o m p o u n d s  t h e  K i r k w o o d  e q u a t io n  w i l l  give ' 
v a lu e s  in  b e t t e r  a g re e m e n t  w i t h  t h e  g a s  v a lu e s  t h a n  
t h e  O n s a g e r  e q u a t io n . T h a t  t h is  s h o u ld  be  so fo r  
m o le c u le s  w h ic h  s h o w  n o  h y d r o g e n  b o n d in g  a n d  
o n ly  w e a k  d ip o le -d ip o le  in t e r a c t io n s  f u r t h e r  i n d i 
c a te s  th e  v e r y  a p p r o x im a t e  n a t u r e  o f t h e  O n s a g e r  
t r e a t m e n t s .

A c k n o w le d g m e n t .— T h e  a u t h o r  w is h e s  to  t h a n k  
M r s .  V i r g i n i a  F e n n  f o r  d e t e r m in in g  t h e  d e n s itie s  
a n d  r e f r a c t iv e  in d ic e s  o f th e  a lk y lb e n z e n e s  e m 
p lo y e d .

(1 6 )  Trans. Faraday S'oc., 30  (1 0 3 4 ) ,  A p p e n d ix  A — T a b le  o f  D ip o le  
M o m e n ts  fr o m  p a g e  9 0 4 .

(1 7 )  J . W . B a k e r  a n d  L . G . G ro v e s . J. Chem. Soc., 1144 (1 9 3 9 ).
(1 8 ) E . C . H a rd is  a n d  C . P . S m y th , J. Am. Chem. Snc., 64, 2 21 2  

(1 9 4 2 ).

(1 9 ) T h .  G . S c h o lte , Physica, 15, 4 3 7  (1 9 4 9 ).
(2 0 ) W . M . H e s to n , J r ., E .  ,T. H e n n e lly  a n d  C . P . S m yt.h , J. Am. 

Chem. Soc., 7 2 , 2 07 1  (1 9 5 0 ).
(2 1 )  J . N . W ilso n , Chem. Revtt., 25, 377  (1 9 3 9 ).
(2 2 )  J . D . H o ffm a n , J. Chem. Phys., 20, 7 4 0  (1 9 5 2 ).
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C O M B U S T IO N  C A L O R IM E T R Y  OF O R G A N IC  C H L O R IN E  C O M P O U N D S. 
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B E N Z E N E S  A N D  o- A N D  p -C H L O R O E T H Y L B E N Z E N E 1

B y  W ard  N .  H u bbard , John W . K n o w lto n2 and  H ugh M .  H uffm an2
Contribution No. 44 from the Thermodynamics Laboratory, Petroleum Experiment Station, Bureau of Mines,

Bartlesville, Oklahoma 
Received November 9, 1953

A method is described for determining the heats of combustion of organochlorine compounds in a conventional bomb 
calorimeter. Hydrazine dihydrochloride solution, supported on a glass filter cloth lining, is used in the bomb to reduce 
to chloride ion the free chlorine formed in the combustion reaction. The following values in kcal. mole-1 are reported lor 
the heats of formation, Affr, of some chlorinated aromatic compounds from graphite and gaseous hydrogen and chlorine: 
chlorobenzene (1), +2.56; o-dichlorobenzene (1), — 4.20; ro-dichlorobenzene (1), —4.83; p-dichlorobenzene (s), —10.12; 
o-chloroethylbenzene (1), —12.83; and p-chloroethylbenzene (1), — 12.33.

W h e n  o r g a n ic  c h lo r in e  c o m p o u n d s  u n d e r g o  c o m 
b u s t io n  in  a  b o m b  c h a r g e d  w i t h  o x y g e n , h y d r o 
c h lo r ic  a c id  a n d  fre e  c h lo r in e  a re  u s u a l ly  fo r m e d . 
T h e  e q u i l ib r a t io n  o f a  m ix t u r e  o f th e s e  t w o  s ta te s  
o f  c h lo r in e  w i t h  w a t e r  p ro c e e d s  s lo w ly ;  h e n c e , a  
c o m b u s t io n  p ro c e s s  y ie ld in g  s u c h  a  m ix t u r e  is  n o t  
s u it a b le  f o r  h ig h  p re c is io n  c o m b u s t io n  c a lo r im e t r y .  
I n  1891 B e r t h e lo t  a n d  M a t i g n o n 3 u s e d  a rs e n io u s  
o x id e  s o lu t io n  in  th e  b o m b  to  re d u c e  t h e  fre e  c h lo 
r in e  t o  c h lo r id e  io n . S in c e  t h a t  t im e  S m i t h , 4a,b 
S m i t h  a n d  S c h ja n b e r g ,4c a n d  S c h ja n b e r g 4d'e h a v e  
s tu d ie d  t h e  u s e  o f t h is  r e d u c t a n t  a n d  h a v e  p o in t e d  
o u t  t h a t  u n le s s  p r e c a u t io n s  a re  t a k e n , t h e  c h lo r in e  
m a y  n o t  b e  c o m p le t e ly  re d u c e d  d u r i n g  a  n o r m a l  
c a lo r im e t r ic  re a c t io n  p e r io d . H o w e v e r ,  t h e y  h a v e  
b e e n  a b le  to  in c re a s e  th e  ra te  o f r e d u c t io n  b y  s u p 
p o r t in g  th e  r e d u c in g  s o lu t io n  o n  q u a r t z  fib e rs . 
T h e i r  m e t h o d , w h ic h  h a s  b e e n  c a lle d  t h e  “ q u a r t z -  
w o o l”  o r  “ q u a r t z -s p i r a l”  m e t h o d , h a s  b e e n  u s e d  e x 
t e n s iv e ly  a t  th e  U n i v e r s i t y  o f L u n d  f o r  th e  d e te r 
m in a t io n  o f th e  h e a ts  o f c o m b u s t io n  o f m o r e  t h a n  a 
h u n d r e d  o r g a n o c h lo r in e  c o m p o u n d s .4'5 P o p o f f  a n d  
S c h ir o k ic h 6 in c re a s e d  t h e  ra te  o f r e a c t io n  b e tw e e n  
A s20 3 s o lu t io n  a n d  fre e  c h lo r in e  b y  a g it a t io n  o f  th e  
b o m b  c o n te n ts . T h i s  w a s  a c c o m p lis h e d  w it h  a  
“ m o v i n g -b o m b ” 7 c a lo r im e t r ic  s y s t e m .

B e c a u s e  o f  th e  r e la t iv e  s im p l i c i t y  o f  t h e  “ s t a t ic ” 7 
q u a r t z -w o o l  m e t h o d  i t  w a s  a d o p t e d  in  t h is  L a b o r a 
t o r y  as a s t a r t in g  p o in t  in  th e  s t u d y  o f  t h e  c o m b u s 
t io n  c a lo r im e t r y  o f  o r g a n o c h lo r in e  c o m p o u n d s . A  
m o d if ic a t io n  o f  t h e  m e t h o d  h a s  b e e n  d e v e lo p e d  
w h ic h  in c lu d e s  ( a )  th e  u se  o f h y d r a z in e  d ih y d r o c h lo 
r id e  s o lu t io n  as th e  r e d u c t a n t  a n d  ( b )  t h e  u se  o f a

(1 ) P r e s e n te d  in  p a r t  a t  m e e tin g s  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  
in  C h ic a g o ,  A p r il ,  1 94 8  ( tw o  p a p e rs ) , a n d  S a n  F r a n c is c o ,  M a r c h , 194 9 .

(2 )  D e ce a se d .
(3 )  M .  P . E . B e r t h e lo t  a n d  C . M a t ig n o n , Ann. chim. phys., [6 ] 2 3 , 

5 0 7  (1 8 9 1 ).
(4 ) (a )  L .  S m ith , Svensk. Kem. Tidskr., 4 0 , 2 9 7  (1 9 2 8 ) ;  (b )  L .

S m ith , ibid., 4 1 , 2 7 2  (1 9 2 9 ) ;  ( c )  L . S m ith  a n d  E . S ch j& n b e rg , ibid., 4 3 , 
2 1 3  (1 9 3 1 ) ;  (d )  E . S ch j& n b erg , T h e s is , U n iv e r s it y  o f  L u n d , B e r lin g sk a  
B o k tr y c k e r i ,  L u n d , S w e d e n , 1 9 3 4 ; (e ) E .  S ch j& n b e rg , Z. physik.
Chem., A 1 7 2 , 197 (1 9 3 5 ).

(5 ) (a ) G . S jo s t r o m , Svensk. Kem. Tidskr., 4 8 , 121 (1 9 3 6 ) ;  (b )
E . E ft r in g ,  T h e s is , U n iv e rs ity  o f  L u n d , C a r l  B lo m s  B o k tr y c k e r i ,  L u n d , 
S w e d e n , 1 9 3 8 ; ( c )  K . J . K a r ls s o n  (n o w  K a r r  m a n ) , T h e s is , U n iv e rs ity  
o f  L u n d , C a r l  B lo m s  B o k tr y c k e r i ,  L u n d , S w e d e n , 1941 .

(6 )  M .  M .  P o p o f f  a n d  P . K .  S c h ir o k ich , Z. physik. Chem., A 1 6 7 , 183 
(1 9 3 3 ) .

(7 )  T h e  w o rd s  “ s t a t ic ”  a n d  “ m o v in g ”  a r e  u se d  t o  d iffe r e n t ia te  
b e t w e e n  t h e  c o n v e n t io n a l  b o m b s  a n d  th o s e  in  w h ic h  a g ita t io n  o f  th e  
b o m b  c o n t e n t s  is a c h ie v e d  b y  m e ch a n ica l  r o t a t io n  o r  o s c il la t io n  o f  th e  
b o m b .

c o a rs e ly  w o v e n  g la ss  f ilte r  c lo t h  t o  s u p p o r t  t h e  re 
d u c t a n t .  A p p l ic a t io n  o f  th e  m o d if ie d  m e t h o d  h a s  
b e e n  o n ly  p a r t i a l l y  s u c c e s s fu l a n d  o t h e r  p ro c e d u r e s  
a re  c o n t e m p la t e d . H o w e v e r ,  t h e  re s u lts  a re  o f g e n 
e ra l in te r e s t  a n d  u t i l i t y  a n d  w i l l  b e  p re s e n te d  h e re .

E x p e r im e n t a l
Apparatus.—The calorimetric system used for this in

vestigation, with the exception of the bombs, has been pre
viously described.8 Two bombs were used. The first, Pt 1, 
employed in the early part of this investigation and for 
most of the combustions, was made of high-carbon steel and 
lined with platinum (0.02 in. thick). The internal volume 
of the bomb was 0.384 liter. The electrodes and other in
ternal parts were made of platinum. The bomb used for 
the o- and m-dichlorobenzene experiments, Ta 1, was 
machined from stainless steel and lined with tantalum (0.02 
in. thick). The internal volume of the bomb was 0.340 
liter. Tantalum was also used for the electrodes, crucible 
support and valve inlet fittings. A platinum crucible and 
a Vis-inch Teflon (polytetrafluoroethylene) sealing gasket 
were used with both bombs.9’10 The upper portions of the 
bomb walls were lined with coarsely woven glass filter cloth 
which was used to support the reducing solution.

A change was made in the orientation of the bomb when 
the tantalum bomb was put into use. Because the corrosion 
of the platinum bomb occurred entirely on the crucible, the 
electrodes, and the ceiling of the bomb, which parrs are 
directly in or above the combustion zone, the bomb was in
verted and the crucible supported from beneath as shown in 
Fig. 1. This arrangement also made it simple to line the 
ceiling of the bomb with the solution impregnated glass

(8 ) W . N . H u b b a r d , J . W .  K n o w lt o n  a n d  H . M .  H u ffm a n , J. Am. 
Chem. Soc., 7 0 , 3 2 5 9  (1 9 4 8 ) .

(9 )  T h e  c o r r o s io n  o f  p la t in u m  in  th e  p la t in u m  b o m b  b y  th e  p r o d u c t s  
o f  c o m b u s t io n  w as s u c h  t h a t  a  q u a n t it a t iv e  d e t e r m in a t io n  o f  th e  
c h lo r o p la t in ic  a c id  fo r m e d  w a s  n e ce s s a ry  in  o r d e r  t o  a p p ly  a p p r o p r ia t e  
th e r m a l c o r re c t io n s .  I n  a d d it io n ,  th e  c h lo r o p la t in ic  a c id  f o r m e d  ca u se s  
o t h e r  d iff icu lt ie s  w h e n  h y d r a z in e  d ih y d r o c h lo r id e  is  u se d  a s  t h e  r e d u c 
in g  a g e n t  in  th e  b o m b  (se e  la te r  d is c u s s io n ) .  H e n c e ,  a n  e f fo r t  w a s  
m a d e  t o  fin d  a n o t h e r  m a te r ia l f o r  lin in g  th e  b o m b  t h a t  w o u ld  e ith e r  
r e d u c e  th e  a m o u n t  o f  c o r ro s io n  o r  y ie ld  c o r r o s io n  p r o d u c t s  o f  a  less 
tr o u b le s o m e  n a tu re .

S in ce  p r e lim in a r y  e x p e r im e n ts  in d ic a te d  t h a t  t a n ta lu m  c o u p o n s  
p la c e d  a g a in s t  th e  c e il in g  o f  th e  b o m b  m ig h t  b e  m o r e  r e s is ta n t  t o  c o r 
r o s io n  th a n  p la t in u m , th e  ta n ta lu m -l in e d  b o m b  w a s  c o n s t r u c te d .  
T a n t a lu m  c o u ld  n o t  b e  u se d  f o r  th e  c r u c ib le  a s  a  c o u p o n  o f  ta n t a lu m  
p la c e d  in  th e  c r u c ib le  w as c o m p le t e ly  o x id iz e d  in  a  tr ia l  c o m b u s t io n  
e x p e r im e n t .  A n  a t t e m p t  w as a ls o  m a d e  t o  u se  a  q u a r tz  c r u c ib le ,  b u t  
th is  w as n o t  s u c c e s s fu l  s in c e  c o m b u s t io n s  p e r fo rm e d  in  e v e n  v e r y  th in  
c r u c ib le s  (3  g . )  te n d e d  t o  le a v e  t ra ce s  o f  c a r b o n .  H o w e v e r ,  th e  u se  o f  
a  p la t in u m  c r u c ib le  in  th e  t a n ta lu m  b o m b  w a s  r e a s o n a b ly  s a t is fa c t o r y .  
T h e  th e r m a l e f fe c t  o f  a t t a c k  o n  th e  c r u c ib le  w as o n ly  a b o u t  V 2 ca l. 
p e r  c o m b u s t io n . F u r th e r m o r e , th e  p la t in u m  d is s o lv e d  c a m e  e n t ir e ly  
f r o m  th e  c r u c ib le , a n d  th e  a m o u n t  c o u ld  b e  d e te r m in e d  a s  a  lo s s  in  
w e ig h t  o f  th e  c r u c ib le ,  th u s  m a k in g  u n n e ce s s a r y  t h e  a n a ly s is  o f  th e  
b o m b  s o lu t io n  f o r  p la t in u m .

(1 0 )  T e f lo n  o c c a s io n a lly  fa ils  w h e n  u se d  in  c o m b u s t io n  e x p e r im e n ts  
w ith  th e  u su a l u p r ig h t  b o m b .
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cloth, and thereby protect this area from the combustion 
blast.

Calibration.—The energy equivalent of the calorimeter 
was determined by the combustion of NBS benzoic acid, 
39f, in the bomb (without glass cloth lining) to which 0.1 
ml. of water had been added. The heat of combustion, 
— AUb, of benzoic acid (certified to be 6317.83 cal. g ."1 for 
standard conditions) was corrected to 6317.16 and 6317.11 
cal. g .-1 for the platinum and tantalum bombs, respectively. 
The difference in the contents of the bomb in the calibration 
and combustion experiments was accounted for in the usual 
calculation of the combustion reaction to isothermal con
ditions. The values obtained for the energy equivalent of 
the calorimetric system, C m . (calor.), are given in Table I.

Procedures.—Each sample was contained in a thin- 
walled, soft-glass, flat-bottomed ampoule, the stem of which 
had been drawn to a very fine capillary and bent down (see 
Fig. 1). Ampoules were filled shortly before the combus
tion experiments in an apparatus similar to that previously 
described11 except that the receiver that held the ampoules 
had a depression in which the inverted ampoules were placed.

In preparation for a combustion experiment the following 
procedure was used. An ampoule was removed from the 
filling system receiver. Two drops of liquid sample were 
forced out of the ampoule by warming in an oven and touch
ing the drop to filter paper. In this way the level of the 
liquid in the ampoule was brought below the fine capillary 
and into the stem. A weighed strip of filter paper with a 
hole in one end was used as the fuse. After the ampoule 
was weighed, the hole in the fuse was placed over the capil
lary and on to the stem of the ampoule. A small weighed 
amount of auxiliary hydrocarbon oil was placed on the fuse 
at the stem of the ampoule. The other end of the fuse was 
inserted in a loop in the platinum ignition wire.

Prior to placing a combustion sample in the bomb the 
glass cloth lining was positioned in the bomb. It was 
placed in as close contact with the vralls as possible since 
experiments showed that a loosely fitting cloth delayed at
tainment of thermal equilibrium. An appropriate volume 
and concentration of hydrazine dihydrochloride solution 
was then added to the glass cloth. The concentration and 
amount of the reductant, were adjusted so that at least a 25% 
excess was present. Otherwise equilibration was slow or in
complete.

(11) G B. Guthrie, Jr., D. W, Scott, W. N. Hubbard, C. Katz,
,J. P. McCullough, M. E. Gross, K. D. Williamson and G. Waddington,
J. Am. Ckem. Hoc., 7 4 , 4G62 (1952).

After the weighed sample and reducing solution had been 
placed in the bomb, the bomb was sealed and, after residual 
air had been swept out, it was charged with oxygen to a 
pressure of 30 atmospheres. The calorimetric observations 
were carried out in the usual way.2’8 In each experiment 
the combustion was initiated at 24.00° and an increase in 
temperature of approximately 2° was obtained. Experi
ments showed that no significant amount of sample was 
volatilized through the fine capillary of the ampoule in the 
length of time elapsing between weighing the sample and 
firing of the combustion. At the conclusion of the experi
ment the combustion gases were discharged through starch- 
iodide solution in order to test the completeness of the re
duction of free chlorine.

To establish the extent of the side reactions that occurred 
in the bomb and to carry through the thermochemical cor
rections, the following analyses of the final bomb solution 
were necessary: (1) determination of the amount of hydra
zine dihydrochloride unreacted; (2) determination of am
monium ion; (3) determination of dissolved platinum; and 
(4) determination of nitrate ion.

The analytical scheme used was as follows. After the 
bomb was disassembled, the filter cloth lining was placed in 
a special titration vessel, Fig. 2, which was so arranged that 
the solution in the vessel was vigorously circulated through 
the cloth during the titration. Those parts of the bomb to 
w’hich chloroplatinic acid was adhering were then washed 
and these washings kept separate.12 The remaining interior 
parts of the bomb were then washed, and these washings were 
added to the filter cloth lining in the titration vessel where 
the excess hydrazine dihydrochloride in the solution was ti
trated with iodine according to the direct iodine method.13 
After the titration was complete, the solution was poured 
from the titration vessel and combined with the chloropla
tinic acid washings. This mixture was then divided into 
two equal parts. Platinum was determined in one of these 
by precipitation with formic acid. The other portion was 
used to determine (1) ammonium ion by Kjeldahl distilla
tion and (2) immediately following in the same apparatus, 
nitrate ion by Dcvarda’s method.14

(1 2 ) W h e n  h y d r a z in e  d ih y d r o c h lo r id e  is u se d  as th e  r e d u c ta n t , it  is 
n e ce s s a ry  t o  k e e p  se p a r a te  th e  b o m b  w a sh in g s  t h a t  c o n ta in  c h lo r o 
p la t in ic  a c id  ( fo r m e d  b y  a t t a c k  o f  th e  b o m b  b y  c h lo r in e )  f r o m  th o se  
t h a t  c o n t a in  th e  h y d r a z in e  d ih y d r o c h lo r id e -h y d r o c h lo r ic  a c id  s o lu 
t io n .  O th e rw ise , t h e  c h lo r o p la t in ic  a c id  w o u ld  b e  r e d u c e d  b y  th e  
h y d r a z in e .  H o w e v e r ,  s in c e  th e  p a r ts  u p o n  w h ic h  t h e  c h lo r o p la t in ic  
a c id  o c c u r  are  th e  c e ilin g , th e  e le c t r o d e s  a n d  t h e  c r u c ib le , th e s e  p a rts  
m a y  b e  w a sh e d  s e p a r a te ly  fr o m  th e  c u p  o f  th e  b o m b  in  w h ic h  a ll the 
r e d u c t a n t  is  c o n ta in e d . W it h  th e  ta n ta lu m  l in e d  b o m b ,  th e  o n ly  p a r t  
o f  th e  b o m b  th a t  has a n y  c h lo ro p la t in ic  a c id  o n  i t  is  th e  c ru c ib le . 
H e re  i t  is e v e n  s im p le r  t o  m a in ta in  th e  n e ce ssa ry  se p a ra t io n .

(1 3 ) R .  A . P e n n e m a n  a n d  L . F . A u d r ie t l i ,  Anal. Chem., 2 0 ,1 0 5 8  (1 9 4 8 ).
(1 4 ) W h e n  th e  ta n ta lu m  lin e d  b o m b  w as u se d , n o  a n a ly s is  o f  p la t i

n u m  w a s n e ce ssa ry , s o  th e  e n tire  b o m b  s o lu t io n  fo l lo w in g  th e  d e te r 
m in a t io n  o f  e x ce ss  h y d r a z in e  c o u ld  b e  u se d  f o r  b o t h  th e  a m m o n iu m  
a n d  n it ra te  io n  d e te r m in a tio n s .
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Thermochemical Corrections.—When compounds con
taining carbon, hydrogen and chlorine undergo combustion 
in a bomb in tire absence of a reductant, reactions I and II 
occur.
CoHiCld +  [o +  (6  -  d )/4 ]0 2 ---- >

aC02 +  (b -  d)/211,0 +  rfllCl (1)
CaliftClcz -f- (a 4~ 6 / 4 ) 0 2  — ^

aC02 4- 6 / 2 H2O 4- d/2CL (II)
When free chlorine is reduced by hydrazine dihydrochlo

ride, reactions III and IV occur.
Cl2 4- V2N2H4-2HC1 — > V2N2 4- 4HC1 (III)

Cl2 4- 2N2H4-2HC1 — > N2 4- 4IIC1 4- 2NH4C1 (IV)
When compounds containing carbon, hydrogen and chlo

rine undergo combustion in a bomb in the presence of a 
sufficient excess of hydrazine dihydrochloride, chlorine does 
not appear among she products of combustion. The com
pound of interest is then converted quantitatively to carbon 
dioxide, water and hydrochloric acid. From an examina
tion of the stoichiometric relations given above, it can be 
shown that a quantitative description of the reactions oc
curring is given by considering that all of the chlorine com
pound reacts according to reaction I and that all hydrazine 
consumed follows either reaction V or VI. From the

N2H4-21101 +  0 2 — > N2 +  2I-T0 +  2IIC1 (V)
2 N2II4-2 HC1 +  V-2O2 ---- >

N2 +  H20  +  2HC1 +  2NH4C1 (VI)
analytical results which give the extent of reactions V and 
VI, and the appropriate thermochemical data for these re
actions, it is possible to compute the energy quantities as
sociated with reaction I.

Corrections for the oxidation of hydrazine dihydrochloride 
were applied by use of the thermochemical quantities: re
action V, AU =  —131.5 keal. mole“ 1 15a; and reaction VI, 
AU =  —60.9 keal. mole“1.15“ The states to which the 
foregoing values apply arc N2H4-2HCl(aq), NH4Cl(aq), 
IICl(aq), 0 2 (g), N2(g), and H20(1). Further corrections 
were applied for the formation of nitric acid by oxidation of 
gaseous nitrogen during the combustion process15'1

7«Ns(g) 4~ 7 2 1 7 0 (1) 4" 5/ 40 2(g) +  a q ---->
HNO;i(aq); AU = —13.82 keal. mole“ 1 (VII)

and the corrosive attack of the platinum15“
l’ t(s) 4- 0 2(g) -f 6 IICl(aq) — >- II2PtCl6(aq) +

2H20(1); AU =  -65 .4  keal. mole“ 1 (VIII)
Materials.—Samples of chlorobenzene, 0 - and p-chloro- 

ethylbenzene and 0-, m- and p-dichlorobenzene were made 
available to this Laboratory through the courtesy of Dr.
D. A. Stull of the Dow Chemical Company, Midland, Michi
gan. The purity of the samples by the freezing point 
method and their infrared spectra were investigated in the 
Dow Laboratories. Values of purity in mole % were: 
C6H5C1, 99.994-; o-CsH9C1, 99.78; p-C8H9Cl, 99.84; 0- 
C6H4C12, 99.88; m-C6H4Cl2, 99.87; and p-C6H4Cl2, 99.55. 
The infrared spectra showed that the impurities present in 
the samples were isomeric; consequently their effect on the 
heat of combustion values obtained was probably negligible 
compared to other experimental uncertainties.

Results.— T h e  d a t a  o b t a in e d  in  t h is  in v e s t ig a 
t io n  a re  s u m m a r iz e d  in  T a b le s  I ,  I I  a n d  I I I .  
T a b l e  I  g iv e s  s o m e w h a t  d e ta ile d  e x p e r im e n t a l  d a t a  
fo r  th e  in d i v i d u a l  c o m b u s t io n s . T a b l e  I I  g iv e s  
th e  d e r iv e d  d a ta . T a b l e  I I I  c o m p a re s  th e  h e a ts  o f 
c o m b u s t io n  o b t a in e d  in  t h is  in v e s t ig a t io n  w it h  
v a lu e s  o b t a in e d  b y  o t h e r  in v e s t ig a to r s .

T h e  c o lu m n s  o f T a b l e  I  l i s t : t h e  series a n d  n u m 
b e r  d e s ig n a t io n  o f e a c h  e x p e r im e n t ; t h e  m a s s  ( w t .  
in vacuo) o f  c o m p o u n d  t h a t  u n d e r w e n t  c o m b u s t io n , 
in ';  t h e  in c re a s e  in  t e m p e r a t u r e  o f  th e  c a lo r im e te r ,

(1 5 )  (a )  F r o m  F . R .  B ic h o w s k y  a n d  F . D .  R o s s in i , “ T h e  T h e r m o 
c h e m is t r y  o f  th e  C h e m ic a l  S u b s ta n c e s ,”  R e in h o ld  P u b l.  G o r p .,  N e w  
Y o r k ,  N .  Y . ,  1 9 3 6 ; a n d  (b )  F .  D . R o s s in i  a n d  E . J . P ro se n , J. Research 
Natl. Bur. Standards, 33, 264  (1 9 4 4 ).

c o rre c te d  f o r  h e a t  t ra n s f e r  a n d  s t i r r in g  e n e r g y  d u r 
in g  t h e  r e a c t io n  p e r io d , A Ta; th e  c o r r e c t io n  f o r  th e  
c o m b u s t io n  o f th e  a u x i l ia r y  o il, q0;i ;  t h e  s a m e  f o r  
th e  fu se , q w ;  th e  c o rre c t io n s  f o r  t h e  o x id a t io n  o f 
th e  r e d u c t a n t ,  qhyd, a c c o r d in g  to  e q u a t io n s  V  o r  V I ;  
th e  c o r re c t io n  f o r  th e  f o r m a t io n  o f  H 2P t C l B, qpt,; th e  
c o r re c t io n  f o r  th e  f o r m a t io n  o f H N 0 3, q H N O d  
th e  c o r r e c t io n  f o r  th e  e n e r g y  e q u iv a le n t  o f t h e  c o n 
te n ts  o f t h e  b o m b , C, w h ic h  re d u c e s  th e  re s u lts  to  
is o t h e r m a l  c o n d it io n s 16; a n d  t h e  e n e r g y , —  AUb/M  
o f th e  is o t h e r m a l b o m b  p ro c e s s  f o r  r e a c t io n  I X
CallbCld (liq or solid) 4~

[a 4- (6 -  d)/4]0,(g) 4- [dn -  (b -  d)/2]H,0(I) —^  
a C 0 2(g ) 4 - d [H C l-? iH 20 ]  (a q ) ( I X )

T h e  c h a n g e  i n  e n e r g y  o f th e  c o m b u s t io n  re a c t io n  
u n d e r  b o m b  c o n d it io n s , — AUb/M ,  is  c a lc u la te d  
f r o m  t h e  d a t a  a c c o r d in g  to  e q . X  in  w h ic h  t h e  ig n i 
t io n  e n e r g y , q-,gn, w a s  a lw a y s  1 .2 8  c a l.
— A U b / M  =  [C 'eff.(calor.)A7,„ +  C  — q ien —

? o i l  —  ? fu sc  —  ? lu d  —  ? P t  —  S h n o , ]/m ' ( X )

T h e  re s u lts  o f th e  c o m b u s t io n  e x p e r im e n t s  a re  
e x p re s se d  in  t e r m s  o f th e  d e f in e d  c a lo r ie  (4 .1 8 4 0  a b s . 
jo u le s )  a n d  re fe r t o  th e  is o t h e r m a l p ro c e s s  a t  25° 
a n d  t o  t r u e  m a s s . F o r  r e d u c t io n  o f w e ig h t s  to  
v a c u u m , t h e  d e n s i t y  v a lu e s  g iv e n  in  T a b l e  I  w e re  
u s e d . T h e  m o le c u la r  w e ig h ts  w e re  c o m p u t e d  f r o m  
t h e  1951 I n t e r n a t io n a l  A t o m i c  W e ig h t s .17

A l l  c o m b u s t io n  e x p e r im e n ts  w i t h  c h lo r o b e n z e n e , 
o -c h lo r o e t h y lb e n z e n e  a n d  o -d ic h lo r o b e n z e n e  w e re  
s a t is fa c to r y . I n  t v ro c o m b u s t io n s  o f p -c h lo r o e t h -  
y lb e n z e n e , A 2 a n d  A 5 ,  v io le n t  s h a t t e r in g  o f th e  
a m p o u le  o c c u rre d , a n d  c a r b o n  d e p o s its  in d i c a t iv e  
o f  s p la t t e r in g  "were o b s e r v e d . A n o t h e r  c o m b u s t io n  
o f t h is  c o m p o u n d , A l ,  w a s  re je c te d  b e c a u s e  o f c a lo 
r im e t r ic  u n c e r ta in t ie s . T h e  f irs t  e x p e r im e n t , A l ,  on  
m -d ic h lo r o b e n z e n e  y ie ld e d  a  v a lu e  f o r  —  AUb/M  of
4 8 2 8 .6  c a l. g . “ 1. T h i s  u n e x p la in e d  h ig h  re s u lt  w a s  
a lso  r e je c te d . T w o  e x p e r im e n ts  o n  p -d ic h lo r o -  
b e n z e n e , A 2  a n d  A 4 ,  h a v e  b e e n  o m it t e d  f r o m  th e  
ta b le s  b e c a u s e  o f c a lo r im e t r ic  u n c e r t a in t ie s .

I n  T a b l e  I I  t h e  d e r iv e d  d a t a  a re  g iv e n . T o  o b 
t a i n  AUb, f r o m  AUb th e  W a s h b u r n 18 c o r re c t io n s  
w e r e  n o t  m a d e  r ig o r o u s ly  f o r  la c k  o f n e c e s s a ry  d a t a , 
b u t  t h e y  w e re  a p p r o x im a t e d  b y  a s s u m in g  t h a t  t h e  
v a lu e s  f o r  th e  s o lu b i l i t y  a n d  h e a t  o f s o lu t io n  o f th e  
b o m b  gases in  t h e  b o m b  s o lu t io n s  a re  th e  s a m e  as in  
w a t e r .  T o  c a lc u la te  th e  h e a ts  o f f o r m a t io n  o f  t h e  
c o m p o u n d , t h e  h e a ts  o f f o r m a t io n  o f C 0 2( g )  a n d  
H 20 (1 )  w e re  t a k e n  t o  b e  A  Ilf  =  —  9 4 .0 5 1 8 19a a n d
—  6 8 .3 1 7 4 wb k e a l. m o le - 1 , r e s p e c t iv e ly ,  a n d  t h e  f o l
lo w in g  v a lu e s  w e re  ta k e n  f o r  th e  h e a t  o f f o r m a t io n

(1 6 ) C =  C p ff .1( c o n t . ) ( 2 5  — / ¡ )  - f  Cc ff. f ( c o n t . )  [A/... — (25  — ¿i) ] in
w h ic h  C e f f . ' ( c e n t . )  a n d  C ef f . f ( c o n t . )  a re  th e  e n e r g y  e q u iv a le n ts  o f  th e  
in it ia l a n d  fin a l c o n t e n t s  o f  th e  b o m b  a n d  t\ is th e  te m p e r a tu r e  o f  th e  
ca lo r im e te r  a t  th e  b e g in n in g  o f  th e  re a c t io n  p e r io d .  In  c o m p u t in g  
C th e  fo l lo w in g  v a lu e s  w e re  ta k e n  fo r  th e  e n e r g y  e q u iv a le n t  o f  t h e  
in it ia l  a n d  fin a l b o m b  s o lu t io n s :  c h lo ro b e n z e n e  c o m b u s t io n s ,  0 .9 8
a n d  0 .9 4  c a l . g . _1 ; o- a n d  p -c h to ro e th y lb e n z e n e  c o m b u s t io n s ,  0 .9 8  
a n d  0 .9 6  c a l . g . - 1 ; o-, m- a n d  p -d ic h lo r o b e n z e n e  c o m b u s t io n s ,  0 .9 7  
a n d  0 .9 0  c a l . g . ‘  b T h e  h e a t  c a p a c i t y  o f  th e  g la ss  c lo t h  l in in g  w a s  ta k e n  
a s  0 .1 7 2  ca l. g . d e g . -1 .

(1 7 ) E . W irh e rs , J. Am. Che.m. Sac., 7 4 , 2 44 7  (1 9 5 2 ).
(1 8 ) E . W . W a s h b u rn , Bur. Standards J. Research, 1 0 , 5 2 5  (1 9 3 3 ) .
(1 9 )  (a )  E . J . P ro se n , R .  S . J e ssu p  a n d  F . D . R o s s in i ,  J. Research 

Natl. Bur. Standards, 3 3 , 4 4 7  (1 9 4 4 ) ;  a n d  (b )  D .  D .  W a g m a n , J . E . 
K ilp a t r ic k ,  W . J . T a y lo r ,  K . S . P it z c r  a n d  F . D . R o s s in i , ibid., 3 4 , 143 
(1 9 4 5 ) .



May, 1954 Combustion Calorimetry of Organic Chlorine Compounds 399

o f H C l n H 20  f r o m  h y d r o g e n ,  c h lo r in e  a n d  w a t e r :  
f o r  n =  7 4 , — 3 9 .5 5  k c a l. m o l e " 1; f o r  n =  105, 
—  3 9 .6 1  k c a l. m o le - 1 ; f o r  n =  3 5 .5 , — 3 9 .3 5  k c a l. 

a n d  f o r  n =  3 8 .5 , — 3 9 .3 8  k c a l. m o le - 1 . T h e  u n 
c e rta in t ie s  g iv e n  c a n n o t  b e  ta k e n  as a  s t r ic t  m e a s 

u r e  o f  th e  a c c u r a c y  o f th e  m e a s u re m e n ts  b e c a u s e  
th e r e  is n o  w a y  o f e v a lu a t i n g  s o m e  o f t h e  o t h e r  u n 
c e r ta in t ie s  c o n n e c te d  w i t h  th e  m e t h o d  w h ic h  a re  
d is c u s s e d  la te r .

T a b l e  I I I  g iv e s  a  c o m p a r is o n  o f t h e  d a t a  o b ta in e d
T a b l e  I

R e s u l t s  o f  C o m b u s t i o n  E x p e r i m e n t s
Series

and m', A TV, <Zoil> (Zfuse> 3hyd. Cal. «Pt, (ZHNOa- c, — AUb/M,
no. g- °c. cal. cal. eq. V eq. VI cal. cal. cal. cal. g.-1

AI
Chlorobenzene, CèITCI (1); mol. wt. 

0.89177 1.99820 497.03 16.05
= 112.557, density = 

56.2 11.2
= 1.106, 
1.98

n in cq. 
0.29

IX = 74 
27.6 6604.3

A2 .86778 1.99809 656.17 17.11 57.7 7.2 2.08 .29 27.6 6604.4
A3 .86014 1.99260 694.27 16.72 54.7 3.8 2.21 .29 27.6 6606.0
A4 .86166 2.00096 688.33 18.56 55.6 5.3 2.01 .19 27.6 6604.9
A5 .86094 2.00036 717.02 17.23 57.5 3.2 2.28 .25 27.6 6599.5
A6 .86239 2.00183 705.82 16.52 60.0 5.9 1.98 .29 27.6 6602.1
JB1 .85033 2.00280 784.04 16.40 59.6 6.6 1.98 .31 27.5 6608.7
B2 .85930 2.01033 746.16 19.39 60.0 7.9 1.78 .51 27.5 6606.2
B3 .86044 1.99855 709.18 17.11 57.3 7.1 1.57 .20 27.5 6603.9
B4 .86691 1.99952 663.14 17.03 66.9 4.8 1.6 .6 27.6 6601.3
B5 .86108 2.00040 704.50 19.19 63.9 5.8 0.8 .5 27.8 6602.3
B6 .84526 2.02298 892.74 15.23 57.1 4.4 1.7 .6 28.2 6603.1
B7 .86134 2.00570 706.61 17.74 71.1 9.4 0.9 .5 28.5 6607.6

10 ml. of 0.5 N N2H4■2HC1 used in bomb Pt 1; Cl-  recovery6 == 100.0%; Cefi, (calor.) =
Av. 6604.2 ±  0 .7i° 

3225.85 cal. deg.-1 (A series).
322G.6 (B1-B3), 3220.0 (B4-B7).

o-Chloroethyll Jenzene, Call,Cl (1); mol. wt. = 140.609, density = 1.055, n in eq. IX  = 105
Al 0.75384 1.99533 755.42 15.97 41.2 7.3 0.7 0.5 27.7 7484.7
A2 .76592 2.00141 677.04 16.01 45.6 8.4 .4 .6 28.1 7488.0
A3 .76658 1.99958 673.03 17.31 38.3 7.5 .7 .3 27.7 7487.7
A4 .77573 2.00069 596.87 19.31 46.2 9.5 2.3 .5 28.1 7484.9
A5 .78093 1.99753 559.29 18.37 37.5 7.1 0.5 .4 27.7 7487.6
A6 .78150 1.99967 559.17 18.96 40.4 8.4 .3 .7 28.1 7485.3
A7 .72674 1.99989 968.58 15.38 46.3 9.0 .9 .5 28.5 7483.0
A8 .73035 1.99934 945.34 15.82 40.8 7.6 .6 .4 27.9 7484.1

10 ml. of 0.5 N N2II4-2HC1 used in bomb Pt 1 ; Cl recovery6 =
Av. 74S5.7 ±  0.6e'‘ 

100.0%; Ceif.(calor.) = 3226.0 cal. deg.-1
p-Chloroetliylbcnzene, C8H,C1 (1); mol. wt. = 140. 609, density = 1.050, n in eq. IX  = 105

A3 0.76114 1.99812 711.39 18.33 36.2 5.2 0.8 0.4 27.7 7488.9
A4 .76532 2.00339 698.61 15.70 33.9 7.9 0.5 .5 28.0 7490.2
A6 .78401 2.00036 546.94 14.44 39.2 6.2 1.3 .4 27.7 7488.6
A7 .78556 2.00151 533.82 19.98 38.7 6.4 1.8 .4 28.0 7488.4
A 8 .78737 2/00182 521.59 17.03 39.8 7.5 0.6 .6 27.7 7489.6
A9 .79355 2.00621 473.34 16.92 53.8 10.4 1.1 .5 28.4 7489.3
A10 .79886 1.99278 412.85 16.76 37.6 5.2 0.9 .4 27.9 7487.7

10 ml. of 0.5 N N2H4■2HC1 used in bomb Pt 1; Cl recovery6 ¡= 100.3%; C efi, (calor.) =
Av. 7489.0 ± 0 .7 , “ 

3226.0 cal. deg.-1

o-Diehlorobenzene, C«H4C-2 (1); mol. wt. = 147.006, density = 1.304, n in eq. IX  = 35.5
B1 1.09935 1.90386 629.21 19.39 177.3 16.6 0.3 0.3 26.7 4815.1
B2 1.11768 2.02720 936.33 18.25 175.2 19.9 .3 .4 28.4 4816.9
B3 1.27847 2.01560 91.77 19.31 213.2 17.9 .3 .3 28.2 4813.6
B4 1.26295 2.00437 132.93 19.70 208.6 17.4 .7 .4 28.0 4814.8
B5 1.22603 2.02529 400.66 15.35 192.6 15.6 .6 .3 28.3 4814.6
B6 1.22976 2.00798 323.30 18.68 196.3 12.2 .6 .4 28.1 4814.5
D1 1.22494 2.01496 354.32 19.19 207.6 16.4 .5 .4 28.1 4813.1
D2 1.28900 2.03161 103.77 16.99 207.4 14.4 .5 .4 28.3 4813.4
D3 1.19066 1.99472 473.28 16.95 189.8 13.8 .5 .2 27.7 4816.2
D4 1.20329 2.00567 435.54 17.50 199.6 16.4 .3 .4 27.9 4815.5

10 ml. of 1.0 -V X oH4■2HC1 used in bomb Ta 1; Cl recovery'
Av.

’ =  99.6 and 100.0%; Cm .(calor.) =
4814.8 ±  0 .3,“

= 3209.9 (B series),
3209.7 (D series) cal. deg. 1
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T a b l e  I (Continued)
S e r ie s
and ra\ ATg, Qoil, Sfuse» 3hyd> ca l. GPt, <ZHNO»* c, — AUb/M,
n o . g- °c. cal. cal. e q . V e q . V I cal. cal. cal. cal. g. “ l

m-Dichlorobenzene, CsIRCh (1); mol. wt. =  147.006, density =  1.288, n in eq. IX  =  35.5
A2 1.13544 2.00546 789.76 20.05 175.6 16.1 0.4 0 . 2 28.1 4810.5
A3 1.13393 1.96643 772.04 16.68 171.1 20.6 .3 . 3 27.9 4809.7
A4 1.13621 2.00467 769.29 18.48 181.5 24.8 .5 . 3 28.1 4811.3
A5 1.09657 1.98914 938.09 17.94 168.7 14.4 .5 . 4 27.9 4807.3
A6 1.07840 2.00670 1054.51 16.92 186.1 21.7 .4 . 3 28.1 4811.0
A7 1.07865 1.99294 1032.29 18.56 160.8 22.2 .3 . 3 27.9 4810.8

Av. 4810.1 ±  0.6i‘
10 ml. of 1.0 N N2II4-2IIC1 used in bomb Ta 1; Cl-  recovery4 == 99.7%; Ceujcalor.) =  3209.9 cal. deg. 1

p-Dichlorobenzene, CelliCb (s); mol. wt. = 147.006, density = 1.458, n in eq. IX  = 38.5
Al 0.99246 2.00415 1585.68 15.93 136.1 10.4 3.8 0 . 3 27.1 4775.0
A3 1.08376 2.00395 1131.91 17.03 150.8 8.4 4.8 . 3 27.1 4777.1
A5 1.11346 2.00370 986.70 16.88 156.6 7.0 6.0 . 3 27.1 4774.5
A6 1.11540 2.00707 977.80 17.74 161.6 9.9 3.9 . 3 27.4 4778.3
A7 1.12262 2.00450 940.11 17.03 160.4 10.8 1.9 . 5 27.1 4775.9
A8 1.13713 2.02353 905.53 17.54 182.8 15.2 4.9 . 5 27.7 4773.2
A9 1.09584 2.01328 1064.64 16.17 183.3 18.4 4.8 .6 28.1 4776.0

Av. 4775.7 ±  O.64'
10 ml. of 1.0 N N2H4-2HC1 used in bomb Pt 1; Cl-  recovery6 = 99.6 and 99.8%; C„if.(calor.) - 3226.0 cal. deg. 1
° Standard deviation of the mean, \ /sA 2/n(n — 1) in which A is the deviation of each observation from the mean and 

n is the number of observations. 4 The quantity of chloride ion found (by precipitation as AgCl) in the bomb solution 
after a combustion experiment, expressed as per cent, of that calculated from the mass and composition of the sample and 
the volume and concentration of the reducing solution.

T a b l e  I I

D e r i v e d  D a t a  a t  25°, K c a l . M o l e “ 1
Substance AC7b° Af7ll& AI I  R c M l f d

Chlorobenzene (1) 74' -  743.3s -  742.4s -  743.04 +  2. 5s ±  0. 1 /
o-Cliloroethylbenzene (1) 105 -1052 .5s -10 51 .2 , -1052 .4« -1 2 .89 ± .3«
p-Chloroethylbenzene (1) 105 —1053.02 — 1051.77 -1052.9s -1 2 .33± .3,
o-Dichlorobenzene (1) 35.5 -  707.8o -  706.83 1 O -1 -  4 • 2o ± . l7
m-Dichlorobenzene (1) 35.5 -  707.1, -  706.1, -  706.4, -  4 .89 ± .2«
p-Dichlorobenzene (s) 38.5 -  702.0s -  700.97 -  701.2, - 1 0 ■ I2 ± • 2s

“ AUb = AUb/M X M. b AUr =  the energy change of the idealized combustion reaction IX  in which the reactants 
and products are in their appropriate standard states. c AHr =  the enthalpy change for reaction IX. d AH{ = the heat 
of formation of the compound in the state indicated (1, liquid; s, solid) from graphite and gaseous hydrogen and chlorine in 
their respective standard states. * n in eq. IX. 1 The uncertainty given is equal to twice the final “ over-all”  standard 
deviation [see F. D. Rossini and W. E. Deming, J. Wash. Acad. Sci., 29, 416 (1939)].

T a b l e  III
C o m p a r i s o n  o f  D a t a  O b t a i n e d  b y  V a r i o u s  I n v e s t i g a t o r s

— AUr/M  f o r  R e a c t io n  I X  a t  2 0 ° ,  n =  6 0 0
C h lo r o -  o -D ic h lo r o -  m- D ic h lo r o 
b e n z e n e  b e n z e n e  b e n ze n eC o m p o u n d  

Investigators and method 
This investigation

N2H4-2HCl, glass ampoule static bomb 
Ivarlsson60'21

As20 3, glass ampoule static bomb 
Ivarlsson50'21

As20 3, cellophane static bomb 
Bjellerup21

As20 3, glass ampoule static bomb 
As20 3, glass ampoule moving bomb 

Smith, Sunner20”
A s 20 3, cellophane shaking bomb 
As20 3, cellophane rotating bomb 

Data of historical interest only 
Thomsen20d
Kablukov and Perelman206
Berthelot201
Berthelot3

0599.1 ± 1  4815.9 ± 1  4811.2 ± 1

0001.3 ±  3

4808.5 ±  2 4800.1 ± 2

4814.1 ±  3.5 
4817.3 ± 2 .9

6751
0535

4591
4624

p- D ic h lo r o 
b e n z e n e

4775.4 =fc 1

4777.6 db 1

4774.6 ±  6
4776.6
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b y  v a r io u s  in v e s t ig a t o r s 2'20'21 f o r  c h lo r o b e n z e n e  a n d  
t h e  d ic h lo ro b e n z e n e s . T h e r e  a re  n o  p r e v io u s  d a t a  
f o r  th e  c h lo r o e th y lb e n z e n e s . T h e  c o lu m n  h e a d e d  
“ I n v e s t ig a t o r s  a n d  M e t h o d , ”  g iv e s  t h e  f o l lo w in g  
in f o r m a t io n :  t h e  in v e s t ig a t o r s ;  t h e  r e d u c t a n t
u s e d , in  a l l  cases A s 20 3 s o lu t io n  e x c e p t  in  t h is  in v e s 
t ig a t io n  in  w h ic h  N 2H 4'2H C 1 w a s  u s e d ; th e  m e t h o d  
u s e d  f o r  c o n f in in g  t h e  s a m p le , i.e., w h e t h e r  a  g la ss 
a m p o u le  o r  a  c e llo p h a n e  d is k  o v e r  t h e  c r u c ib le  w a s  
u s e d ; a n d  t h e  t y p e  o f c a lo r im e t r ic  s y s t e m  u s e d . 
T h e  d a t a  h a v e  a l l  b e e n  r e d u c e d  as f a r  as p o s s ib le  to  
a  c o m m o n  b a s is  f o r  c o m p a r is o n  p u rp o s e s . T h e  
v a lu e s  f o r  —  AUr/M  re fe r  t o  re a c t io n  I X  in  w h ic h  
n =  6 0 0  a n d  t h e  re a c t io n  t e m p e r a t u r e  is  2 0 ° . A s  
r e c o m m e n d e d  in  re f . 2 1 , t w o  c o r re c t io n s  h a v e  b e e n  
a p p lie d  t o  t h e  d a t a  o f  K a r ls s o n  g iv e n  t h e r e in :  (a )  
th e  re v is e d  c o r r e c t io n  f o r  d is s o lv e d  n o b le  m e ta ls  
a n d  ( b )  t h e  e s t im a te d  W a s h b u r n  c o r r e c t io n  o f 
+ 0 . 4  c a l. g . _1 .

B e c a u s e  o f  t h e  u n c e r t a in t ie s  o f t h e  W a s h b u r n  
c o r re c t io n s  a p p lie d  a n d  in  th e  p u r it ie s  o f th e  s a m 
p le s u s e d  i n  t h e  v a r io u s  in v e s t ig a t io n s , a  p re c is e  
c o m p a r is o n  o f  t h e  e x p e r im e n t a l  d a t a  is n o t  p o s s ib le . 
N e v e r th e le s s , t w o  g e n e ra l c o n c lu s io n s  m a y  be  
d r a w n .  F i r s t ,  i t  is a p p a r e n t  t h a t  th e  u se  o f a  c e llo 
p h a n e -c o v e r e d  c ru c ib le  t o  c o n t a in  a  c o m b u s t io n  
s a m p le  re s u lte d  in  h e a t  o f c o m b u s t io n  v a lu e s  s ig 
n if ic a n t ly  lo w e r  t h a n  th o s e  o b t a in e d  w h e n  g la ss a m 
p o u le s  w e re  u s e d . A n  e x c e p t io n  t o  t h is  w a s  th e  case 
o f th e  s o lid  c o m p o u n d , p -d ic h lo r o b e n z e n e . S e c 
o n d , t h e  re s u lts  o b t a in e d  b y  t h e  q u a r t z -s p i r a l  ( w i t h  
g la ss a m p o u le s ),  g la s s -c lo th  a n d  m o v in g -b o m b  
m e th o d s  g e n e r a l ly  a g re e  w i t h i n  t h e  p re c is io n  u n c e r 
t a i n t y  o f  th e  e x p e r im e n t a l  d a t a . U n f o r t u n a t e ly ,  a  
c o m p a r is o n  o f a ll  m e th o d s  is a ffo rd e d  o n l y  b y  th e  
re s u lts  t a b u la t e d  f o r  o -d ic h lo ro b e n z e n e . T h e  d a t a  
f o r  th is  c o m p o u n d  a re  in  a g re e m e n t , w i t h  t h e  e x c e p 
t io n  o f t h e  d a t u m  o b t a in e d  b y  t h e  q u a r t z -s p i r a l  
m e t h o d , w i t h  a  c e llo p h a n e -c o v e r e d  c r u c ib le  a n d  th e  
d a t a  o f B e r t h e lo t .

Discussion of the Method
T h e  p r o b le m  o f d e t e r m in in g  t h e  h e a ts  o f  c o m b u s 

t io n  o f c h lo r in e -c o n t a in in g  c o m p o u n d s  is  t h a t  o f 
d e v is in g  e q u ip m e n t  a n d  te c h n iq u e s  t h a t  w i l l  le a v e  a 
f in a l s ta te  in  t h e  b o m b  t h a t  is c a p a b le  o f b e in g  d e 
f in e d  t h e r m o d y n a m ic a l ly  a n d  in t e r p r e t e d  t h e r m o -  
c h e m ic a l ly .  T h e  c h o ic e  o f  r e d u c t a n t  a n d  its  m o d e  
o f  s u p p o r t ,  t h e  c h e m ic a l e x a m in a t io n  a n d  id e n t if ic a 
t io n  o f  th e  p r o d u c t s  o f th e  r e a c t io n  ( i n c lu d in g  c o r 
ro s io n  p r o d u c t s ) ,  a n d  t h e  n e e d  f o r  t h e  e q u i l ib r a t io n  
o f p r o d u c t s  in  a  re a s o n a b le  le n g t h  o f t im e  a re  a ll  fa c 
to r s  t o  b e  c o n s id e re d . A  d is c u s s io n  o f s o m e  o f th e se  
fa c to rs  f o llo w s . I t  is s h o w n  t h a t  e x p e r im e n ts  h a v e  
b e e n  p e r f o r m e d  t o  in d ic a t e  t h e  m a g n it u d e  o f th e  
t h e r m a l  effe cts  p r o d u c e d  b y  k n o w n  u n c e r ta in t ie s .

Choice of Reductant.— T h e  p o s s ib i l i t y  w a s  c o n 
s id e re d  o f  r e d u c in g  fre e  c h lo r in e  b y  a  g a s  p h a s e

(2 0 )  (a )  K a r ls s o n 's 50 o r ig in a l  d a ta  r e c e n t ly  h a v e  b e e n  r e v ise d  b y  
S m ith , et al.u T h e  re v ise d  d a ta  w e re  u se d  h e r e ; (b )  B je l le r u p ’s 
m e a su re m e n ts  w e re  re p o r te d  in  re f. 2 1 ;  ( c )  L . S m ith  a n d  S . S u n n er, 
“ T h e  'S v e d b e r g  M e m . V o ! . , “  A ltn q v is t  a n d  W ikselLs B o k tr y c k e r i ,  
U p p sa la , S w e d e n , 1944 , p .  3 5 2 ; (d )  J . T h o m s e n , Z. phyaik. Chem., 62 , 
3 4 3  (1 9 0 5 ) ;  (e ) I .  A .  K a b lu k o v  a n d  F . M .  P e re lm a n , Compt. rend, 
acad. set, U.S.S.R., 1 9 3 0 A , 5 1 9 ; a n d  ( f )  M .  P . E . B e r th e lo t , Ann. 
chim. pays., [6 ] 28, 131 (1 8 9 3 ).

(21) L. Smith, L. Bjcllerup, S. lvrook and H. Westormark, Acta 
Chem. Scand., 7 , 6 5  (1 9 5 3 ).

re a c t io n  w h ic h  w o u ld  e l im in a t e  t h e  q u e s tio n  of 
h o m o g e n e it y  o f t h e  re a c t io n  p r o d u c t s  o r  t h e  n e ce s
s i t y  o f a  q u a r t z -w o o l  l in in g  o r  m o v i n g  b o m b . 
E x p e r im e n t s  t o  te s t  t h is  p o s s ib i l i t y  in c lu d e d  (a )  
th e  in je c t io n  o f k n o w n  a m o u n t s  o f c a r b o n  m o n o x id e  
in t o  th e  b o m b  b e fo re  c h a r g in g , a n d  ( b )  th e  v o la 
t i l iz a t io n  o f  p u r e  f o r m ic  a c id  d u r in g  t h e  c o m b u s t io n  
p ro c e s s . N e i t h e r  m e t h o d  w a s  s u c c e s s fu l, a n d  a 
l iq u id  r e d u c t a n t  w a s  u s e d  in  a ll  la t e r  e x p e r im e n ts .

B e f o r e  th e  c h o ic e  o f t h e  l iq u id  r e d u c t a n t  w a s  
m a d e , th e  effe cts  o n  a c c u r a c y  c a u s e d  b y  t h e  p re s 
e n c e  o f  r e la t iv e ly  la r g e  a m o u n t s  o f s o lu t io n  o n  th e  
g la ss  c lo th  i n  t h e  b o m b  w e re  s t u d ie d . T h i s  s t u d y 22 
le d  t o  t h e  c o n c lu s io n  t h a t  t h e  v o lu m e  o f s o lu t io n  
s h o u ld  b e  h e ld  t o  a  m i n i m u m .  H e n c e , a  s e a rc h  
w a s  m a d e  f o r  a  r e d u c t a n t  t h a t  w o u ld  b e  m o r e  s o l
u b le  t h a n  A S 2O 3. T h e  C o m m is s io n  o f  T h e r m o 
c h e m i s t r y 23* a n d  R o t h 23b'c h a v e  s u g g e s te d  a n  a q u e 
o u s  s o lu t io n  o f h y d r a z in e  m o n o h y d r o c h lo r id e  as  a 
p o s s ib le  r e d u c t a n t  a n d  t h e  l a t t e r 23d h a s  p o in t e d  o u t  
t h a t  h y d r a z in e  d ih y d r o c h lo r id e  m i g h t  h a v e  s u it a b le  
p r o p e rt ie s . B e c a u s e  o f t h e  c o m p a r a t iv e  ease o f 
a n a ly s is , h y d r a z in e  w a s  s e le c te d  f o r  s t u d y ,  b u t  
s in c e  h y d r o c h lo r ic  a c id  re a c ts  w i t h  t h e  m o n o h y d r o 
c h lo r id e , h y d r a z in e  d ih y d r o c h lo r i d e  w a s  in v e s t i 
g a te d  f o r  u s e  as a  r e d u c t a n t .

S t a b i l i t y  o f R e d u c t a n t .— T h e  s t a b i l i t y  o f  h y 
d r a z in e  d ih y d r o c h lo r id e  w a s  te s te d  b y  p la c in g  a  
k n o w n  a m o u n t  o f th e  s o lu t io n  in  a  b o m b  a n d  c h a r g 
in g  w i t h  o x y g e n  to  3 0  a tm o s p h e re s  p re s s u re . A f t e r  
2 4  h o u r s , t i t r a t io n  o f t h e  h y d r a z in e  d ih y d r o c h lo 
r id e  in d ic a t e d  o x id a t io n  o r  d e c o m p o s it io n  o f b o r d e r 
l in e  s ig n if ic a n c e . A d d i t i o n a l  e v id e n c e  w a s  g a in e d  
b y  t h e  c o m b u s t io n  o f b e n z o ic  a c id  in  t h e  b o m b  in  
w h ic h  h y d r a z in e  d ih y d r o c h lo r i d e  s o lu t io n  w a s  p r e s 
e n t  o n  t h e  g la ss f ilte r  c lo t h  f in in g . T h e  v a lu e  so  
o b t a in e d  f o r  t h e  h e a t  o f c o m b u s t io n  o f  b e n z o ic  a c id  
w a s  in  g o o d  a g re e m e n t  w i t h  a d a t u m  o b t a in e d  la t e r ,  
in  a  r o t a t i n g  b o m b  e x p e r im e n t , in  w h ic h  10 m l .  o f  
w a t e r  a n d  n o  g la ss  c lo th  h a d  b e e n  a d d e d  (see re f . 2 ) 
T h i s  fa c t  s u g g e s ts  t h a t  l i t t le  o x id a t io n  o f h y d r a z i n e  
o c c u r r e d  in  t h e  in it ia l  a n d  f in a l p e r io d s .24

(2 2 )  T h e  ca lo r im e te r  w a s  c a l ib r a t e d  b y  th e  c o m b u s t io n  o f  b e n z o ic  
a c id  in  th e  b o m b  t o  w h ich  0 .1  m l. o f  w a te r  h a d  b e e n  a d d e d  b u t  w it h o u t  
filte r  c lo t h  l in in g . T h e n  s e v e ra l s er ies  o f  m e a su re m e n ts  w e re  m a d e  o f  
th e  h e a t  o f  c o m b u s t io n  o f  b e n z o ic  a c id  w ith  v a r y in g  a m o u n ts  o f  w a te r  
a d d e d  in it ia l ly  t o  th e  g la ss  c lo t h  in  th e  b o m b .  T h e  e x p e r im e n ta l  
v a lu e s  o f  — AUb/M  f o r  b e n z o ic  a c id  s o  o b t a in e d  w e re  c o m p a r e d  w ith  
th o s e  c a lcu la te d  f o r  th e  r e s p e c t iv e  c o n d it io n s  f r o m  — AUr  b y  W a s h 
b u r n ’s m e t h o d .18 W h e n  10  m l. o f  w a te r  w a s  a d d e d  t o  th e  b o m b ,  th e  
a g r e e m e n t  b e tw e e n  th e  o b s e r v e d  a n d  c a lcu la te d  v a lu e s  w a s w ith in  
0 .0 1 % .  W h e n  2 0  m l. w a s  a d d e d , th e  o b s e r v e d  v a lu e  w a s  0 .0 2 %  
lo w e r  th a n  c o m p u t e d . A d d it io n s  o f  la rg e r  a m o u n t s  o f  w a te r  in cre a se d  
th e  d is c r e p a n c y .  T h is  m ig h t  b e  a t t r ib u te d  t o  in c o m p le t e  s o lu t io n  o f  
th e  c a r b o n  d io x id e .

T h e  a m o u n t  o f  w a te r  a d d e d  t o  th e  b o m b  a lso  a f fe c te d  t h e  le n g th  o f  
th e  r e a c t io n  p e r io d .  A lt h o u g h  th e  a d d it io n  o f  a s  m u c h  a s  10  m l. o f  
w a te r  d id  n o t  in cre a se  th e  le n g th  o f  r e a c t io n  p e r io d  g r e a t ly ,  th e  a d d i 
t io n  o f  20  m l. a n d  5 0  m l. in c re a s e d  th e  d u r a t io n  o f  th e  r e a c t io n  p e r io d  
b y  fa c to r s  o f  1 .5  a n d  2 .0 , r e s p e c t iv e ly .

(2 3 ) (a ) U n io n  I n te r n a t io n a le  d e  C h im ie , C o m m is s io n  P e r m a n e n te  
d e  T h e r m o c h im ie ,  “ A p p e n d ic e s  a u  P r e m ie r  R a p p o r t  d e  la  C o m m is 
s io n ,”  P a ris , 1 9 3 6 ; (b )  W .  A .  R o t h ,  Z. Elektrochem., 43, 3 5 5  (1 9 3 7 ) ;  
( c )  W .  A . R o t h ,  ibid., 45, 3 3 5  (1 9 3 9 ) ;  a n d  (d )  W . A . R o t h ,  ibid., 50, 
111 (1 9 4 4 ) .

(2 4 )  I t  sh o u ld  b e  n o t e d  th a t  s o m e  o f  th e  h y d r a z in e  w a s o x id ize d  
d u r in g  th e  r e a c t io n  p e r io d .  H o w e v e r , o x id a t io n  o f  th e  r e d u c ta n t  
d u r in g  th e  c o m b u s t io n  p e r io d  ca u se s  n o  e r r o r  s in ce  th e  ch e m ica l 
a n a ly s is  a n d  s u b s e q u e n t  th c r m o c h e m ic a l  t r e a tm e n t  o f  resu lts  ta k es  
th is  in to  a c c o u n t  b u t  o x id a t io n  d u r in g  a n y  o th e r  p o r t io n  of th e  c o m 
b u s t io n  e x p e r im e n t  w ill resu lt in a b s o lu te  errors.
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A s  s u b s t itu te s  f o r  th e  q u a r t z  f ib e rs  u s e d  a t  th e  
U n i v e r s i t y  o f L u n d ,  t w o  t y p e s  o f g la ss  c lo t h  w e re  
t r ie d  in  t h is  L a b o r a t o r y .  O n e  w a s  o r d i n a r y  co a rs e  
g la ss  f ilte r  c lo th  ( F i l t e r  C l o t h  T y p e  C S S - 4 0 ,  O w -  
e n s -C o r n i n g  F ib e r g la s  C o r p . ) ,  a n d  th e  o t h e r  w a s  a 
s p e c ia l h ig h -s i l ic a  c lo th  (F ib e r g la s  H i g h  T e m p e r a 
t u r e  C l o t h ) .  T h e  o r d i n a r y  g la ss f ilte r  c lo t h  w a s  
m o r e  s a t is f a c t o r y  a n d  w a s  u s e d  f o r  a ll  c o m b u s t io n  
e x p e r im e n ts  r e p o r t e d  h e re  f o r  o r g a n ic  c h lo r in e  
c o m p o u n d s . T h e  h ig h -s i l ic a  c lo th  w a s  u n s a t is f a c 
t o r y  c a lo r im e t r ic a l ly  as s h o w n  b y  t h e  f o l lo w in g  e x 
p e r im e n t .  T h i s  c lo t h , w h ic h  h a d  b e e n  le a c h e d  w it h  
h o t  h y d r o c h lo r ic  a c id  t o  b r in g  its  S i 0 2 c o n t e n t  t o  
9 9 . 6 %  a n d  re f ire d  t o  re d u c e  its  p o r o s it y ,  w a s  u s e d  
in  a  series  o f  c o m b u s t io n  e x p e r im e n ts  w i t h  b e n z o ic  
a c id  in  w h ic h  10 m l. o f w a t e r  w a s  a d d e d  t o  t h e  c lo th . 
T h e  a v e ra g e  v a lu e  o f  th e  h e a t  o f c o m b u s t io n  so o b 
ta in e d  w a s  0 . 0 5 %  h ig h e r  t h a n  t h a t  c a lc u la te d  f o r  
th e s e  c o n d it io n s . A n  a n a ly s is  o f th e  in i t ia l  a n d  
f in a l r a t in g  p e r io d s  p o in t e d  t o  a  s m a ll  c o n s t a n t  ra te  
o f  l ib e r a t io n  o f h e a t.

Inertness of Glass Cloth.— W h e n  t h e  g la ss  c lo t h  
is u s e d  in  th e  b o m b  d u r in g  b e n z o ic  a c id  c o m b u s t io n , 
th e  a m o u n t  o f n i t r ic  a c id  f o r m e d  is less t h a n  w h e n  
n o  c lo t h  o r  w h e n  q u a r t z  c lo t h  is u s e d . N i t r a t e  io n  
w a s  d e t e r m in e d  b y  D e v a r d a ’s m e t h o d  a f te r  t w o  of 
th e  c o m b u s t io n s , in  a d d i t io n  to  t h e  u s u a l  t i t r a t io n  
o f t h e  a c id . T h e  re s u lts  s h o w  0 .0 5 8  m e q . o f  n it r a t e  
io n  a n d  o n ly  0 .0 2 2  m e q . o f a c id . T h i s  f a c t  s u g 
g e ste d  t h a t  w h e n  b e n z o ic  a c id  u n d e rg o e s  c o m b u s 
t io n  in  th e  b o m b  t o  w h ic h  g la ss c lo t h  is  a d d e d , a 
re a c t io n  o c c u rs  b e tw e e n  t h e  n i t r ic  a c id  p r o d u c e d  
a n d  th e  g la ss  c lo th . T h e  e r r o r  c a u s e d  b y  t h is  re a c 
t io n  is  p r o b a b l y  a b o u t  0 .5  c a l. p e r  c o m b u s t io n . T o  
te s t w h e t h e r  th e  p re s e n c e  o f  h y d r a z in e  d ih y d r o c h lo -  
r id c  o r  h y d r o c h lo r ic  a c id  o n  t h e  g la ss c lo t h  m ig h t  
in t r o d u c e  s im ila r  e rro rs , s e v e ra l series o f e x p e r i
m e n ts  w e re  c a r r ie d  o u t  in  w h ic h  h y d r a z in e  d i h y d r o 
c h lo r id e  o r  h y d r o c h lo r ic  a c id  w e re  a d d e d  t o  th e  
g la ss c lo th  f o r  b e n z o ic  a c id  c o m b u s t io n s . T h e  
c o n c e n tr a t io n s  o f t h e  s o lu t io n s  a d d e d  c o rre s p o n d e d  
to  t h e  m a x i m u m  v a lu e s  t h a t  m i g h t  b e  p r e s e n t  in  a c 
t u a l  c o m b u s t io n s . T h e  re s u lts  o f  th e s e  in v e s t ig a 
t io n s  y ie ld e d  i n  e a c h  case a  h e a t  o f c o m b u s t io n  o f 
b e n z o ic  a c id  w i t h i n  0 . 0 1 %  o f a  d a t u m  o b t a in e d  la 
t e r  i n  a  r o t a t i n g  b o m b  to  w h ic h  10 m l .  o f  w a t e r  a n d  
n o  g la ss  c lo t h  w e re  a d d e d . I t  se e m s t h a t  th e  p re s 

e n c e  o f h y d r a z in e  d ih y d r o c h lo r id e  o r  h y d r o c h lo r ic  
a c id  o n  th e  g la ss c lo t h  h a s  n o  m o r e  t h e r m a l  e ffe c t 
t h a n  t h e  a d d it io n  o f 10 m l .  o f w a t e r  a lo n e  t o  t h e  
b o m b .

Homogeneity.— I n  c o m b u s t io n s  o f c h lo r in e  c o m 
p o u n d s , in h o m o g e n e it y  o f th e  c o m b u s t io n  p r o d u c t s  
in  th e  f in a l s ta te  is a  less s e rio u s  p r o b le m  t h a n  in  
c e r ta in  o t h e r  cases (s u c h  as c o m b u s t io n s  o f s u lf u r  
c o m p o u n d s )  b e c a u s e  o f th e  s m a ll  h e a t  o f d i lu t io n  
e ffe ct. T h e  p r a c t ic e  in  t h is  L a b o r a t o r y  o f a v o id 
in g  a  p o o l (see f o o tn o te  2 5 )  o f r e d u c t a n t  s o lu t io n  
o n  th e  b o t t o m  o f th e  b o m b  m in im iz e s  in h o m o 
g e n e it y  e rro rs .

Equilibrium.— W h e n  i t  is n e c e s s a ry  to  a d d  a n  
u n u s u a l ly  la r g e  a m o u n t  o f l iq u id  to  a  b o m b , i t  is 
im p o r t a n t  to  k n o w  w h e t h e r  o r  n o t  e q u i l ib r iu m  is 
e s ta b lis h e d  w i t h  re s p e c t  to  th e  s o lu t io n  o f th e  c o m 
b u s t io n  gases in  th e  l iq u id  p h a s e .26 S e v e r a l  series 
o f c o m b u s t io n s  o f b e n z o ic  a c id  w e r e  c a r r ie d  o u t  
u s in g  10 m l .  o f w a t e r .  I n  e v e r y  series  th e  h e a t  o f 
c o m b u s t io n  o b t a in e d  a g re e d  w i t h i n  t h e  u n c e r 
t a i n t y  o f th e  e x p e r im e n ts  w i t h  t h e  v a lu e  c a lc u la te d  
f o r  th e s e  c o n d it io n s  b y  use o f t h e  W a s h b u r n  
e q u a t io n s . T h i s  a g re e m e n t  is u n d o u b t e d ly  f o r 
t u it o u s  a n d  c o n ta in s  c a n c e llin g  e rro rs . N e v e r t h e 
less, i t  a p p e a rs  t h a t  th e  t h e r m a l  e ffe ct o f n o n 
e q u i l ib r iu m  o f  g a se o u s  c a r b o n  d io x id e  w i t h  re s p e c t 
to  t h e  a q u e o u s  s o lu t io n  is n o t  la rg e .

Conclusions.— S o m e  o f t h e  u n c e r t a in t ie s  c o n 
n e c te d  w i t h  th e  g la s s -c lo th  m e t h o d  h a v e  n o t  b e e n  
re s o lv e d . N e v e r th e le s s , th e  m e t h o d  h a s  b e e n  
s h o w n  to  g iv e  re s u lts  o f g o o d  p r e c is io n , a n d  i t  w i l l  
b e  s a t is f a c t o r y  w h e n  a c c u r a c y  r e q u ir e m e n t s  a re  
m o d e r a te . I t  h a s  th e  a d v a n t a g e  t h a t  c o m b u s t io n  
e q u ip m e n t  o f  c o n v e n t io n a l  d e s ig n  c a n  b e  u t i l i z e d  
w it h  o n l y  s l ig h t  m o d if ic a t io n s .

(2 5 )  R o t h  h a s  in fo r m e d  J essu p  [see J. Research Nall. Bur. Stand
ards, 2 9 , 2 4 7  (1 9 4 2 ) ]  t h a t  w h e n  10 g . o f  w a te r  w a s a d d e d  t o  a  s ta t ic  
b o m b  in s te a d  o f  1 g . ,  t h e  d iffe r e n c e  in  h e a t  o f  c o m b u s t io n  o f  b e n z o ic  
a c id  w a s  0 .0 6 4 %  in s te a d  o f  th e  0 .1 0 %  c a lcu la te d  fr o m  t h e  W a s h b u rn  
e q u a t io n s .  T h is  d is c r e p a n c y  w as a t t r ib u te d  t o  t h e  la c k  o f  e q u il ib r iu m  
b e tw e e n  t h e  g a se o u s  c a r b o n  d io x id e  a n d  th e  a q u e o u s  s o lu t io n .  A ls o  
S u n n e r  (see  S . S u n n er, T h e sis , U n iv e r s it y  o f  L u n d , C a r l B lo m s  B o k -  
tr y c k e r i,  L u n d , S w e d e n , 1949) h a s  sh o w n  t h a t  th e  s o lu t io n  o f  c a r b o n  
d io x id e  in  10 m l. o f  u n s t ir re d  w a te r , w as o n ly  5 6 %  c o m p le t e  a fte r  10 
m in u te s  u n d e r  th e  c o n d it io n s  o f  h is  e x p e r im e n t . F o r  th e s e  a n d  o th e r  
r e a s o n s  t h e  a m o u n t  o f  g la ss  c lo t h  u se d , in  th is  L a b o r a t o r y ,  h a s  b e e n  
m a d e  g re a t  e n o u g h  t o  s u p p o r t  a ll o f  th e  r e d u c in g  s o lu t io n , i.e., d ra in a g e  
o f  l iq u id  t o  th e  b o t t o m  o f  th e  b o m b  w as c ir c u m v e n te d .
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The existence of the XO C ion in crystalline, double alkali carbonates containing Np(V), Pu(V) and Am(V) is established. 
X-Ray work by F. H. Ellinger and W. H. Zachariasen (reported in detail in the following paper) shows that the RbAm(V), 
NHiAnpV), NHjPuCP) and KPu(V)(low pH) compounds were hexagonal and had the typical composition: XAmOjCOs-
A phase study of the three-component system rKCOs-H sO-I AmOi^COs confirmed the existence of the compound Rb- 
Am02C03. Carbonate compounds containing Np(V), Pu(V) and Am(V) were precipitated from aqueous solutions of 
sodium, potassium, rubidium or ammonium carbonates. Three crystal phases resulted—hexagonal, orthorhombic and mono
clinic—depending upon the radius of the alkali cation and the pH at which the compound was precipitated. These com
pounds are stable only in contact with carbonate solutions, and undergo alteration when washed with water.

T h e  e x is te n c e  o f th e  p e n t a v a le n t  s ta te  h a s  b e e n  
e s ta b lis h e d  f o r  u r a n iu m ,  n e p t u n iu m , p lu t o n iu m  
a n d  a m e r ic iu m . T h e  f o r m u la  o f t h e  a q u e o u s  ( V )  
io n  h a s  b e e n  th e  s u b je c t  o f c o n s id e ra b le  d is c u s s io n  
b u t  h a s  n o t  b e e n  c o m p le t e ly  c h a r a c te r iz e d .

T h e  a q u e o u s  U ( V )  s ta te  is t h e  le a s t s ta b le ; 
h o w e v e r , K r a u s  a n d  c o -w o r k e r s 2' 3 m e a s u re d  its  
h y d r o ly s is  a n d  m a d e  p r e d ic t io n s  c o n c e r n in g  its  p H  
s t a b i l i t y  ra n g e . T h e  a q u e o u s  p e n t a v a le n t  s ta te s  of 
th e  series a re  u n s ta b le  w i t h  re s p e c t t o  d is p r o p o r t io n 
a t io n  in t o  th e  ( V I )  o x id a t io n  s ta te  a n d  a  lo w e r  v a 
le n ce  s ta te , e ith e r  ( I V )  o r  ( I I I ) . ' 2- 6 T h e  ( V I )  s ta te s  
o f th e  series  a re  re d u c e d  r e v e r s ib ly  to  th e  c o r re s p o n d 
in g  ( V )  s ta te  a t  a n  e le c t r o d e .2~ 9 B o t h  N p ( V )  a n d  
A m ( V )  in  a q u e o u s  p e r c h lo r ic  a c id  h a v e  s im ila r  i n 
f r a r e d  a b s o r p t io n  p e a k s  o f  r o u g h ly  s im ila r  s h a p e  
b u t  a re  b r o a d e r  a n d  a p p e a r  a t  lo w e r  e n e rg ie s  t h a n  
th e  N p 0 2+ +  a n d  A m 0 2+ +  a b s o r p t io n  p e a k s .10

C o n t r a r y  t o  t h e  b e h a v io r  o f U ( V )  a n d  P u ( V ) ,  
b o t h  N p ( V )  a n d  A m ( V )  a re  s ta b le  o v e r  c o n s id e r 
a b le  p H  r a n g e s .11 F o r  e x a m p le , P u ( V )  d is p r o -  
p o r t io n a t e s  i n  b o t h  lo w  o r  h ig h  [ H + ] . 12 H o w 
e v e r , th e r e  h a v e  b e e n  v e r y  f e w  s o lid  c o m p o u n d s  
p r e p a r e d  c o n t a in in g  th e s e  s ta te s . T h e  p r in c ip a l  
on es o f N p ( V )  a re  t h e  h y d r o x id e  a n d  t h e  o x a la t e .13

P e n t a v a le n t  a m e r ic iu m  w a s  d is c o v e r e d  b y  W e r n e r  
a n d  P e r lm a n ,  w h o  o x id iz e d  A m ( I I I )  in  p o t a s s iu m

(1 ) P re se n te d  in p a r t  b y  J . P . N ig o n  a t  t h e  M a r c h , 195 3 , m e e t in g  o f  
t h e  A m e r ic a n  C h e m ic a l  S o c ie t y .  T h is  w o rk  w a s s p o n s o r e d  b y  th e  
A E C .

(2 ) K . A . K ra u s  a n d  F . N e ls o n , J . Am. Chem. Soc., 71, 2 5 1 7  (1 9 4 9 ).
(3 ) K . A . K ra u s , F . N e ls o n  a n d  G . L . J o h n so n , ibid., 71, 2 51 0  

(1 9 4 9 ).
(4 ) L . I I .  G e v a n t m a n  a n d  K .  A . K ra u s , “ T h e  C h e m is tr y  o f  P lu to n iu m  

( V ) .  S t a b i l i t y  a n d  S p e c t r o p h o t o m e t r y ,”  N N E S , I V , 1 4 B , T r a n su ra 
n iu m  E le m e n ts , P a r t  I , p . 50 0 , 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 . ,  194 9 .

(5 ) L . B . A s p r e y ,  S. E . S te p h a n o u  a n d  R .  A . P e n n e m a n , J. Am. 
Chem. Soc., 73, 5 71 5  (1 9 5 1 ) .

(6 ) R .  S jo b lo m  a n d  J . C . H in d m a n , ibid., 73, 1744 (1 9 5 1 ).
(7 ) L . B . M a g n u s s o n , J . C .  H in d m a n  a n d  T .  J . L a C h a p e lle ,  “ C h e m 

is tr y  o f  N e p t u n iu m (V ) .  F o r m a l  O x id a t io n  P o te n t ia ls  o f  N e p t u n iu m  
C o u p le s ,”  N N E S , I V , 1 4 B , T r a n su ra n iu m  E le m e n ts , 1059  (P a r t  
I I ) .

(8 ) W . E . H a rris  a n d  I .  M .  K o it h o f f ,  J. Am. Chem. Soc., 67 , 1484  
(1 9 4 5 ).

(9 ) R .  A . P e n n e m a n  a n d  L . B . A s p re y ,  “ T h e  F o r m a l P o t e n t ia l  o f  th e  
A m ( V ) - A m ( V I )  C o u p le ,”  A E C U -9 3 6 .

(1 0 ) L . H . J o n e s  a n d  R .  A . P e n n e m a n , J. Chem. Phys., 2 1 , 542
(1 9 5 3 ).

(11) J. C . H in d m a n , L . B . M a g n u s s o n  an d  T . J . L a C h a p e lle , J. Am. 
Chem. Soc., 7 1 , 687  (1 9 4 9 ).

(12 ) K . A . K ra u s , “ O x id a t i o n -R e d u c t i o n  P o te n t ia ls  o f  P lu to n iu m  
C o u p le s  as a  F u n c t io n  o f  p H ,”  " T r a n s u r a n iu m  E le m e n t s ,”  P a r t  I, 
N N E S  I V , 14B , p . 2 4 1 , 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 . ,  
194 9 .

(1 3 )  G . G ib s o n , D . VI. G ru e n  a n d  J. J . K a t z ,  J. Am. Chem. Soc., 7 4 , 
2 10 3  (1 9 5 2 ).

carbonate solution with sodium hypochlorite to an insoluble compound of unknown composition.14 Since this Ara(V) compound was apparently crystalline, it was decided to determine its composition, i . e . ,  whether it was a salt of the hydroxide such as KOAmOo, or double carbonate, etc. Furthermore, it was of interest to see whether analogous compounds containing Np(V) and Pu(V) could be prepared. Of additional importance would be to show the existence of the ion X 0 2 + in the solid, for determination of its dimensions and linearity by X-ray investigation.
E x p e r im e n t a l

Americium(V) Compounds.—The method of Werner and 
Perlman11 using potassium carbonate as the solvent for 
Am(OH)3 and sodium hypochlorite as the oxidant was 
modified so that there was only a single alkali cation present. 
Thus, a solution of Am(III) in potassium carbonate was 
warmed to ~80° with potassium hypochlorite, and a solu
tion of Am(III) in sodium carbonate was treated similarly 
with sodium hypochlorite.

The potassium salt containing Am(V) crystallizes as or
thorhombic bisphenoids which are optically biaxial negative 
with a small optic angle and have refractive indices a = 
1.593 ±  0.002, d and 7 = 1.596 ±  0.002. Washing the 
product with water resulted in the formation of isotropic 
alteration rims which had a much higher index of refraction. 
Eventually whole crystals were altered to this isotropic sub
stance and usually disintegrated. Crystals which were left 
for some time on the slide in air-dry condition and in ordi
nary atmosphere gradually altered to a compound which 
gave the absorption spectrum of trivalent americium and 
had an index of refraction lower than those of the original 
crystals. In this case, the external shape of the crystals 
was well preserved, the alteration being apparent, however, 
from the irregular, mottled extinction in polarized light.

The sodium salt containing Am(V) crystallizes as six- 
sided plates which are optically negative with optic angle 
sensibly zero (later X-ray work indicates the structure is 
probably monoclinic). The refractive indices are between 
1.58 and 1.60. Closer determination of indices was not 
feasible because of the fine size and unstable nature of the 
crystals. As in the case of the potassium salt, washing with 
water resulted in a rise of the apparent index of refraction.

Since the potassium and sodium compounds are erystallo- 
graphically distinct, well defined species, it was considered 
highly probable that the Am(V) compounds contain alkali 
metal ions as an essential constituent.; this work alone, 
however, did not answer the question concerning the car
bonate content.

It was later found that the compounds could be washed 
without alteration using 0.1 M  carbonate. Subsequently, 
additional americium(V) compounds were made from am
monium carbonate and rubidium carbonate using either 
peroxvdisulfate or ozone15 as the oxidant, resulting in pre
dominantly a hexagonal phase.

Since the Am(V) rubidium carbonate compound cannot
(1 4 ) L . B . W e r n e r  a n d  I. P e r lm a n , ibid., 7 3 ,  4 9 5  (1 9 5 1 ).
(1 5 ) T .  K . K e e n a n  a n d  S . E . S te p h a n o u , u n p u b lis h e d  w o rk , re ferred  

t o  in  re fe re n ce  10.
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be washed with water to remove excess reagent (but is a pure 
phase by X-ray), it is necessary to determine the composi
tion of the compound using the residue method of Schreine- 
makers,16 by analyzing the wet slurry and clear liquid phase 
in the three-component system Rb2C0 ;i-(Am 0 2 )2C0 3 -H 20 . 
Very dilute solutions of americium(III) in 1 M rubidium 
carbonate solution were oxidized to Am(V) with ozone. 
The resulting precipitate was centrifuged and then slurried 
with Vio M Itb2C03. Weighed samples of the supernatant 
liquid and precipitate slurry were removed for analysis. 
Americium was determined radiometrically to ± 1 % , and 
C 02 was determined by evolution into Ba(OH)2 according 
to the method of Schroeder and Partridge.17 For C02 
analysis, a closed system was used, with a peristaltic pump 
to circulate the gas and ensure complete absorption of CO-2.

Plutonium(V) Compounds.—The Pu(V) compounds were 
made from ammonium, sodium and potassium carbonate 
solutions. The three crystal phases were isomorphous 
with the corresponding Am(V) compounds. The Pu(V) 
compounds were prepared by oxidizing the Pu(IV) to Pu- 
(VI) with hot, dilute nitric acid and reducing to Pu(V) with 
a stoichiometric amount of iodide according to the method 
of Kraus and Dam.18 The iodine was extracted with carbon 
tetrachloride, and solid alkali carbonate was added imme
diately to the Pu(V) solution until the pH was brought, up 
to ~pH  7 and the Pu(V) compound precipitated. Con
trol of pH is important because the Pu(V) disproportionates 
below pH 2.4 Furthermore, using potassium carbonate at 
pH ca. 7, the hexagonal KPu(V) compound results, and at 
higher pH the orthorhombic form is obtained.

h2o

Fig. 1.—The system ( AmD2 )2C0 3 -R b 2C0 3 -H 20  at 25° : 
coordinates in weight per cent; dashed lines extrapolate 
the analyses of the clear liquid and wet solid by the Sehreine- 
maker method to yield the composition of the anhydrous 
solid phase.

Neptunium(V) Compounds.—The orthorhombic neptu- 
nium(V) compound was made by addition of Np(V) per
chlorate solution to potassium carbonate solution, centrifu
gation of the resulting precipitate and washing with 0.1 M 
carbonate solution. This compound is isomorphous with 
the orthorhombic KAm(V) and IvPu(V) compounds.

R e s u lt s  a n d  D is c u s s io n
S a m p le s  o f e a c h  c o m p o u n d  w o r e  s u b m it t e d  fo r

(1 6 )  S . G la s s to n e , “ T e x t b o o k  o f  P h y s ic a l  C h e m is t r y ,”  D .  V a n  
N o s tr a n d  C o . ,  N e w  Y o r k ,  F if th  p r in t in g , p . 79 2 .

(1 7 ) W . C . S c h r o e d e r  a n d  E . P . P a r tr id g e , Ind. Eng. Chem., Anal. 
Ed., 4 , 2 6 2  (1 9 3 2 ).

(1 8 ) K . A . K ra u s  an d  J. R . D a m , “ H y d ro ly t ic . B e h a v io r  o f  P lu to 
n iu m  ( V ) ,  T h e  T r a n su ra n iu m  E le m e n t s ,”  N N E S  V o lu m e  14B , 1919, 
p 4 7 8 .

X - r a y  e x a m in a t io n  as a s l u r r y  in  a  c a p i l la r y  t u b e . 
S a m p le s  c o n t a in in g  < 5 0  m ic r o g r a m s  o f a m e r ic iu m  
w e re  n e c e s s a ry  t o  a v o id  e x c e s s iv e  b la c k e n in g  o f t h e  
X - r a y  f i lm  f r o m  th e  X -  a n d  g a m m a -r a d i a t io n  a c 
c o m p a n y i n g  a m e r ic iu m  a lp h a -e m is s io n . W .  H .  
Z a e h a r ia s e n  a n d  F .  I I .  E l l i n g e r  d e t e r m in e d  th e  
X - r a y  c o n s ta n ts  a n d  s t r u c t u r e , r e p o r t e d  b y  t h e m  
in  th e  f o l lo w in g  p a p e r . S u ffic e  i t  to  s a y  h e re  t h a t  
th e  p r e d o m in a n t  p h a s e  w a s  h e x a g o n a l in  t h e  case 
o f r u b i d i u m  a n d  a m m o n i u m ;  o r t h o r h o m b i c  o r  
h e x a g o n a l w i t h  p o t a s s iu m ; a n d  m o n o c l in ic  w i t h  
s o d iu m . T h e  A m ( V )  c o m p o u n d  p r e p a r e d  f r o m  
a m m o n iu m  c a r b o n a te  c o n s is te d  o f a b o u t  5 0 %  
h e x a g o n a l p h a s e , w h e re a s  th e  o n e  f r o m  r u b i d i u m  
c a r b o n a t e  w a s  m o r e  t h a n  9 5 %  h e x a g o n a l p h a s e . 
W i t h  th e  h e x a g o n a l p h a s e , t h e y  w e r e  a b le  t o  s h o w  
t w o  r u b i d i u m  a n d  t w o  a m e r ic iu m  io n s  p e r  u n i t  
c e ll a n d  s p a c e  f o r  te n  o x y g e n s , y ie ld in g  t h e  t e n t a 
t iv e  f o r m u la :  R b A m 0 2C 0 3 o r  [ R b 2 ( A m 0 2) 2( C 0 3) 2] 
as t h e  c o n t e n t  o f t h e  u n i t  c e ll.

T h e  c o m p o s it io n  R b A m 0 2C 0 3, as p r o p o s e d  f o r  
t h e  h e x a g o n a l c o m p o u n d s  b y  t h e  X - r a y  w o r k ,  w a s  
c o n f ir m e d  b y  u s e  o f S c h r e in e m a k e r s ’ m e t h o d  in  t h e  
s y s t e m  R b 2C 0 3- ( A m 0 2) 2C 0 3- H 20 .  R e s u lt s  a p 
p e a r  in  T a b l e  I  a n d  a re  s h o w n  in  F i g .  1. T h e  e x t r a p 
o la te d  re s u lts  f o r  t h e  a n h y d r o u s  s o lid  p h a s e  
b r a c k e t  th e  c o m p o s it io n  f o r  th e  c o m p o u n d  R b -  
A m 0 2C 0 3, b u t  w o u ld  n o t  r u le  o u t  a  h y d r a t e .  
F r o m  u n i t  c e ll v o lu m e  a n d  s y m m e t r y  c o n s id e ra 
t io n s , E l l i n g e r  a n d  Z a e h a r ia s e n  s ta te  t h e  c o m p o u n d  
is a n h y d r o u s .

T able I
G r a m s /1 0 0  g . o f  c le a r  

s u p e r n a ta n t  goln . 
( A m O ih C O i  R b iC O i

0.376 6.73
0.0043 5.64

G r a m s /1 0 0  g . o f  s lu rry  (AmO^COi RbiCOi
30.12 13.84
49.97 23.30

T h e  re s u lts  o f S c h r e in e m a k e r s ’ m e t h o d  o n  th e  
o r t h o r h o m b i c  p o t a s s i u m - A m ( V )  c o m p o u n d  w e re  
in c o n c lu s iv e , g i v i n g  a  ra n g e  o f c o m p o s it io n s  b e 
t w e e n  K 2C 0 3( A m 0 2) 2C 0 3 ~ 1  t o  ~ 2 .  C o n s e 
q u e n t ly ,  i t  is  n o t  n o w  p o s s ib le  t o  a s s ig n  a n  u n a m 
b ig u o u s  f o r m u la  t o  t h e  o r t h o r h o m b i c  p h a s e . 
F u r t h e r m o r e ,  Z a e h a ria s e n  a n d  E l l i n g e r  f in d  e v i 
d e n c e  o f d is o r d e r  in  th is  p h a s e , in d i c a t in g  p o s s ib ly  
t h a t  a  ra n g e  o f c o m p o s it io n s  is  p o s s ib le . N o  w o r k  
w a s  d o n e  w i t h  t h e  m o n o c lin ic  f o r m .

T h u s ,  o n ly  t h e  c h e m ic a l c o m p o s it io n  o f t h e  
h e x a g o n a l f o r m  c a n  b e  c o n s id e re d  e s ta b lis h e d , w i t h  
th e  o r t h o r h o m b ic  a n d  m o n o c lin ic  f o r m s  r e m a in in g  
u n k n o w n . T h e  c o m p o u n d s  o f  N p ( V ) ,  P u ( V ) 19 
a n d  A m ( V )  w h ic h  h a v e  b e e n  p r e p a r e d  a re  lis te d  in  
T a b l e  I I .

T a b l e  I I  

O r t h o r h o m b ic
H e x a g o n a l  b is p h e n o id s  M o n o c l in i c

RbAm02C03 K-Am(V)-CO, Na-Am(V)-CO,
NH.AmOjCO, K-Pu(V)-COa Na-Pu(V)-CO,
NIhPuOjCOj K-Np(V)-COs
KPuOjO )3 (low pH form)
(1 9 ) A n  u n c .h a ra o te m e d  c o m p o u n d  o f  P u (V )  w a s  p r e p a r e d  b y  I,. B . 

W e rn e r  b y  re d u c t io n  o f  P u (V I )  in K 2C O 3 s o lu t io n  w ith  N a 2S O i (U . S. 
P a te n t  A p p l. 7 2 .7 5 4 ) .
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May, 1954 C rystal Structure of KPu0 2C05, NH4Pti0 2C0s axd RhAmO-.CO.i

X-Ray diffraction data and chemical information are used to identify the compounds KPu02C03, NH4Pu02C 03 and Rb- 
Am02C03. These isostructural compounds are hexagonal with two stoichiometric molecules per unit cell. The unit cell 
dimensions are listed. The space group is C 6/m m c (D0ji), and the atomic positions are: 2 R in (0,0,0) (0,0,1/2), 2 X in ±  
(1/3, 2/3, 1/4), 2C in ±  (2/3, 1/3, 1/4), 6 Or in ±  (x, 2x, l/4)(2x,x,l/4)(s,x,l/4), 4 On in ±  (1/3, 2/3, 1/4 ±  z). For 
the potassium compound, the parameter values are taken to be x =  0.812, z = 0.197. The structure contains collinear radi
cals [O-X-O] + which with the carbonate groups form endless layers of average composition (X 0 2C 03)~. The layers are 
held together by the alkali ions which lie halfway between layers. Each X  atom forms six secondary bonds to carbonate 
oxygens in addition to the two short oxygen bonds within the radical [X02] +. Each alkali ion is bonded to twelve oxygen 
atoms. The structure gives reasonable values for all interatomic distances.

T h e  p r e c e d in g  a r t ic le  d e s c rib e s  t h e  p r e p a r a t io n  o f 
a  n u m b e r  o f a lk a l i  c a r b o n a te s  o f p e n t a v a le n t  
n e p t u n iu m , p lu t o n iu m  o r  a m e r ic iu m . T h e  re 
s u lts  o f X - r a y  d if f r a c t io n  s tu d ie s  o f s o m e  o f  th e se  
c a r b o n a te  p r e c ip ita te s  a re  p r e s e n te d  i n  t h e  p re s e n t  
p a p e r . T h e  p r e p a r a t io n s  t o  b e  d e a lt  w i t h  a re  th e  
K - P u ( V )  (a t  lo w  p H ) ,  N H 4- P u ( V )  a n d  R b  - A m ( V ' )  
p r e c ip ita te s  w h ic h  f o r m  o n e  is o s t r u c t u r a l  series. 
I n  th e  case o f  t h e  o t h e r  p r e p a r a t io n s  d is c u s s e d  in

Table I
X-R ay D iffraction Data for the Ia-P u Compound. 

Cu Ka
Intensity sin2 6 sin2 $

obsd. obsd. H1H2II1 caled.
4C 0 .0 2 4 4 002 0 .0 2 4 6
15 .0303 100 . 0305

100 .0365 101 .0366
40 .0549 102 .0551
15 .0859 103 .0858
40 .0915 110 .0914
12 .0983 004 .0982
17 .1157 112 .1160
4 .1222 200 .1219

1000 J 201 .1280
45 •1288 \ 104 .1287
20 .1467 202 .1465
18 .1781 203 .1772

8 . 1853 105 . 1840
22 .1901 114 .1896

[ 211 .2194
35 .2205 204 .2201

[ 006 .2210
10 .2396 212 .2379

6 .2526 106 .2515
14 .2694 213 .2686

Í 300 .2743
22 .2760 \{ 205 .2754
10 .3000 302 . 2989

Í 214 .3115
10 .3127 j[ 116 .3124
4 .3319 107 .3314
6 .3460 206 .3429

Í 220 .3657
25 .36 87  j( 215 .3668
12 .3741 304 .3725

f 222 .3903
14 .3925 008 .3928

1[ 310 .3962

(1 )  T h is  w o rk  w a s  s p o n s o r e d  b y  th e  A E C .
(2 )  C o n s u lta n t  t o  L o s  A la m o s  S c ie n t if ic  L a b o r a t o r y .

Table II
X -R ay D iffraction Data for the NII4-P u Compound. 

Cu K «
I n t e n s ity

obsd.
50
30

100
40
25
15
50
30

5
5

50
20
15
25
30
6 
6 
4

40
8

10
17
20
17
15
IS
12

10
25
17
17

s in 2 9 
o b s d .

0 .0 2 3 0
.0309
.0369
.0532
.0810
.0890
.0925
.1147
.1197
.1230
.1288
.1400
.1696
.1729
.1814
.1987
.2106
.2139
.2211
.2290
.2370
.2613
.2642
.2764
.2909
.2995

.3016

.3220

.3512

.3650

.3671

HiHiH.
002
100
101
102
103 
004 
110 
112
104 
200 
201 
202
105
203 
114 
006
204 
210 
211
106 
212
205
213 
300 
116 
302
214 
107
206
215 
304 
220

s in 2 9 
caled.

0.0221
.0306
.0371
.0527
.0803
.0883
.0917
.1138
.1189
.1223
.1278
.1444
.1686
.1720
.1800
.1987
.2106
.2140
.2195
.2293
.2361
.2603
.2637
.2751
.2904
.2972
.3023
.3011
.3210
.3520
.3634
.3G69

t h e  p r e c e d in g  a r t ic le , t h e  X - r a y  w o r k  d id  n o t  le a d  
t o  re lia b le  c o n c lu s io n s  as t o  c h e m ic a l f o r m u la  
a n d  c r y s t a l  s t r u c t u r e .

Interpretation of the X-Ray Diffraction Data.—•
T h e  X - r a y  w o r k  is  b a s e d  e x c lu s iv e ly  o n  t h e  p o w d e r  
m e t h o d , s in g le  c ry s ta ls  n o t  b e in g  a v a ila b le . T h e  
d if f r a c t io n  d a t a  f o r  th e  th re e  c o m p o u n d s  u n d e r  c o n 
s id e ra t io n  a re  g iv e n  in  T a b le s  I — I I I .  T h e  o b s e rv e d  
d if f r a c t io n  lin e s  c o r re s p o n d  t o  a  h e x a g o n a l u n i t  cell,
t h e  d im e n s io n s  f o r  t h e  th re e  c o m p o u n d s  b e in g

K-Pu
NH4-P u
Rb-Am

5 .0 9  ± 0 . 0 1
5 .0 9  ± 0 . 0 1  
5 .1 2  ± 0 . 0 1

as, A .

9 .8 3  ± 0 . 0 2  
1 0 .39  ± 0 . 0 2  
1 0 .46  ± 0 . 0 4
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T a b l e  I I I

X -R ay D iffraction Data for tue R b-A m CoMrouNi). 
Cu Ka

Intensity
obsd.

sin2 6 
obsd. H1I-I2H1

sin2 6 
caled.

30 0 .0 216 002 0 .0 216
100 .0358 101 .0356
80 .0520 102 .0518
25 .0789 103 .0788
25 .0863 004 . 0864
60 .0910 110 .0905
13 .1127 112 .1 1 2 1

4 .1214 200 .1207
40 .1269 201 .1261
30 .1430 202 . 1423
15 .1651 105 .1652
20 .1703 203 . 1693
35 .1776 114 . 1769
30 .2175 2 1 1 .2166
13 .2248 106 .2246
20 .2336 2 12 .2328
13 .2561 205 .2557
15 .2615 213 .2598
17 .2727 CO O o .2716

5 .2852 116 .2849
!" 302 .2932

9 .2948 <1 107 .2948
[ 214 .2976

10 .3157 206 .3151

20 3473 /  008 
' 3 4 ' 3 \ 215

.3456

.3462
20 . 3594 304 .3580
20 . 3641 220 .3621

5 .3771 108 . 3758

I t  is o f in te r e s t  t o  p o in t  o u t  t h a t  t h e  K  P u  
a n d  N H 4- P u  c o m p o u n d s  w e re  o b s e rv e d  d u r in g  th e  
w a r . 3 A t  th e  t im e , t h e y  w e re  b e lie v e d  t o  b e  d o u b le  
h y d r o x id e s  o f a lk a li  a n d  P u ( V I ) .  O 11 th is  ba sis , 
th e  in t e r p r e t a t io n  o f th e  X - r a y  d a t a  le d  to  th e  i n 
c o r re c t  f o r m u la  R P u 0 2( 0 H ) 3. G .  E .  M o o r e  a n d
D .  E .  K o s h l a n d 4 s u b s e q u e n t ly  s h o w e d  t h a t  th e  
c o m p o u n d s  in  a ll p r o b a b i l i t y  w e re  a lk a li  h y d r o x id e s  
o f P u ( V ) .  T h i s  s u g g e s tio n  as to  c o m p o s it io n  w a s , 
h o w e v e r , in c o m p a t ib le  w i t h  th e  X - r a y  re s u lts . 
T h e  u n i t  ce ll d im e n s io n s  f o r  th e  p lu t o n iu m  c o m 
p o u n d s  g iv e n  a b o v e  a n d  th e  o b s e r v a t io n s  in  T a b le s  
I  a n d  I I  a re  th o s e  o b ta in e d  d u r in g  th e  w a r .

I n  th e  a m m o n iu m  c o m p o u n d , p lu t o n iu m  is b y  
f a r  th e  p r e d o m in a n t  s c a tte re r , so t h a t  t h e  m a in  
fe a tu re s  of th e  in t e n s it y  d is t r ib u t io n  m u s t  be  
a s c r ib e d  to  th e  p lu t o n iu m  c o n f ig u r a t io n . I t  is 
seen f r o m  T a b l e  I I  t h a t  th e  s t r u c t u r e  f a c t o r  is z e ro  
w h e n  H i  —  P I2 =  3 n  a n d  H 3 o d d , la rg e  w h e n  
H i  —  H 2 =  3 n  a n d  H 3 e v e n , la rg e  w h e n  H i  —  H 2 ^  
3 n  a n d  H 3 o d d , s m a ll  w h e n  H t —  H 2 ^  3 n  a n d  
H 3 e v e n . A c c o r d in g ly  i t  is n e c e s s a ry  to  h a v e  t w o  
h e a v y  a to m s  p e r  u n i t  ce ll a n d  in  p o s it io n s  2 X  
in  ±  (V s ,  V 3, lA ) .

T h e  m a r k e d  in c re a s e  in  th e  a 3 p e r io d  w i t h  th e  
s ize  o f th e  a lk a li io n  is p r o o f  t h a t  th is  io n  is a  
c o n s t it u e n t  o f th e  s t r u c t u r e . In d e e d , th e  e ffe ct of 
th e  a lk a l i  io n s  o n  th e  d if f r a c t io n  in te n s it ie s  is

(3 ) W .  H . Z a ch a r ia se n , M a n h a tt a n  P r o je c t  R e p o r t s  C N -2 6 I 0 ,  Jan . 
1 9 4 5 , a n d  C N -2 7 4 2 , F e b . 1945 .

(4 ) G . E . M o o r e  a n d  D . E . K o s h la n d , C l in t o n  L a b o r a to r ie s  R e p o r t  
C L -P -4 0 4 ,  A p r .  1945.

e a s ily  seen in  T a b l e  I V ,  w h e r e  o b s e r v e d  in te n s it ie s  
f o r  t h e  a m m o n iu m  a n d  r u b i d i u m  c o m p o u n d s  a re  
c o m p a r e d . E le m e n t a r y  s t r u c t u r e  f a c t o r  c o n s id e ra 
t io n s  s h o w  t h a t  th e  o b s e rv e d  in t e n s it y  v a r ia t i o n  
w i t h  th e  a lk a li  c o n s t it u e n t  re q u ire s  t w o  a lk a l i  a t o m s  
p e r  u n i t  ce ll a n d  in  p o s it io n s  2  R  in  (0 , 0 , 0 )  (0 , 
0 , '/ a ) . A s  d e s c rib e d  in  th e  p r e c e d in g  a r t ic le , 
c h e m ic a l a n a ly s is  s h o w e d  t h a t  th e re  is  o n e  c a r b o n 
a te  g r o u p  p e r  h e a v y  a t o m  X .  A c c o r d in g ly ,  th e  
u n i t  ce ll c o n ta in s  t w o  c a r b o n a te  ra d ic a ls .

T a b l e  I V

T h e  E f f e c t  o f  A l k a l i  I o n s  o n  D i f f r a c t i o n  I n t e n s i t i e s

11,11,11:, N H . -P n R b - A m H1H2H3 N H .-P . i R b - A m

100 30 Trace 104 5 0

101 100 100 110 50 60
102 40 80 11 2 30 13
103 25 25 114 30 35

T h e u n i t  cell c o n te n t so f a r  d e d u c e d , n a m e ly .
R 2X 2( C 0 3) 2, d o e s  n o t  a c c o u n t  f o r  th e  o b s e r v e d  
u n i t  ce ll v o lu m e , n o r  a re  th e  v a le n c e s  b a la n c e d . 
P r e v io u s  w o r k  o n  c o m p o u n d s  o f t h e  h e a v y  ele
m e n t s 5 h a s  s h o w n  t h a t  t h e  u n i t  c e ll v o lu m e , V, 
c a n  b e  re p re s e n te d  as th e  s u m  2 F i  o f t h e  v o lu m e  
r e q u ire m e n ts  o f th e  in d i v i d u a l  c o n s t itu e n ts . S in c e  
th e  h e a v y  io n  is  so s m a ll as t o  f it  in t o  t h e  in t e r 
stice s b e tw e e n  th e  a n io n s , its  v o lu m e  re q u ire m e n t- 
is n e g lig ib le . T h e  e x p e r im e n ta l  v a lu e s  f o r  th e  
v o lu m e  r e q u ir e m e n t s  o f o th e r  io n s  w h ic h  c o m e  in t o  
c o n s id e ra t io n  a re

Ion K+ NHR Rb+ 0~ 2, O H ', H20  COs“ 2
Vi, A.3 21 26 28 18 54

o

T h e  u n i t  ce ll v o lu m e s  a re  2 2 1  A . 3 f o r  th e  K - P u
o

c o m p o u n d ,0 2 3 3  A . 3 f o r  th e  N H 4- P u  c o m p o u n d , 
a n d  2 3 7  A . 3 f o r  th e  R b - A m  c o m p o u n d . T h e  
a lk a l i  a n d  c a r b o n a te  io n s  r e q u ir e  a  v o lu m e  o f 150, 
160 a n d  16 4 A . 3 f o r  th e  th re e  c o m p o u n d s , re 
s p e c t iv e ly , le a v in g  7 1 -7 3  A . 3 o f t h e  u n i t  ce ll 
v o lu m e  t o  b e  a c c o u n te d  f o r  b y  o x y g e n  a n d  h y 
d r o x y l  io n s  a n d  w a t e r  m o le c u le s . T h e  re s id u a l 
v o lu m e  s h o w s  t h a t  th e r e  a re  a lto g e th e r  f o u r  s u c h  
c o n s t itu e n ts . S in c e  th e  h e a v y  a t o m  is  k n o w n  t o  
b e  p re s e n t in  t h e  p e n t a p o s it iv e  s ta te , b a la n c in g  o f 
v a le n c e s  re q u ire s  e ig h t  a n io n  c h a rg e s  f o r  t h e  a d d i 
t io n a l  a to m s . H e n c e , th e  p o s s ib i l i t y  o f s o m e  o f 
th e se  f o u r  a d d it io n a l  c o n s t itu e n ts  b e in g  h y d r o x y l  
io n s  o r  w a t e r  m o le c u le s  m u s t  b e  r u le d  o u t , i.e., th e  
c h e m ic a l f o r m u la  o f th e  c o m p o u n d s  is  o f th e  f o r m  
R X 0 2C 0 3 w i t h  t w o  s t o ic h io m e tr ic  m o le c u le s  p e r  
u n i t  ce ll.

T h e  c h e m ic a l c o m p o s it io n s  h a v in g  b e e n  es
ta b lis h e d , t h e  d e n s itie s  c a n  be  c a lc u la te d , a n d  t h e  
re s u lt  is p =  5 .5 7  f o r  K P u 0 2C 0 3, p =  4 .9 9  f o r  
N I R P u C h C O s ,  a n d  p =  6 .0 6  f o r  R b A m 0 2C 0 3. 
T h e  in c o r r e c t  f o r m u la  s u g g e s te d  f o r  t h e  p lu t o n iu m  
c o m p o u n d s  d u r in g  th e  w a r ,  R X 0 2( 0 H ) 3, c o r 
re s p o n d s  to  p r e c is e ly  th e  s a m e  v o lu m e  as t h e  c o r 
re c t  f o r m u la ,  th e  v o lu m e  r e q u ir e m e n t  o f th r e e  
h y d r o x y l  g ro u p s  e q u a lin g  t h a t  o f o n e  c a r b o n a te  
g ro u p .

Determination of the Structure.— T h e  p o s it io n s  
o f th e  h e a v y  a to m s  a n d  o f th e  a lk a li  a t o m s  h a v e  
a lr e a d y  b e e n  d e d u c e d  f r o m  in t e n s it y  c o n s id e ra t io n s

(5 ) W .  I I . Z a ch a r ia s e n , J. Am. Chem. Soc., 70, 2 1 4 7  (1 9 4 8 ).
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as b e in g : 2 R  in  (0 , 0 , 0 )  (0 , 0 , y 2) ,  2  X  i n  ±  
O A ,  2/s, V « ) -  S in c e  th e r e  a re  o n l y  t w o  c a r b o n a te  
g ro u p s  in  th e  u n i t  c e ll, t h e  c a r b o n  a to m s  m u s t  be 
s itu a te d  o n  t h r e e f o ld  axes, a n d  th e  p la n e  o f th e  
g r o u p  m u s t  b e  n o r m a l  t o  t h e  t h re e f o ld  a x is . H o w 
e v e r, n o  c a r b o n  a t o m  c a n  lie  o n  t h e  a x is  (0 , 0 , z ) ,  
as t h e n  a n  im p o s s ib ly  s m a ll d is ta n c e  K - C  
2 .4 6  A .  w o u ld  re s u lt . T h u s  th e  p o s it io n s  o f th e  
c a r b o n  a to m s  m u s t  b e  ( V 3, 2/ 3, z j  a n d  ( 2/ 3, 1/ i , z 2) .  
T h e  o b s e rv e d  s t r e n g t h  o f t h e  re f le c tio n  0 0 4  in  
N H 4P u C>2 C 0 3, in  s p ite  o f th e  s m a ll m u l t i p l i c i t y  
f a c to r , in d ic a te s  t h a t  t h e  s t r u c t u r e  f a c t o r  c o n 
t r i b u t io n  o f th e  C 0 3-g r o u p  a d d s  t o  t h a t  o f p lu 
t o n iu m , i.e., z i =  3/ 4 a n d  z 2 ~  V n  T h e r e  is 
re a s o n  t o  b e lie v e  t h a t  th e  z -c o o r d in a t e s  o f  th e  
C 0 3-g r o u p s  a re  e x a c t ly  V i  a n d  3/ 4, s in c e  e a c h  
o x y g e n  a t o m  t h e n  w o u ld  b e  p la c e d  e q u id is t a n t ly  
f r o m  t w o  a lk a l i  a to m s . T h e  p o s it io n s  o f th e  
c a r b o n  a to m s  m a y  t h u s  b e ota k e n  as ±  ( V 3, 2/ 3, 3/ 4) .  
T h e  v a lu e  o f C - 0  =  1 .2 8  A .  f o u n d  i n  o th e r  c ry s ta ls  
w i l l  b e  a s s u m e d , so t h a t  o n ly  t h e  o r ie n t a t io n  o f th e  
C 0 3-g r o u p  a b o u t  t h e  t h re e f o ld  a x is  re m a in s  u n 
d e te r m in e d . T h i s  o r ie n t a t io n  m a y  b e  d e s c rib e d  
b y  m e a n s  o f th e  a n g le  <t> b e tw e e n  th e  C - 0  b o n d  
a n d  th e  c o n n e c t io n  lin e  C - X .  I t  suffices t o  c o n 
s id e r th e  ra n g e  0 ^ 0 ^  3 0 ° . F o r  <t> o=  0° th e  
im p o s s ib ly  s m a ll  d is ta n c e  X - 0  =  1 .6 6  A .  re s u lts , 
w h ile  th e  K - 0  b o n d s  in  K P u 0 2C 0 3 b e c o m e  u n 
re a s o n a b ly  lo n g , n a m e ly ,  3 .5 4  A .  I f  ^  =  3 0 ° , 
X - 0  =  .2 .55 A .  a n d  K - 0  =  2 .9 7  A . ,  b o t h  d is ta n c e s  
b e in g  re a s o n a b le . B e c a u s e  o f th e  s y m m e t r ic a l  
c o n f ig u r a t io n  o f th e  c a t io n s  a b o u t  t h e  c a r b o n  site , 
th e re  is n o  a p p a r e n t  re a s o n  f o r  0  to  a s s u m e  a  v a lu e  
b e tw e e n  0  a n d  3 0 ° . W i t h  <f> =  3 0 ° , th e  p o s it io n s  
of th e  c a r b o n a te  a to m s  b e c o m e  6 O i  in  ±  (x, 2x, 
V 4)  (2x, x, y 4)  (x, x, V O  w i t h  x =  0 .8 1 .

T h e  a t o m ic  p o s it io n s  so f a r  d e d u c e d  c o rre s p o n d  
t o  t h e  sp a ce  g r o u p  s y m m e t r y  C  6 / m  m  c, a n d  i t  is 
th e re fo re  p r o b a b le  t h a t  t h e  f o u r  r e m a in in g  o x y g e n  
a to m s , O n ,  c o n f o r m  t o  t h is  s y m m e t r y .  T h e  p o s i
t io n s  4e  of C  6 / m  m  c c a n n o t  b e  u s e d  f o r  th e se  
o x y g e n  a t o m s , s in c e  th e r e  is n o t  r o o m  f o r  t w o  a lk a li  
a to m s  a n d  f o u r  o x y g e n  a to m s  o n  th e  s a m e  axis . 
T h e  o n ly  p o s s ib i l i t y  is th e re fo re  4  O n  in  ±  (V s ,  
2/ 3, V 4 ±  z ) .  T h i s  c o n f ig u r a t io n  c o rre s p o n d s  to  
t h e  f o r m a t io n  o f c o llin e a r  ra d ic a ls  [ X 0 2] +  is o - 
s t r u c t u r a l  w i t h  th e  u r a n y l  r a d ic a l  [ U 0 2] + 2. I t  is 
n o t  fe a s ib le  t o  d e t e r m in e  t h e  p a r a m e t e r  z  (a n d  
h e n c e  t h e  s ize  o f t h e  [ X 0 2] +  g r o u p )  w i t h  a n y  d e 
g re e  o f a c c u r a c y  f r o m  t h e  in t e n s it y  d a ta . T h e  
d is ta n c e  U - 0  in  t h e  [ U 0 2] +2og r o u p  in  M g U 0 20 2 
w a s  f o u n d  t o  b e  1 .9 3  ±  0 .0 3  A . 6 I n  g o in g  f r o m  a 
h e x a v a le n t  t o  a  p e n t a v a le n t  c e n tra l a t o m , o n e  
m a y  e x p e c t a n  in c re a s e  in  t h e  X - 0  d is ta n c e  o f 
0 .0 3  A . ,  i.e., U - 0  =  1 .9 6  A .  in  [ U 0 2] + .  A s  a 
co n se q u e nce ,, o f t h e  5 f  c o n t r a c t io n , a  d e cre a se  of 
a b o u t  0 .0 1  A .  i n  t h e  X - 0  d is ta n c e  m a y  b e  a n t ic i 
p a t e d  e v e r y  t im e  t h e  a t o m ic  n u m b e r  is in c re a s e d  
b y  o n e  u n i t . 7 T h u s  o n e  a r r iv e s  a t  t h e  f o l lo w in g  
a n t ic ip a t e d  v a lu e s

[X02] + [U02] + [Np02] + [Pu02] + [AmO.] +
X-O, A. 1.96 1.95 1.94 1.93

(6 ) U n p u b lis h e d  d a t a ,  W .  H . Z a c h a r ia s e n .
(7 ) R e s u lts  o b ta in e d  b y  in fr a r e d  a b s o r p t io n  s h o w  th a t  th e  a q u e o u s  

X O i + a n d  X C >2 + + io n s  m a y  n o t  fo l lo w  th is  ru le : L  H . J o n e s  a n d  R . A . 
P e n n e m a n , J. Chem. Phys., 2 1 , 5 4 2  (1 9 5 3 ) .

I t  is o f in te r e s t  t o  c o m p a r e  th is  v a lu e  of 1 .9 3  A .  
d e d u c e d  f o r  t h e  A m - 0  d is ta n c e  in  th e  s o lid  c a r 
b o n a te  w i t h  t h e  v a lu e  o f 1 .9 6  ±  0 .0 5  A .  r e p o r t e d  f o r  
th e  A m - 0  d is ta n c e  i n  t h e  a q u e o u s  A m 0 2+  io n  
u s in g  in f r a r e d  a b s o r p t io n .7

S u m m a r iz i n g  t h e  c o n c lu s io n s , t h e  f o l lo w in g  
s t r u c t u r e  h a s  b e e n  d e d u c e d  f o r  th e  c o m p o u n d s  RXO2CO3

Space group C 6/m m c 
2 X  in ±  (1/3,2/3,1/4)
2 It in (0,0,01(0,0,1/2)
2 C in ±  (2/3,1/3,1/4)
6 Or in ±  (x, 2x, l/4)(2*,X,l/4)(*,5,l/4)
4 On in ±  (1/3,2/3,1/4 ±  z)

T h e  t w o  p a ra m e te r s  a re  f ix e d  b y  th e  r e q u ir e m e n t  
C — O i o =  1 .2 8  A . ,  P u - O n  =  1 .9 4  A . ,  A m - O n  =
1.9 3  A . ,  th e  v a lu e s  b e in g

ICPu0 2C 03
X

0.812
z

0.197
NH4Pu0 2C03 0.812 0.187
RbAm02C03 0.811 0.185

T a b le s  V  a n d V I  s h o w  t h e  c o m p a r is o n  b e tw e e n
o b s e r v e d  a n d  c a lc u la te d  in te n s it ie s . T h e  f o l lo w in g  
in t e n s it y  f o r m u la  w a s  u s e d

T able  V

C alculated  and Observed  I n tensities, KPu0 2C 03
Pu All

H1H2H3 only atoms Obsd
002 45 43 40
100 22 16 15
101 107 85 100
102 23 39 40
103 41 22 15
110 26 45 40
004 8 17 12
112 38 18 17
200 5 4 4
201 25 35 1 45104 8 4 J
202 8 10 20
203 17 18 18
105 16 16 8

114 22 31 22
210 5 1 0
211 27 27 ]
204 4 2 1 35
006 3 4 J
212 8 10 10
106 4 8 6
213 21 15 14
300 7 1 0  1 22
205 11 15 J
301 0 0 .2 0
302 12 6 10
214 6 2 \ 10
116 13 9 J
303 0 0.1 0
107 8 5 4
200 3 6 6
220 4 1 0  l 25
215 14 1 6 /
304 10 12 12
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plane.

w h e r e  p is  t h e  m u l t i p l i c i t y  f a c t o r , A  t h e  a b s o r p t io n  
f a c t o r ,  a n d  w h e r e  t h e  o t h e r  s y m b o ls  h a v e  t h e i r  
u s u a l m e a n in g . T h e  a b s o r p t io n  f a c t o r  w a s  c a lc u 
la te d  o n  t h e  b a s is  o f  a  c y l in d r ic a l  s a m p le  w it h  
fj.fi =  2 .0 . T h e  d a t a  g iv e n  in  T a b l e  V  s h o w  t h a t  
t h e  a g re e m e n t  b e tw e e n  c a lc u la te d  a n d  o b s e r v e d  
in te n s it ie s  is g r e a t ly  im p r o v e d  w h e n  a c c o u n t  is 
t a k e n  o f th e  l ig h t  a to m s .

Discussion of the Structure.— T h e  t w o  p a r a m 
e te rs  o f th e  d e d u c e d  s t r u c t u r e  w e r e  f ix e d  b y  
m e a n s  o f re a s o n a b le  a s s u m p tio n s  r e g a r d in g  th e  
C - O i  a n d  X - O u  d is ta n c e s . T h e  s ig n if ic a n t  in t e r 
a t o m ic  d is ta n c e s  a re  t a b u la t e d  b e lo w , t h e  a s s u m e d  
v a lu e s  b e in g  g iv e n  in  p a re n th e s e s

K P u O iC O * N H .P u O s C O i R b A m O s C O

C -3 0 i (1.28 Â.) (1.28 Â.) (1.28 Á)
X -2 0 n (1.64 Â.) (1.94 Á.) (1.93 A.)
R -6O1 2.06 3.08 3.10
R -6O11 2.98 3.01 3.03
X - 6O1 2.65 2.55 2.56

E a c h  a t o m  o r  g r o u p  R  is  b o n d e d  t o  s ix  c a r b o n a te  
o x y g e n s  a n d  t o  s ix  O n  a to m s , t h e  o b s e r v e d  b o n d  
le n g th s  b e in g  c lose t o  th o s e  e x p e c te d  f r o m  t h e  
io n ic  r a d i i  w h e n  c o r re c te d  t o  c o o r d in a t io n  n u m b e r  
t w e lv e . E a c h  X - a t o m  f o r m s  t w o  s h o r t  b o n d s  t o  
O n  a to m s , g i v i n g  c o llin e a r  [ X 0 2] +  r a d ic a ls . I n  
a d d i t io n , e a ch  X - a t o m  f o r m s  s ix  s e c o n d a r y  b o n d s  
t o  c a r b o n a te  o x y g e n s  w it h  X - O i  =  2 .5 5  A . ,  th e se  
s e c o n d a r y  b o n d s  a ll  l y i n g  in  a  p la n e  n o r m a l  t o  th e  
p r i m a r y  b o n d s .

T h e  s t r u c t u r e  m a y  b e  d e s c rib e d  as c o n s is t in g  o f 
la y e r s  o f  a v e ra g e  c o m p o s it io n  [ X 0 2C 0 3] ~  h e ld

T able V I
Calculated and Observed Intensities

N H iP u O sC O j R b A m O a C O a
H ,H ,H . Caled. O b sd . Caled. O b s d .

002 36 50 38 30
100 25 30 6 5
101 86 100 112 100
102 29 40 90 80
103 23 25 31 25
004 15 15 18 25
110 38 50 107 60
112 27 30 14 13
104 8 5 1 0
200 7 5 3 4
201 35 50 45 40
202 11 20 31 30
105 18 15 23 15
203 19 25 24 20
114 26 30 55 35
006 5 6 4 0
204 4 6 0.5 0
210 3 4 0.5 0
211 27 40 35 30
106 6 8 17 13
212 6 10 22 20
205 15 17 2 0 13
213 16 20 21 15
300 8 17 18 17
301 0. 2 0 0.3 0
116 12 15 8 5
302 8 18 4 Ì107 6 1

\
8 \ 9

214 3J 0.3 j
206 5 10 12 10
303 0. 1 0 0.1 0
215
008

16 Ìf 25 24 } 20
2 J 4J

304 10 17 22 20
220 8 17 16 20

to g e t h e r  b y  t h e  R -a t o m s .  S u c h  a  la y e r  is  s h o w n  in  
F i g .  1. I n  s t a c k in g  th e  la y e r s , t h e  r e la t iv e  h o r i 
z o n t a l  d is p la c e m e n t  o f t w o  la y e r s  is + . 4  o r  — A, 
A — l/%ai +  2/ 3a2, p o s it iv e  a n d  n e g a t iv e  d is 
p la c e m e n ts  a lt e r n a t in g . T h e  la y e r s  f X 0 2C 0 3] ” ' 
a re  r e m in is c e n t  o f  t h e  la y e r s  [ U 0 20 2] ~ 2 o f t h e  
C a U 0 20 2 s t r u c t u r e  a n d  o f t h e  la y e r s  i n  th e  U 0 2F 2 
s t r u c t u r e . I n  t h e  [ U 0 20 2] ~ 2 la y e r s , th e  s e c o n d a r y  
U - 0  b o n d s  a re  m u c h  s m a lle r  t h a n j n  th e  [ X 0 2C 0 3] ~  
la y e r ,  2 .2 9  A .  as  a g a in s t  2 .5 5  A .  H o w e v e r ,  th e  
la r g e  v a lu e  in  t h e  la t t e r  la y e r  m a y  b e  d u e  t o  X - C  
re p u ls io n , th e  s e p a ra t io n  b e in g  o n ly  2 .9 4  A .
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Permselective membranes in concentration chains of numerous electrolytes act electromotively as ideal or nearly ideal 
reversible electrodes over a fairly wide range of concentrations. Permselective collodion membranes which show an ideal 
or nearly ideal degree of selective ionic permeability to cations can thus be used as virtually reversible membrane electrodes 
for cations. The selectively anion permeable, permselective protamine-collodion membranes, notwithstanding a small 
“ leak”  of cations, can be used in an analogous manner as membrane electrodes for anions. The determination of ion activi
ties by means of such membrane electrodes can be carried out either by the evaluation of e.m.f. measurements according to 
the Nemst equation or, better, by the evaluation of e.m.f. data from empirical calibration curves or by the use of a null 
method involving titration through zero potential. The error of the first exploratory determinations which were made by 
these methods was on the average considerably less than 1%, in no instance more than 2%. Permselective membrane elec
trodes thus afford a simple means of determining the activities of numerous cations and anions, including many for which 
other electrometric methods are not available.

T h e  p o t e n t io m e t r ic  d e t e r m in a t io n  o f  a c t iv it ie s  
o f th e  a lk a l i  a n d  a lk a lin e  e a r t h  m e t a l  io n s  in  s o lu 
t io n  b y  m e a n s  o f c o n v e n t io n a l  e le c tro d e s  is  b e se t 
w i t h  e x p e r im e n ta l  d iff ic u lt ie s , a n d  so f a r  h a s  b e e n  
s u cce s s fu l f o r  p r a c t ic a l  p u rp o s e s  o n ly  w i t h  m o r e  
c o n c e n tra te d  s o lu t io n s . T h e  p o t e n t io m e t r ic  d e 
t e r m in a t io n  o f t h e  a c t iv it ie s  o f a n io n s  is  a t  p re s e n t 
r e s tr ic te d  t o  a  l im it e d  n u m b e r  o f io n ic  spe cies, 
b e c a u s e  o f th e  la c k  o f s u it a b le  e le c tro d e s ; th e  
a c t i v i t y  o f m a n y ,  e v e n  of s o m e  o f th e  m o s t  c o m 
m o n  a n io n s  c a n n o t  b e  d e t e r m in e d  e le c t r o m e t r ic a l ly .  
M a n y  o f th e s e  d iff ic u lt ie s  c a n  b e  o v e rc o m e  r e a d i ly  
b y  t h e  u se  o f  p e rm s e le c t iv e  m e m b r a n e s  as “ m e m 
b r a n e  e le c tro d e s ,”  as w a s  s h o w n  in  a  p r e l im in a r y  
n o te  p u b lis h e d  s e v e ra l y e a r s  a g o .3 S in c e  t h a t  
t im e  t h e  p e rm s e le c t iv e  m e m b r a n e  e le c tro d e s  h a v e  
p r o v e n  th e m s e lv e s  as u s e fu l to o ls  in  th e  h a n d s  o f 
s e v e ra l in v e s t ig a t o r s , p a r t ic u la r ly  in  th e  s t u d y  of 
t h e  a c t iv it ie s  o f c o u n t e r  io n s  in  c o llo id a l s y s t e m s .4 -8  
T h i s  p a p e r  p re s e n ts  a  d e s c r ip t io n  a n d  c r i t ic a l  
e v a lu a t io n  o f th e  uses o f p e rm s e le c t iv e  m e m b ra n e s  
as m e m b r a n e  e le c tro d e s  in  s y s te m s  w h ic h  c o n t a in  
o n ly  o n e  spe cies o f p o t e n t ia l  d e t e r m in in g  io n s .

T h e  p o t e n t ia l  u s e fu ln e s s  o f m e m b r a n e  e le c tro d e s  
w a s  f irs t  re c o g n iz e d  b y  H a b e r ,9’ 13 a f te r  N e r n s t  
a n d  R ie s e n f e ld 11 h a d  s h o w n  t h a t  a n y  in te r p h a s e  
(m e m b r a n e )  w h ic h  in  a  c o n c e n t r a t io n  c h a in  s e le c -

(1 ) B a se d  o n  a  p o r t io n  o f  t h e  D is s e r ta t io n  o f  H . P . G re g o r , p re s e n 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  th e  d e g re e  o f  D o c t o r  o f  
P h ilo s o p h y  in  C h e m is tr y  a t  th e  U n iv e r s it y  o f  M in n e s o t a ,  M a y ,  1 9 4 5 .

(2 ) L a b o r a t o r y  o f  P h y s ic a l  B io lo g y ,  N a t io n a l I n s t itu te  o f  A r th r it is  
a n d  M e t a b o l ic  D ise a se s , N a t io n a l  I n s t itu te s  c f  H e a lth , B e th e sd a , 
M a r y la n d .

(3 ) K . S o lln e r , J. Am. Chem. Soc., 65, 2 2 6 0  (1 9 4 3 ).
(4 ) C . W . C a rr . W . F . J o h n s o n  a n d  I . M .  K o lt h o f f ,  T h is  J o u r n a l , 

51, 6 3 6  (1 9 4 7 ).
(5 ) R .  C . C h a n d le r  a n d  J. W . M c B a in ,  ibid., 53, 9 3 0  (1 9 4 9 ).
(6 ) C . W . C a rr  a n d  L . T o p o l ,  ibid.. 5 4 ,  176 (1 9 5 0 ).
(7 ) C . W . C a rr , Arch. Biochem. and Biophys.. 40, 2 8 6  (1 9 5 2 ) ;  43, 

147  (1 9 5 3 ) ;  46, 4 1 7 , 4 2 4  (1 9 5 3 ) ;  p a p e r  p re se n te d  b e fo r e  th e  1 0 3 rd  
M e e t in g  o f  th e  E le c t r o c h e m ic a l  S o c ie t y ,  A p r i l  1 2 -1 6 ,  1 9 5 3 , N e w  
Y o r k  ( in  p re ss ).

(8 )  F . M .  S n ell, p a p e r  p re s e n te d  b e fo r e  th e  1 0 3 rd  M e e t in g  o f  th e  
E le c t r o ch e m ic a l  S o c ie t y ,  A p r il  1 2 -1 6 ,  1 9 5 3 , N e w  Y o r k .

(9 ) F . H a b e r  a n d  R .  B e u tn e r , Ann. Physik, [4 ] 26, 3 2 7  (1 9 0 8 ) ;
F . H a b e r , ibid., [4 ] 26, 9 2 7  (1 9 0 8 ).

(1 0 )  F . H a b e r  a n d  Z . K le m e n s ie w ic z , Z. physik. Chem., 67, 3 8 5  
(1 9 0 9 ).

(1 1 ) W . N e rn s t  a n d  E . IT. R ie s e n fe ld , Ann. Physik, [4 ]  8 , 6 0 0  (1 9 0 2 ).

t i v e l y  a llo w s  t h e  re v e rs ib le  t r a n s f e r  o f o n ly  a s in g le  
io n  spe cies f r o m  t h e  o n e  s o lu t io n  t o  th e  o th e r  
g iv e s  ris e  t o  a  p o t e n t ia l  a n d  a c ts  e le c t r o m o t iv e ly  
i n  a  m a n n e r  s t r i c t ly  a n a lo g o u s  t o  a  c o n v e n t io n a l 
re v e rs ib le  e le c tro d e  f o r  t h is  io n .

T h e  g e n e ra l t h e o r y  o f m e m b r a n e  e le c tro d e s  h a s  
b e e n  d is c u s s e d  i n  s o m e  d e t a i l  b y  H a b e r  a n d  c o l
la b o r a t o r s ,9’10 H o r o w i t z , 12’13 T e n d e l o o ,14 M a r 
s h a l l ,16 a n d  m o s t  r e c e n t ly  b y  S c a t c h a r d .16 A ls o  
p e r t in e n t  is th e  w o r k  o f M e y e r  a n d  S ie v e r s 17 a n d  
t h e  e x p e r im e n ta l  s tu d ie s  o n  m e m b r a n e s  o f h ig h  
io n ic  s e le c t iv it y  b y  M ic h a e lis  a n d  c o l la b o r a t o r s ,18 
a n d  S o lln e r  a n d  c o l la b o r a t o r s .19“ 24

T h e  e x p e r im e n ta l  w o r k  o n  th e  u se  o f g la ss  m e m 
b r a n e  e le c tro d e s  f o r  t h e  d e t e r m in a t io n  o f h y d r o g e n  
io n s  is  w e ll  k n o w n .10’25'26 T h e  a t t e m p t s  o f H o r o 
w i t z 12 a n d  S c h il le r 27 t o  u s e  glasses o f v a r io u s  
c o m p o s it io n s  as m e m b r a n e  e le c tro d e s  f o r  s e v e ra l 
c a tio n s  d id  n o t  m e e t  w i t h  success.

M a r s h a l l  a n d  c o lla b o r a to r s 28’20 a n d  la te r  
W y l l i e 30 h a v e  p r e p a r e d  m e m b r a n e s  f r o m  v a r io u s  
z e o lit ic  m in e ra ls , a n d  h a v e  s h o w n  t h a t  t h e y  ca n  
s e rv e  as re v e rs ib le  e le c tro d e s  f o r  a lk a l i  a n d  a lk a lin e

(1 2 ) K . H o r o w itz ,  Z. Physik., 15, 3 6 9  (1 9 2 3 ) ;  et seq.
(1 3 ) K .  H o r o w itz ,  Z. physik. Chem., 115, 4 2 4  (1 9 2 5 ).
(1 4 ) H . J . C . T e n d e lo o ,  J. Biol. Chem., 11 3 , 3 3 3  (1 9 3 6 ).
(1 5 ) C . E . M a rs h a ll,  T h i s  J o u r n a l , 43, 1 1 5 5  (1 9 3 9 ) ;  48, G7 (1 9 4 4 ) ;  

et seq.
(1 6 ) G. S c a tc h a r d , J. Am. Chem. Soc., 75, 2 8 8 3  (1 9 5 3 ) .
(1 7 ) K .  H . M e y e r  a n d  J . -F .  S ie v e rs , Helv. Chim. Acta, 19, 649  

(1 9 3 6 ) .
(1 8 ) L .  M ic h a e lis , Colloid Symposium Monograph, 5 ,  135  (1 9 2 7 ) ;  

Kolloid Z., 6 2 , 2  (1 9 3 3 ).
(1 9 ) C . W . C a rr  a n d  K . S o lln e r , J. Gen. Physiol., 2 8 , 119 (1 9 4 4 ).
(2 0 )  C . W . C a rr , H . P .  G re g o r  a n d  K . S o lln e r , ibid., 28, 179 (1 9 4 5 ).
(2 1 )  K . S o lln e r  a n d  H . P . G re g o r , T h i s  J o u r n a l , 5 1 , 299  (1 9 4 7 ).
(2 2 )  K . S o lln e r  a n d  H . P . G re g o r , ibid., 54, 3 3 0  (1 9 5 0 ).
(2 3 ) K . S o lln e r , ibid., 49, 47 , 17 1 , 2 6 5  (1 9 4 5 ).
(2 4 )  K . S o lln e r , J. Electrochem. Soc., 97, 1 3 9 C  (1 9 5 0 ) .
(2 5 )  D .  A . M a c ln n e s ,  “ T h e  P r in c ip le s  o f  E le c t r o c h e m is t r y ,”  R e in - 

h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y . ,  1939 .
(2 6 )  M .  D o le ,  “ T h e  G la ss  E le c t r o d e ,”  J o h n  W i le y  a n d  S e n s , In c .,  

N e w  Y o r k ,  N . Y . ,  194 1 .
(2 7 ) H . S ch ille r , Ann. Physik, 74, 105  (1 9 2 4 ).
(2 8 ) C . E . M a rs h a ll,  T h i s  J o u r n a l , 43, 1 1 5 5  (1 9 3 9 ) ;  48, 67  (1 9 4 4 ).
(2 9 ) C . E . M a rs h a ll  a n d  W . E . B e rg m a n , J. Am. Chem. Soc., 63, 

1911 (1 9 4 1 ) ;  6 4 ,1 8 1 4  (1 9 4 2 ) ;  T h i s  J o u r n a l , 46, 52 , 3 2 5  (1 9 4 2 ) ;  C . E. 
M a rs h a ll  a n d  A . D . A y e rs ,  J. Am. Chem. Soc. 70, 1797 (1 9 4 8 ) ;  et seq.

(3 0 )  M .  R .  G . W y ,  Science, 108, 684  (1 9 4 8 ) .
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e a r t h  c a tio n s . T h e s e  m e m b ra n e s  h a v e  c e r ta in  
p r a c t ic a l  d r a w b a c k s ; t h e y  possess h ig h  o h m ic  
re s is ta n c e s  (1 — 10 m e g o h m s ), r e q u ir e  s e v e ra l h o u r s  
o r  d a y s  t o  a t t a in  e q u i l ib r iu m , a n d  a re  s ta b le  f o r  
l im it e d  p e r io d s  o f t im e  o n ly .

S o l ln e r 3 h a s  d e m o n s t r a t e d  t h e  u s e  o f p e r m 
s e le c tiv e  c o llo d io n  a n d  p r o t a m in e -c o l lo d io n  m e m 
b ra n e s  as m e m b r a n e  e le c tro d e s  f o r  n u m e r o u s  c a t 
io n s  a n d  a n io n s , re s p e c t iv e ly , t h e  p r o t a m i n e -  
c o llo d io n  m e m b r a n e  b e in g  th e  f irs t  a n io n  re 
s p o n s iv e  m e m b r a n e  e le c tro d e . T h e  p e rm s e le c t iv e  
c o llo d io n  a n d  p r o t a m in e -c o l lo d io n  m e m b r a n e s  a re  
e a s y  t o  p r e p a r e  i n  a  r e p r o d u c ib le  m a n n e r ,  a re  
s ta b le  o v e r  p r o lo n g e d  p e rio d s , s h o w  lo w  o h m ic  
re s is ta n c e s , a n d  i n  a  f a i r ly  w id e  ra n g e  o f c o n c e n 
t r a t io n s  r a p i d l y  y ie ld  s ta b le  a n d  h i g h l y  r e p r o 
d u c ib le  p o te n t ia ls  i n  s im p le  c o n c e n t r a t io n  c h a in s . 
T h e s e  p o te n t ia ls  c lo s e ly  a p p r o a c h  o r  c o in c id e  w i t h  
th o s e  c a lc u la b le  f r o m  k n o w n  a c t i v i t y  d a ta . 19- 2m i -34

M e m b r a n e s  w e r e  p r e p a r e d  f r o m  p la s t ic  b o n d e d  
c o n v e n t io n a l  c a t io n -e x c h a n g e  m a te r ia ls  b y  W y l l i e  
a n d  P a t n o d e 36; J u d a  a n d  M c R a e , 36 M a n e c k e ,37 
B o n h o e ff e r , M i l l e r  a n d  S c h in d e w o lf 38 a n d  o th e rs  
h a v e  a lso  s tu d ie d  s o m e  o f t h e  e le c tro c h e m ic a l 
p r o p e rt ie s  o f io n -e x c h a n g e r  m e m b r a n e s .

T h e o r y  a n d  M e t h o d s
T h e  d e t e r m in a t io n  o f t h e  a c t i v i t y  o f a n  io n ic  

spe cies i n  s o lu t io n  b y  t h e  u s e  o f m e m b r a n e  ele c
tro d e s  is b a s e d  u p o n  t h e  u se  o f a  k n o w n  re fe re n c e  
s o lu t io n  c o n t a in in g  t h e  s a m e  p o t e n t ia l  d e t e r m in in g  
io n s , w h ic h  i n  t h e  l i t e r a t u r e  o n  m e m b r a n e s  a re  f r e 
q u e n t ly  re fe rre d  t o  as t h e  s o -c a lle d  “ c r i t ic a l”  io n s . 
C o n v e n t io n a l ly ,  c h a in s  o f t h e  t y p e  S . C . E . / S a t .  
K C 1 / / S o ln .  ( 2 ) / M e m b r a n e / S o l n .  (1 )  / / S a t .  K C 1 /
S . C . E .  a re  m e a s u re d , w h e r e  S . C . E .  re fe rs  t o  th e  
s a tu r a te d  c a lo m e l e le c tro d e  c o n n e c te d  t o  th e  s o lu 
t io n s  b y  m e a n s  o f a  s a tu r a te d  p o ta s s iu m  c h lo r id e  
b r id g e . S o lu t io n s  (1 )  a n d  (2 )  c o n t a in  t h e  p o t e n 
t ia l  d e t e r m in in g  io n , t h e  sole io n ic  spe cies p re s e n t 
t h a t  c a n  m o v e  a cro s s  t h e  m e m b r a n e , t h e  “ c r i t ic a l”  
io n  b e in g  t h e  c a t io n  i n  t h e  case o f e le c tro n e g a tiv e , 
a c id ic  m e m b ra n e s , a n d  t h e  a n io n  w i t h  e le c tro 
p o s it iv e , b a s ic  m e m b ra n e s . W i t h  m e m b r a n e s  of 
id e a l io n ic  s e le c t iv it y  t h e  n a t u r e  o f th e  n o n -c r i t ic a l  
io n s  in  s o lu t io n s  (1 )  a n d  (2 )  is  o f n o  s ig n if ic a n c e  
e x c e p t as f a r  as t h e y  c o -d e t e r m in e  th e  a c t i v i t y  of 
t h e  c r i t ic a l  io n s . ( W i t h  “ le a k y ”  m e m b r a n e s  a  s lig h t  
e r r o r  m a y  b e  in t r o d u c e d  if  d if fe re n t  n o n -c r i t ic a l  
io n s  w i t h  a  d if fe re n tia l t e n d e n c y  t o  le a k  a re  c o n 
t a in e d  i n  th e  t w o  s o lu t io n s .)

W h e n  a  m e m b r a n e  possesses a n  id e a l d e g re e  o f 
io n ic  s e le c t iv it y ,  th e  e .m .f . is  g iv e n  b y  t h e  N e r n s t  
e x p re s s io n

(3 1 )  H .  P .  G r e g o r  a n d  K .  S o lln e r , T h i s  J o u r n a l , 50, 5 3 , 8 8  (1 9 4 6 ).
(3 2 )  K . S o lln e r  a n d  H .  P .  G re g o r , ibid., 50, 4 7 0  (1 9 4 6 ) ;  54, 3 2 5

(1 9 5 0 ).
(3 3 )  K .  S o lln e r  a n d  H . P . G re g o r ,  J. Colloid Sci., 6 , 5 5 7  (1 9 5 1 ).
(3 4 )  K .  S o lln e r  a n d  H . P .  G re g o r ,  ibid., 7, 37  (1 9 5 2 ) .
(3 5 )  M .  R .  J .  W y ll ie  a n d  H .  W .  P a tn o d e ,  T h i s  J o u r n a l , 54, 2 0 4  

(1 9 5 0 ) .
(3 6 )  W .  J u d a  a n d  W . A .  M c R a e ,  J . Am. Chem. Soc., 72, 1 0 4 4  (1 9 5 0 ).
(3 7 )  G . M a n e c k e ,  Z. Blektrochem., 55, 6 7 2  (1 9 5 1 ).
(3 8 )  K .  F .  B o n h o e ffe r ,  L .  M il le r  a n d  U . S c h in d e w o lf ,  Z. physik. 

Chem., 198, 2 7 0  (1 9 5 1 ) .

w h e r e  n is  t h e  v a le n c e  o f  th e  c r i t ic a l  io n , a n d  ai 
a n d  a2 i t s  a c t iv it ie s  in  s o lu t io n s  ( 1 )  a n d  ( 2 ) ,  re 
s p e c t iv e ly . T h e n ,  if  s o lu t io n  (1 )  is  a re fe re n c e  s o lu 
t io n  w h e r e  a\ is  k n o w n , th e  d e t e r m in a t io n  o f E  
a llo w s  t h e  c a lc u la t io n  o f a 2 i n  t h e  u n k n o w n  s o lu 
t io n .

T h e  u se  o f t h e  a b o v e  e x p re s s io n  as a p p lie d  to  
m e m b r a n e  c h a in s  re q u ire s  t h a t  s e v e ra l s im p li f y in g  
a s s u m p tio n s  b e  e m p lo y e d , s in ce  m e a s u re m e n ts  o f 
t h e  e le c t r o m o t iv e  fo rc e s  o f cells  w i t h  o r  w i t h o u t  
t ra n s fe re n c e  c a n n o t  y ie ld  t h e r m o d y n a m ic a l ly  d e 
f in e d  s in g le  io n  a c t iv it ie s , a  t o p ic  t h a t  h a s  b e e n  
t r e a te d  b y  m a n y  a u th o r s , n o t a b ly  b y  H a r n e d  a n d  
O w e n .39 T h e  s a m e  l im it a t io n s  e x is t  as  f o r  p H  
m e a s u re m e n ts .40

I n  th e  p r a c t ic a l  d e t e r m in a t io n  o f s u c h  io n ic  
a c t iv it ie s ,  t w o  d e v ic e s  a re  c u s t o m a r i ly  e m p lo y e d . 
F i r s t ,  s a lt  b r id g e s  a re  u s e d  w h ic h  re d u c e  t h e  
m a g n it u d e  o f th e  l iq u id  ju n c t io n  p o te n t ia ls , th e  
d iffe re n c e  b e tw e e n  th e se  t w o  p o te n t ia ls  u s u a l ly  
b e in g  n e g le c te d . T h i s  p r a c t ic e  h a s  b e e n  f o llo w e d  
in  t h is  p a p e r . S e c o n d , w i t h  r e g a r d  t o  io n ic  a c 
t iv it ie s ,  s o m e  a r b i t r a r y  a s s u m p tio n s  m u s t  b e  
m a d e . C o n v e n t io n a l ly ,  w i t h  u n i -u n i v a l e n t  ele c
t r o ly t e s , s in g le  io n  a c t i v i t y  co e ffic ie n ts  a re  se t e q u a l 
t o  m e a n  a c t i v i t y  co e ffic ie n ts . W i t h  b i -u n i v a l e n t  
a n d  u n i -b i v a l e n t  e le c tro ly te s  w h ic h  c o n t a in  e ith e r  
t h e  p o ta s s iu m  o r  th e  c h lo r id e  io n , t h e  io n  a c t iv it ie s  
a re  c a lc u la te d  b y  a s s u m in g  t h a t  t h e  s in g le  io n  
a c t i v i t y  c o e ffic ie n ts  o f th e s e  io n s  a re  id e n t ic a l  
w i t h  t h e  m e a n  a c t i v i t y  co e ffic ie n t o f a  p o ta s s iu m  
c h lo r id e  s o lu t io n  o f t h e  s a m e  io n ic  s t r e n g t h .

T h e  e x p e r im e n ta l  d e t e r m in a t io n  o f io n  a c t iv it ie s  
b y  m e a n s  o f m e m b r a n e  c h a in s  c a n  b e  c a r r ie d  o u t  
b y :  (1 )  e v a lu a t io n  o f e .m .f . m e a s u re m e n ts  a c 
c o r d in g  t o  t h e  N e r n s t  e q u a t io n ; (2 )  e v a lu a t io n  o f 
e .m .f . d a t a  f r o m  e m p ir ic a l  c a l ib r a t io n  c u r v e s ; 
a n d  (3 )  th e  use o f a n u l l  m e t h o d , n a m e ly ,  t i t r a t io n  
t h r o u g h  z e ro  p o t e n t ia l.

T h e  N e r n s t  e q u a t io n  c a n  b e  u s e d  in  a  s t r a ig h t 
f o r w a r d  m a n n e r ,  w i t h o u t  a n y  c o rre c t io n s , o n ly  
i n  th o s e  cases w h e r e  t h e  m e m b r a n e  is  v i r t u a l l y  o f 
a n  id e a l d e g re e  o f io n ic  s e le c t iv it y  a n d  w h e r e  t h e  
d iffe re n c e  in  t h e  m a g n it u d e  o f t h e  t w o  l iq u id  j u n c 
t io n  p o t e n t ia ls  is s u ff ic ie n t ly  s m a ll, w e l l  w i t h i n  th e  
l im it s  o f t h e  d e s ire d  a c c u r a c y . T h e  a p p l ic a b i l i t y  
o f t il ls  m e t h o d  m u s t  b e  e s ta b lis h e d  b y  t h e  m e a s 
u r e m e n t  o f c h a in s  c o n t a in in g  s o lu t io n s  o f k n o w n  
a c t i v i t y .

E m p i r i c a l  c a l ib r a t io n  c u r v e s  c a n  b e  u t i l i z e d  
w h e r e  m e m b r a n e s  d o  n o t  s h o w  id e a l b e h a v io r  d u e  
t o  t h e  “ le a k ”  a c ro s s  t h e  m e m b r a n e  o f io n s  o t h e r  
t h a n  th e  c r i t ic a l  io n s , o r  w h e r e  l iq u id  ju n c t io n  
p o te n t ia ls  a re  a  s o u rc e  o f s ig n if ic a n t  e r r o r . W i t h  
th is  m e t h o d  t h e  u se  o f a n  u n k n o w n  s o lu t io n  o f  a p 
p r o x im a t e ly  t h e  s a m e  c o m p o s it io n  w i t h  re s p e c t t o  
io n s  o th e r  t h a n  t h e  c r i t ic a l  io n  is  in d ic a t e d .

T h e  n u l l  m e t h o d  c o n s is ts  o f a  p o t e n t io m e t r ic  
t i t r a t io n  w h e r e  th e  m e m b r a n e  s e p a ra te s  t h e  s o lu 
t io n  o f u n k n o w n  a c t i v i t y  f r o m  a  m e a s u re d  q u a n t i t y  
o f w a t e r ,  t o  w h ic h  a  s t a n d a r d  s o lu t io n  (o f  h ig h e r  
c o n c e n t r a t io n )  o f a n  e le c tro ly te  w i t h  t h e  s a m e  
c r i t ic a l  io n  is  a d d e d  s te p w is e , u n t i l  t h e  p o t e n t ia l

(3 9 )  H . S . H a rn e d  a n d  B . B . O w e n , “ P h y s ic a l  C h e m is t r y  o f  E le c t r o 
l y t i c  S o lu t io n s ,”  2 n d  E d . R e in h o ld  P u b l. C o r p . ,  N e w  Y o r k ,  N . Y . ,  1950 .

(4 0 )  R .  G . B a te s , Chem. Revs., 42, 1 (1 9 4 8 ).
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passing through the zero point reaches appreciable values of the opposite sign. The same restrictions obtain as in the other cases.
Experimental

Preparation of Membranes.—The details of the prepara
tion of permselective collodion and protamine-collodion 
membranes have been described elsewhere.19!20!31 The nega
tive, cation responsive collodion membranes are prepared 
from a 4% solution of collodion cotton in 50-50 alcohol- 
ether; this is poured over 25 X 100 mm. test-tubes rotated 
in a horizontal position at constant speed. Two successive 
layers are added at stated intervals, part of the solvent be
ing allowed to evaporate from the films. The latter are 
coagulated by immersion in water. The resulting mem
branes of high porosity (80-90% water content by weight) 
are oxidized (to produce carboxyl groups on the pore sur
faces) by immersion in 1 At sodium hydroxide for various 
periods of time. The membranes, still on their casting 
tubes, are dried at a specified relative humidity. The 
thickness of these dried membranes is 30-40 n- Their 
exact properties depend primarily on the length of the oxi
dation time and the relative humidity at drying. The 
classification of these membranes is based on these factors. 
The abbreviation Ox A-Hum Y is used to designate a 
membrane oxidized for X  minutes in 1.0 A1 NaOH at 25.0°, 
and dried on its casting tube at the relative humidity, Y.

The electropositive, anion responsive protamine-collo
dion membranes are prepared starting with the same, 
highly porous membranes described above. These mem
branes are immersed in a 2%, solution of a protamine sulfate 
at pH 10.5 for several days. After brief washing, and while 
still on their casting tubes, they are dried at a specified 
humidity, Y. After removal from the tube they are further 
dried and thereby slightly shrunk at a specified relative 
humidity, Z, without support; accordingly they are desig
nated Hum F-Shr Z.

Selection of Membranes.—A membrane for potentio- 
metric determinations should combine a sufficiently high 
degree of ionic selectivity to approach or attain ideal be
havior, with a low ohmic resistance so as to allow rapid and 
accurate measurements. The type of collodion membrane 
selected for this study was Ox 12-Hum 43; the protamine- 
collodion membranes were of the type Hum 58-Shr 58. 
However, many cases exist where other types of membranes 
may be more desirable than the ones selected here, e.g., 
more dense membranes in more concentrated solutions.

In order to make it possible to compare the three different 
experimental methods, one single membrane specimen each 
of the negative and the positive membranes, respectively, 
was used for all the measurements reported herein.

Experimental Procedures.—Previous studies have shown 
that when the membrane is already saturated with the 
critical ion species previous to the actual measurement, the 
rate of attainment of final, stable potentials is quite rapid, 
in most cases almost instantaneous.32 Therefore all experi
ments reported herein were carried out with membranes 
which had been kept immersed in portions of the unknown 
solutions for several hours prior to the potentiometric de
terminations proper. The measurements were performed 
with the chains described previously. A membrane was 
filled with 20 to 25 ml. of the unknown solution and im
mersed in a beaker containing the known solution, so that 
the inside and outside solutions w'ere at approximately the 
same level. The ends of the potassium chloride-agar 
bridges which dipped into each of the two solutions were 
drawn to 0.2-0.3-mm. tips, to minimize contamination of the 
solution by the salt bridge. When not in actual use, the 
ends of these bridges were kept in saturated potassium chlo
ride solution. For each potential measurement, they wore 
quickly rinsed with distilled water, wiped dry with filter 
paper, and then dripped into the appropriate solutions. 
After each reading, which required less than 15 seconds, 
they were returned to the saturated salt solution and their 
symmetry checked. This procedure kept the bridge tips 
in their original condition, and made for consistent results.

In all experiments both solutions were stirred with a 
stream of air or nitrogen which had been freed from carbon 
dioxide. The measurements were carried out at 25.00 ±  
0.05°, except the titrations through the null point which 
were performed at room temperature (24-26°) with the two

calomel half cells side by side so that they were at the same 
temperature.

Cation Determinations with Collodion Membranes; 
Evaluation of E.M.F. Measurements According to the 
Nemst Equation.—A number of chains with the collodion 
membrane and 0.01 N potassium chloride, potassium io- 
date, potassium sulfate or lithium chloride as solution (1) 
were set up as described previously. The solutions (2) -were 
varied in concentrations from 0.001 to 0.1 N, and contained 
either the same electrolyte as solution (1) or an electrolyte 
having the same potential determining ion, as in the chains 
KCl/Membrane/KN03, KCl/Membrane/KI03, and KC1/ 
Membrane/KoSOj. Constant e.m.f. readings were ob
tained also in the latter chains within a few minutes after 
the chains were set up, because the fixed acidic wall groups 
in the membranes were already saturated with the critical ion.

The experimental e.m.f. data obtained with these chains 
are shown in Table I; the average experimental error in

T a b l e  I
E x p e r im e n t a l  an d  C a l c u l a te d  M o l a r  A c t iv it ie s  of 
V a r io u s  C a tio n s  in  th e  C h a in : S.C.E./ / S o lu tio n  (2)/ 
P e r m se le c tiv e  C ollodion  M e m b r a n e /S o lu tio n  ( 1 ) / /  

S.C.E. (T  = 25.00 ±  0.05°)
Sol. (1) 
0.01 N  
(refer
ence)

Electro-
Iyte E ex  p

Solution (2) 
paz

(found)
pas'

(taken) Apaz

KC1 KC1
0.001 N

- 5 7 . 4  3 .0 1 6 3 .0 1 5 + 0 . 0 0 1

KC1 k n o s - 5 7 . 1 3 . 0 1 1 3 .0 1 5 -  .004
KC1 k i o s - 5 7 . 0 3 .0 0 9 3 .0 1 5 -  .006
k i o 3 k i o 3 - 5 7 . 0 3 .0 1 4 3 .0 1 5 -  .001
LiC l LiC l - 5 0 . 5 3 .0 0 0 3 .0 1 5 -  .015
KC1 k 2s o 4 - 5 8 . 2 3 .0 29 3 .0 1 7 +  .012
k 2s o 4 IC SO 4 - 5 6 . 0 3 .0 0 0 3 .0 1 7 -  .017

KC1 KC1
0.004 N

- 3 4 . 5 "  2 .6 2 8 “ 2 .623" + 0 .0 0 5
KC1 K N O 3 - 2 2 . 7 2 .4 2 9 2 .4 2 7 +  .002
KC1 K IO 3 - 2 2 . 9 2 .4 3 2 2 .4 2 7 +  .005
K IO s k i o 3 - 2 2 . 2 2 .4 2 5 2 .4 2 7 -  .002
LiC l LiC l - 2 2 . 4 2 .4 2 4 2 .4 2 8 -  .004
KC1 k 2s o 4 - 2 3 . 7 2 .4 4 6 2 .4 3 2 +  .014
K 2S 0 4 ic2s o 4 - 2 2 . 1 2 .4 2 7 2 .4 3 2 -  .005

KC1 KC1
0.01 N 

0 .0  2 .0 4 5 2 .0 4 5 ± 0 .0 0 0
KC1 K N 0 3 -  .5 2 .0 53 2 .0 3 8 +  .015
KC1 k i o 3 -  .5 2 .0 5 3 2 .0 5 0 +  .003
K I 0 3 ICKL .0 2 .0 5 0 2 .0 5 0 ±  .000
LiC l LiC l .0 2 .0 4 5 2 .0 4 5 ±  .000
KC1 IC SO 4 -  1 .5 2 .0 7 0 2 .0 53 +  .017
k ,s o 4 K 0SO4 0 .0 2 .0 5 3 2 .0 53 ±  .000

KC1 KC1
0.04 N

3 9 .2 b 1 .3 8 2 6 IM SO6 - 0 . 0 0 7
KC1 K N O 3 3 2 .9 1 .489 1 .496 -  .007
KC1 KIO., 3 2 .2 1 .500 1 .496 +  .004
K I 0 3 K IO 3 33 .1 1 .490 1 .496 -  .006
LiC l L iC l 3 4 .7 1 .4 58 1 .479 -  .021.
KC1 K 2S 0 4 3 1 .1 1 .519 1 .492 +  .027
k 2s o 4 K 2S 0 4 3 2 .5 1 .503 1 .492 +  .011

KC1 KC1

0.1 N
5 5 .1  1 .113 1 .113 ± 0 .0 0 0

KC1 k n o 3 5 3 .5 1 .140 1 .135 +  .005
KC1 KIO s 5 3 .1 1 .147 1 .154 -  .007
K IO 3 K IO 3 5 4 .1 1.135 1 .154 -  .019
L iC l L iC l 55.3 1.110 1.108 +  .002
KCI k 2s o 4 52.2 1.162 1.131 +  .031
k , s o 4 k ,s o 4 5 3 .4 1.150 1.131 +  .019
“ Solution (2) 0.0025 N. " Solution (2) 0.05 V.
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each reading is ±0.1 mv. The negative logarithm of the 
practical (molar) activity of the potential determining ion 
in solution (2) is shown, pa'2, calculated on the basis of the 
assumptions previously discussed, using molar activity 
coefficient data calculated from a standard reference.39 The 
experimentally determined activity, calculated from the 
Nernst equation, pa2 =  —Eexp/59.15 — logio cm , is also 
given, as is the error in pa2, Apa2 = pa'2 — pa2.

The data of Table I show that with the uni-univalent 
electrolytes the calculated pa'2 values virtually coincide with 
the experimental values, the average deviation being 
±0.007 pa2 unit. With the chain K 2SO4-K 2SO4 the aver
age error in pa2 is but slightly larger, being ±0.01. With 
the K CI-K 2SO4 chain small but significant deviations are 
observed, with the experimental pa2 value being in all in
stances larger than the calculated pa\ value by an average 
of 0.02.

The data of Table I for the chain LiCl-LiCl, are plotted 
in Fig. 1. The points fall on a virtually straight line, the 
slope of which is very close to the theoretical value of 
— 59.15 millivolts per pau+ unit.

mv.

po'U-t-
Fig. 1.—Experimental e.m.f. values in millivolts, plotted 

as a function of pa\ +, the negative logarithm of the calcu
lated activity of the lithium ion in solution (2).

In appraising the agreement between the potential values 
calculated on the basis of the Nernst equation and the ex
perimental data, it must not be forgotten that the apparently 
excellent agreement is due, at least in part, to a fortuitous 
factor: the lack of ideality in the ionic selectivity of the 
membranes and the concomitant lack in ideal electromotive 
response is in a direction opposite to the error introduced 
by the asymmetry cf the liquid junction potentials at the 
end of two agar bridges. These two factors thus tend to 
compensate each other. Thus it appears that the straight
forward application of the Nernst equation must be carried 
out in a judicious manner and in most instances it will be 
preferable to make use of either of the other two methods 
on which data are presented in the subsequent para
graphs.

Evaluation of Empirical E.M.F. vs. Activity Curves.—
Empirical calibration curves were made by plotting experi
mental potential values (Table I) as a function of pa’2, as 
shown in Fig. 1. By using large, fine lined drawings it is 
possible to read off activities in unknown solutions from po
tential values without a loss in accuracy. The e.m.f. of 
chains containing solutions of “ unknown”  activities a2 is 
measured, and compared to the true activities a\ of the 
critical ions in these solutions.

Table II summarizes the results of a series of the first., 
single determinations obtained with this method. The 
per cent, of error, listed in the last column of Table II, 
could of course be reduced by taking the average of several 
determinations. Without this precaution the average error 
was ±1 .0% .

Potentiometric Titration through the Zero Potential 
Point.—For the determination of cations by the titration 
procedure a membrane bag which had been saturated be
forehand with the critical ion species (advantageously by 
immersion in a portion of the “ unknown”  solution) is 
filled with unknown solution, and dipped into a measured 
volume of water, to which standard solution is added step
wise from a buret, potential measurements being made at

each point. The titration is continued considerably past 
the point w'here the potential changes in sign. The end
point (zero potential) is evaluated graphically.

T a b l e  II
T h e  P o t e n t i o m e t r i c  D e t e r m i n a t i o n  o f  A c t i v i t i e s  o f  

V a r i o u s  C a t i o n s  b y  t h e  U s e  o f  E m p i r i c a l  C a l i b r a t i o n  

C u r v e s

S ol. (1)
0.01 N E le c t r o ly t e
(refer
ence)

in sol. (2) 
(unknown)

A’exp,
mv.

K C l K C l — 46. 1
KC1 K C l - 1 0 . 0

K C l K C l 3 1 .0
K C l K C l 5 0 .8
K C l K N O 3 - 1 5 . 0
K C l K N O 3 3 8 .8
K C l K IO 3 3 4 .7
K I 0 3 KIO., - 1 4 . 2
K IO 3 K IO , 3 3 .0
LiC l LiC l - 1 9 . 6
LiC l LiC l 4 1 .5
K C l k 2s o 4 - 1 6 . 1
K C l K 2SO4 3 5 .0

K 2SO 4 K 2SO 4 - 1 6 . 3
K 2SO4 K 2SO 4 3 5 .8

at
( fo u n d )

ai’
(taken)

E rro r ,
%

0 .00150 0.00151 - 0 . 7

.00611 .00610 0 . 7

.0302 .0300 0 . 7

.651 .0655 - 0 . 6

.00506 .00490 3 . 2

.0426 .0424 0 . 5

.0347 .0347 ± 0 . 0

.00513 .00501 2 . 4

.0319 .0315 1 . 3

.00416 .00415 0 . 2

.0430 .0424 1 . 4

.00497 .00499 - 0 . 4

.0379 .0379 ± 0 . 0

.00463 .00460 0 . 7

.0361 .0368 - 1 . 9

The temporary contact of the membrane with pure water 
and very dilute solutions in the early stages of the titration 
may result in slightly erroneous potentials near the zero 
point. Therefore, it is advisable in many cases to perform 
a preliminary titration. In the subsequent accurate titra
tion, the concentration of the outside solution is adjusted to 
be slightly less than that of the unknown. With this pre
caution, equilibrium e.m.f. values are ordinarily established 
with sufficient rapidity to allow most titrations to proceed 
continuously.

The results of a number of potentiometric titrations of 
solutions of unknown activities are given in Table III, the 
data referring to the first, single determination for each 
unknown. The average error is ±0 .4% . This error can 
doubtless be reduced by taking the average for a number of 
determinations.

T a b l e  III
T h e  P o t e n t i o m e t r i c  T i t r a t i o n  o f  V a r i o u s  M o n o v a l e n t  

C a t i o n s  w i t h  P e r m s e l e c t i v e  C o l l o d i o n  M e m b r a n e s

E le c t r o ly t e
at

( fo u n d )
a , '

( ta k e n )
E r r o r ,

%
K C l 0 .00423 0 .0 04 2 5 - 0 . 5

K C l .0390 . 0390 .0

K IO 3 .00515 .00517 -  . 4

K IO , .0379 .0378 . 5

K 2SO 4 .00423 .00423 . 0

K 2SO 4 .0450 .0448 . 4

NTLCl .00399 .00400 -  . 2

N H 4C I .0465 .04635 . 3

N a d .00495 .00490 1 . 0

N aC l .0366 .0362 1 . 1

LiCl .00414 .00413 0 . 3
LiC l .0459 .0463 - 0 . 8

Anion Determinations with Protamine-Collodion Mem
branes; Evaluation of E.M.F. Measurements According 
to the Nernst Equation.—The protamine-collodion mem
branes used in these experiments -were known to deviate 
significantly from the postulated ideal ionic selectivity and 
the concomitant virtually ideal electromotive behavior in 
concentration chains, being at all concentrations slightly 
“ leaky,”  i.e., permeable also to the non-critical ions (cat
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ions) to a significant extent.41 In addition, the error caused 
by the asymmetry of the liquid junction potential (contrary 
to the situation existing with the electronegative mem
branes) lies in the same direction as that due to the leak. 
Thus, the use of the Nernst equation is likely to result in a 
significant error.

The reference solutions used in these experiments were 
0.01 N potassium chloride, measured against solutions of 
potassium, sodium, lithium and magnesium chloride, and 
0.01 N potassium iodate solution measured against potas
sium iodate solutions. Table IV presents the activity values 
found in these chains, pa2, together with the corresponding 
calculated pa2' values.

T a b l e  IV
E x p e r im e n t a l  an d  C alc u l a te d  M o la r  A c t iv it ie s  of 
V a r io u s  A n io n s  in  th e  C h a in : S .C .E . / /S o lu tio n  ( 2 ) /  
P e r m se l e c t iv e  P r o t a m in e - C ollo dio n  M e m b r a n e /S olu -

t i o n  (1)//S.C.E. (T = 25.00 0 .0 5 °)
Soi. (i: 
0.01 N  
(refer
ence)

Electro
lyte Eexp

Solution (2)
7702

(found)
paj'

(taken) A ])(l2
0.001 N

K C l K C l 5 5 .4 2 .9 8 2 3 .0 1 5 - 0 . 0 3 3
KC1 N aC l 55 .1 2 .9 7 7 3 .0 1 5 -  .038
K C l L iC l 5 5 .1 2 .9 7 7 3 .0 1 5 -  .038
K C l M g C lj 5 6 .4 2 .9 9 9 3 .0 1 7 -  .018
K lO a K lO a 5 5 .4 2 .9 8 7 3 .0 1 5 -  .028

0.004 N
K C l K C l 3 3 .5 ° 2 .6 1 1 “ 2 .6 2 3 “ - 0 . 0 1 2
K C l N aC l 2 1 .2 2 .4 0 3 2 .4 2 5 -  .022
K C l L iC l 2 1 .2 2 .4 0 3 2 .4 2 8 -  .025
K C l M g C lj 2 2 .5 2 .4 2 5 2 .4 3 2 -  .007
k i o , K IO , 2 2 .0 2 .4 2 2 2 .4 2 7 -  .005

0.01 N
K C l K C l 0 .0 2 .0 4 5 2 .0 4 5 ± 0 .0 0 0
K C l N aC l 0 .3 2 .0 5 0 2 .0 4 4 +  .006
K C l L iC l -  0 .4 2 .0 3 8 2 .0 4 5 -  .007
K C l M g C lj 1 .1 2 .0 6 4 2 .0 5 3 +  .011
K lO a K IO î 0 .0 2 .0 5 0 2 .0 5 0 ±  .000

0.04 N
K C l K C l - 3 7 .5 * 1.411* 1.388* + 0 .0 2 3
KCl NaCl - 3 1 . 2 1 .5 19 1 .479 +  .040
KCl LiCl - 3 2 . 5 1 .4 95 1 .479 +  .016
KCl MgClj - 3 0 . 5 1 .529 1 .4 92 +  .037
KIO, k i o , - 3 3 . 5 1 .4 84 1 .496 +  .012

0.1 N
KCl KCl - 5 3 . 0 1 .1 49 1 .113 + 0 .0 3 6
KCl NaCl - 5 2 . 1 1 .1 64 1 .109 +  .055
KCl LiCl - 5 3 . 1 1 .1 47 1 .1 08 +  .039
KCl MgClj - 5 0 . 8 1 .1 86 1 .131 +  .055
KIO, k i o 3 - 5 0 . 5 1 .1 96 1 .1 53 +  .043
° Solution (2 ) 0.0025 N. b Solution (2 )  0.05 N.
In agreement with expectation the experimental pa? 

values are consistently smaller than the calculated pa/ values 
in solutions which are more dilute than the reference solu
tion. In the more concentrated solutions the values of pa2 
are consistently too high, the errors amounting to several 
hundredths of a pa2 unit. Unless membranes of superior 
selectivity are used (see below) this method must, be con
sidered to be of but restricted interest, particularly in view 
of the satisfactory results obtainable with the two methods 
presented in subsequent paragraphs.

(41) The membranes used for t.lie experiments described here 
are not as “ leaky”  as might be concluded from the e.m.f. data with 
potassium chloride concentration chains which were presented in some 
earlier papers22*34 without correction for the asymmetry of tin; liquid 
junction potentials at the tips of the potassium chloride -agar bridges 
The data given previously for 2:1 and 10:1 concentration ratio chains 
are too low by 0.3 and 1.1 mv., respectively.

Evaluation of Empirical E.M.F. vs. Activity Curves.—
Using calibration curves prepared from the data of Table 
IV, some direct potentiometric determinations were made 
of the activities of the anions in various chains. The re
sults of the first, single determination by this method are 
shown in Table V. The average error is ±0 .9% .

T a b l e  V
T he  P o te n tio m e tr ic  D e te r m in a t io n  o f  V a r io u s  A nions  

b y  th e  U se o f  E m p ir ic a l  C a l ib r a t io n  C urves  
Sol. (1)
0.01 N  
(refer
ence)

Electrolyte 
in sol. (2) 
(unknown)

E  exp,
inv.

az
(found)

at'
(taken)

Error,
%

KCl KCl 5 0 .2 0 .0 0 1 2 0 0 .0 012 2 - 1 . 7
KCl KCl 7 .7 .00667 .00663 + 0 . 6
KCl KCl - 2 7 . 6 .0273 .0274 - 0 . 4
KCl KCl - 4 7 . 6 .0614 .0626 - 2 . 0
KCl NaCl 2 2 .0 .00360 .00363 - 0 . 8
KCl NaCl - 3 6 . 5 .0413 .0417 - 1 . 0
KCl LiCl 17 .9 .00447 .00448 - 0 . 2
KCl LiCl - 2 7 . 5 .0285 .0282 - 1 . 0
KCl MgClj 2 8 .0 .00293 .00299 - 2 . 0
KCl MgClj - 3 9 . 5 .0462 .0465 - 0 . 6
KlOa K IO , 1 7 .4 .00454 .00448 +  1 .3
K lO a K lO a - 4 1 . 5 .0387 .0387 ± 0 . 0

Potentiometric Titration through the Zero Potential 
Point.—The results of the first single determination of 
various anions in concentration chains by means of the ti
tration procedure are given in Table VI; the average error 
is ±0 .5% .

T a b l e  V I

T he  Po te n tio m e tr ic  T it r a t io n  of V a r io u s  M o n o v a l e n t  
A n ion s  w it h  P e r m se l e c t iv e  P r o t a m in e - C ollodion  

M e m b r a n e s

Electrolyte
02

(found)
at

(taken)
Error,c/o

KCl 0 .0 0 4 4 7 0 .0 044 7 0.0
KCl .0396 .0398 -  .5
NaCl .00433 .00431 .5
NaCl .0414 .0415 -  .2
LiCl .00175 .00474 .2
LiCl .0401 .0458 .7
M gC I, .00482 .00478 .8
M gC lj .0399 .0402 — . 7

KNO, .00473 .00472 .2
KNO., .0398 .0397 .3
KCIOs .00534 .00537 -  .6
KCIO, .0444 .0443 .2

KClOi .00506 .00506 ±  .0
KCIO* .0331 .0333 -  .6
K F .00496 .00499 -  .6
K F .0355 .0351 1 .1
KIO, .00485 .00481 0 .8
KIO, .0386 .0382 1 .1
KAc .00389 .00392 - 0 . 8
KAc .0372 .0374 - 0 . 5

Tt might be added here that with all three methods simi
larly accurate results were obtained when working on a 
semimicro scale, with 2 to 3 ml. of unknown solution, pro
vided the diffusion of potassium chloride from the agar 
bridges was kept, lo a minimum. There is little doubt that 
the use of a more sensitive galvanometer in combination 
with agar bridges with capillary tips will permit, the applica
tion of this method on a truly niicrochemieal scale.

D is c u s s io n
T h u  fo r e g o in g  e x p e r im e n ta l  re s u lts  r e q u ire  l it t le  

c o m m e n t .  T h e  g e n e ra l m e th o d s  of d e t e r m in in g
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a c t iv it ie s  o f io n s  in  s y s te m s  c o n t a in in g  a  s in g le  
“ c r i t ic a l”  p o t e n t ia l  d e t e r m in in g  io n  w h ic h  w e re  
u s e d  h e re  a re , of c o u rs e , a p p lic a b le  e q u a lly  t o  a n y  
o t h e r  t y p e  o f p e rm s e le c t iv e  m e m b ra n e s , p r o v id e d  
t h e i r  e le c t r o m o t iv e  re s p o n s e  w i t h  a  g iv e n  c r i t ic a l  
io n , a t  t h e  c o n c e n tr a t io n  u n d e r  in v e s t ig a t io n , 
fo llo w s  t h e  N e r n s t  e q u a t io n  r e a s o n a b ly  c lo s e ly .

S p e c if ic a lly , i t  h a s  b e e n  s h o w n  t h a t  t h e  p e r m 
s e le c tiv e  c o llo d io n  m e m b r a n e  O x  1 2 - H u m  43  
w h ic h  w a s  u s e d  in  t h is  w o r k  a c ts  e le c t r o m o t iv e ly  
as  a  v i r t u a l l y  re v e rs ib le  m e m b r a n e  e le c tro d e  f o r  
t h e  a lk a l i  m e t a l  c a t io n s  in  s o lu t io n s  w h ic h  a re  
0 .1  N  o r  less. F o r  u n i -u n i v a l e n t  e le c tro ly te s  th e  
e x p e r im e n t a l ly  d e t e r m in e d  a c t iv it ie s  a g re e  w i t h  
c a lc u la te d  v a lu e s  t o  w i t h i n  ± 0 .0 1  pa u n i t ;  th e  
a v e ra g e  d e v ia t io n  is b u t  s l ig h t ly  la r g e r  w i t h  u n i 
b iv a le n t  e le c tro ly te s , w h e r e  t h e  c a lc u la te d  v a lu e s  
m a y  b e  in  e r r o r  d u e  t o  a n  in e x a c tn e s s  in  t h e  as
s u m p t io n s  e m p lo y e d  in  m a k in g  t h e  c a lc u la t io n s . 
W h e n  e m p ir ic a l  c a lib r a t io n  c u r v e s  a re  e m p lo y e d , 
t h e  d e t e r m in a t io n  o f c a t io n ic  a c t iv it ie s  is a c 
c u r a te  t o  ± 1 % .  W i t h  t h e  t i t r a t io n  p r o c e d u r e  
th e  a v e ra g e  e r r o r  i n  s in g le  d e t e r m in a t io n s  is 
± 0 . 4 % .

B e c a u s e  of th e  a c c u r a c y  o f th e  re s u lts  t h e y  
y ie ld  a n d  t h e  ease a n d  c o n v e n ie n c e  o f t h e i r  p r e p 
a r a t io n  a n d  use , th e  p e rm s e le c t iv e  c o llo d io n  m e m 
b r a n e  e le c tro d e s  h a v e  b e e n  u s e d  b y  v a r io u s  
a u t h o r s .4“ 8

T h e  p e rm s e le c t iv e  p r o t a m in e -c o l lo d io n  m e m 
b ra n e s  u s e d  in  t h e  e x p e r im e n ts  d e s c rib e d  in  t h is  
p a p e r  d id  n o t  possess q u ite  t h e  s a m e , n e a r ly  id e a l 
d e g re e  o f io n ic  s e le c t iv it y  as t h e  p e rm s e le c t iv e  c o l
lo d io n  m e m b ra n e s , a n d  th e  e r r o r  d u e  t o  t h e  a s y m 
m e t r y  of t h e  l iq u id  ju n c t io n  p o te n t ia ls  lie s  i n  th e  
u n f a v o r a b le  d ir e c t io n  (see a b o v e ) .  T h u s ,  a  s m a ll  
b u t  s ig n if ic a n t  d e v ia t io n  e x ists  b e tw e e n  t h e  ex 
p e r im e n t a l ly  d e t e r m in e d  a c t iv it ie s  a n d  th o s e  c a lc u 
la te d  b y  th e  N e r n s t  e q u a t io n . W h e n  a n  e m p ir ic a l  
c a lib r a t io n  c u r v e  w a s  u s e d  th e  a c t iv it ie s  o f a  g re a t  
v a r i e t y  o f a n io n s  w e re  d e t e r m in e d  i n  th e  c o n c e n 
t r a t io n  ra n g e  o f 0 .1  N  o r  less w i t h  a n  a v e ra g e  
a c c u r a c y  o f ± 0 . 9 % .  W i t h  t h e  t i t r a t io n  p r o c e d u r e  
t h e  a v e ra g e  e r r o r  i n  s in g le  d e t e r m in a t io n s  is 
± 0 . 5 % .  O n e  m ig h t  a d d  t h a t  m e m b ra n e s  w i t h  a 
c o n s id e ra b le  “ le a k ”  o f  n o n -c r i t i c a l  io n s , f a r  i n 
f e r io r  i n  s e le c t iv it y  t o  t h e  m e m b r a n e s  u s e d  h e re , 
c a n  b e  u s e d  as m e m b r a n e  e le c tro d e s  w i t h  a  c o n 
s id e ra b le  d e g re e  o f a c c u r a c y .

T h e  p e rm s e le c t iv e  p r o t a m in e -c o l lo d io n  m e m 
b ra n e s  a re  t h e  f irs t  m e m b r a n e  e le c tro d e s  w h ic h  
c a n  b e  u s e d  f o r  t h e  e le c tr o m e tr ic  d e t e r m in a t io n  of 
th e  a c t iv it ie s  o f n u m e r o u s  a n io n s , in c lu d in g  m a n y  
f o r  t h e  d e t e r m in a t io n  o f w h ic h  o t h e r  e le c tro d e s  d o  
n o t  e x is t.

T h e  c o n c e n t r a t io n  ra n g e  w i t h i n  w h ic h  th e  
m e m b ra n e s  d e s c rib e d  in  t h is  p a p e r  c a n  b e  u s e d  
as m e m b r a n e  e le c tro d e s  h a s  n o t  b e e n  e x p lo re d  
f u l l y ;  i t  d e p e n d s  c o n s id e r a b ly  u p o n  t h e  a c c u r a c y  
w h ic h  is  d e s ire d . A t  h ig h e r  c o n c e n tr a t io n s  w h e r e  
t h e  m e m b r a n e s  a re  s ig n if ic a n t ly  le a k y , t h e  n a t u r e  
o f t h e  n o n -c r i t i c a l  io n  in  t h e  t w o  s o lu t io n s  b e 
c o m e s  g r a d u a l ly  m o r e  s ig n if ic a n t . H o w e v e r ,  i t  
c a n  b e  s ta te d  t h a t  th e  m e th o d s  o f e m p ir ic a l  c a li
b r a t io n  c u r v e s  a n d  t i t r a t i o n  t h r o u g h  ze ro , j u d i 
c io u s ly  a p p lie d , p e r m it  th e  p e rf o r m a n c e  of f a i r ly

a c c u ra t e  d e t e r m in a t io n s  u p  t o  c o n c e n t r a t io n s  o f 
s e v e ra l te n t h s  n o r m a l ,  w h e r e  o t h e r  f a c to r s  s u c h  
as t h e  a s y m m e t r y  o f th e  l iq u id  ju n c t io n  p o t e n t ia ls  
b e g in  t o  p l a y  a  s ig n if ic a n t  r o le .42

T h e  v a r i e t y  o f io n s , th e  a c t i v i t y  o f w h ic h  c a n  b e  
d e t e r m in e d  lay m e a n s  of th e  p e rm s e le c t iv e  c o l
lo d io n -b a s e  a n d  o t h e r  m e m b ra n e s , h a s  l ik e w is e  
n o t  b e e n  f u l l y  e x p lo r e d ; t h e  e x a m p le s  p r e s e n te d  
i n  t h is  p a p e r  b y  n o  m e a n s  c ir c u m s c r ib e  t h e  r a n g e  
o f t h e i r  u s e fu ln e s s . G e n e r a l ly  s p e a k in g , t h e  d e 
t e r m in a t io n  o f t h e  a c t iv it ie s  o f a ll  c r i t ic a l  io n s  
w h ic h  f o r m  h i g h l y  d is s o c ia te d  s u rfa c e  c o m p o u n d s  
w i t h  t h e  f ix e d  w a l l  g ro u p s  c a n  b e  e x p e c te d  t o  f a ll  
w i t h i n  t h e  re a c h  o f th e  m e t h o d . N e v e r th e le s s , i t  
is n e c e s s a ry  w i t h  e a c h  n e w  sp e cie s  o f io n  t o  te s t 
w h e t h e r  o r  n o t  t h e  m e m b r a n e  u n d e r  in v e s t ig a t io n  
re s p o n d s  e le c t r o m o t iv e ly  in  a n  a d e q u a te  m a n n e r ,  
as w e ll  as  t h e  e ffe c tiv e  c o n c e n t r a t io n  r a n g e  w h ic h  
o b ta in s . I n  c e r ta in  in s ta n c e s , p a r t i c u l a r l y  w i t h  
d i -  a n d  p o ly v a le n t  io n s  a n d  w i t h  a ll  s o m e w h a t  
la r g e r  o r g a n ic  io n s , i t  w i l l  b e  a d v a n t a g e o u s  t o  use 
m e m b r a n e s  o f s o m e w h a t  h ig h e r  p o r o s it y  t h a n  th o s e  
re fe rre d  to  in  t h is  p a p e r , a s d e s c r ib e d  p i e v i o u s l y .31“ 34

B i v a l e n t  a n d  p o ly v a le n t  io n s  as y e t  h a v e  n o t  b e e n  
s tu d ie d  in  a  s y s t e m a tic  m a n n e r .

P e r m s e le c t iv e  o x id iz e d  c o llo d io n  m e m b r a n e s  
a re  n o t  s u it a b le  f o r  t h e  e le c tro m e tr ic  d e t e r m in a t io n  
o f t h e  a c t iv it ie s  o f c a lc iu m , b a r i u m  a n d  s t r o n t i u m  
io n s , b e c a u s e  o f  th e  s p e cific  in t e r a c t io n  o f  th e  la t t e r  
w i t h  p o ly m e r ic  c a r b o x y l  c o m p o u n d s .43 I n  t h is  
re s p e c t t h e y  a re  in f e r io r  to  th e  c la y  m e m b r a n e s  
p r e p a r e d  b y  M a r s h a l l  a n d  c o lla b o ra to rs . T h i s ,  
h o w e v e r ,  d o e s n o t  h o ld  t r u e  w i t h  t h e  r e c e n t ly  
d e s c rib e d  s t r o n g  a c id  t y p e  s u lfo n a te d  p o ly s t y r e n e  
c o l lo d io n -b a s e  m e m b r a n e s 44 w h ic h  re s p o n d  r a p i d l y  
a n d  a c c u r a t e ly  w h e n  u s e d  as m e m b r a n e  e le c tro d e s  
f o r  th e  d e t e r m in a t io n  of t h e  a c t iv it ie s  o f t h e  a lk a li  
e a r t h  m e t a l  io n s .44“ 46 T h e s e  m e m b r a n e s  a ls o  
s h o w  a  h ig h e r  d e g re e  o f s e le c t iv it y  i n  n e u t r a l  s o lu 
t io n s  o f u n iu n iv a le n t  e le c tro ly te s  u p  t o  h ig h e r  c o n 
c e n tr a t io n s  t h a n  d o  th e  p e rm s e le c t iv e  o x id iz e d  
c o llo d io n  m e m b r a n e s ; in  a d d i t io n  t h e y  re s p o n d  
e le c t r o m o t iv e ly  t o  h y d r o g e n  io n s  i n  a n  e x c e lle n t 
m a n n e r .

T h e  b e h a v io r  o f b iv a le n t  a n io n s  i n  c h a in s  w i t h  
p r o t a m in e -c o l lo d io n  m e m b ra n e s  h a s  n o t  b e e n  
in v e s t ig a t e d  i n  d e ta il. H o w e v e r ,  o n  t h e  b a s is  o f 
t h e  c h e m ic a l n a t u r e  o f  th e  p r o t a m in e  a lo n e , o n e  
m i g h t  a n t ic ip a t e  t h a t  t h e  d e t e r m in a t io n  o f th e  
s u lfa te  a n d  s im ila r  io n s  c a n  r e a d i ly  b e  c a r r ie d  o u t . 
I n  t h is  c o n n e c t io n , i t  see m s w o r t h w h ile  t o  r e m a r k  
t h a t  th e  p r e p a r a t io n  o f s t r o n g  b a s e  t y p e  p e r m 
s e le c tiv e  m e m b r a n e s  w h ic h  a re  e s s e n tia lly  f re e  o f 
th e  “ le a k ”  o f n o n -c r i t i c a l  io n s  w a s  a c c o m p lis h e d  
r e c e n t ly .47

(4 2 ) In  e s ta b lis h in g  e x p e r im e n ta l  c a lib r a t io n  c u r v e s  w it h  m e m 
b r a n e s  o f  t h e  b e fo r e -m e n t io n e d  t y p e  i t  w il l  b e  h e lp fu l  in  m a n y  in 
s ta n c e s  t o  r e m e m b e r  t h a t  th e  ra n g e  o f  c o n c e n t r a t io n s  w ith in  w h ic h  a  
m e m b r a n e  is  o f  id e a l  o r  n e a r ly  id e a l  i o n ic  s e le c t iv i ty  is  a  f u n c t io n  o f  th e  
c o n c e n t r a t io n  o f  t h e  s o lu t io n s  o n  both s id e s  o f  t h e  m e m b r a n e 21; th u s, 
th e  u se  o f  a  fa ir ly  d i lu te  re fe r e n c e  s o lu t io n  m a y  b e  in d ic a te d  in  c e r ta in  
in s ta n ce s .

(4 3 ) H . P . G r e g o r  a n d  L . L u tt in g e r , in  p re p a ra t io n .
(4 4 ) K . S o lln e r  a n d  R . N e ih o f ,  Arch. Biochem. and Biophys., 3 3 , 166

(1 9 5 1 ) ;  R ,  N e ih o f , in  press.
(4 5 ) C . W . C a rr , Arch. Biochem. and Biophys., 4 3 ,  1 4 7  (1 9 5 3 ) ;  4 6 , 

424  (1 9 5 3 ).
(4 6 )  R . N e ih o f ,  in  p re p a ra t io n .
(4 7 )  M .  G o t t l ie b ,  R . N e ih o f  a n d  K . S o lln e r , in  p r e p a r a t io n .
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T h e  n a t u r e  o f t h e  n o n -c r i t ic a l  io n  p re s e n t i n  t h e  u n 
k n o w n  s o lu t io n  is  o f l i t t le  c o n s e q u e n c e  s in c e  i t  does 
n o t  a ffe c t s ig n if ic a n t ly  t h e  b e h a v io r  o f s y s te m s  w it h  
m e m b r a n e s  of id e a l o r  n e a r ly  id e a l io n ic  s e le c t iv it y . 
T h i s  m e a n s  t h a t  th e  “ u n k n o w n ”  s o lu t io n  n e e d  n o t  be  
th e  s a m e  w i t h  r e g a r d  t o  n o n -c r i t i c a l  io n s  as  th e  
re fe re n c e  s o lu t io n .

T h e r e  is  o n e  s e v e re  l im it a t io n  o n  th e  u s e  of 
m e m b r a n e  e le c tro d e s  b y  th e  m e th o d s  d e s c rib e d  h e re , 
n a m e ly ,  t h a t ,  in  g e n e ra l, t h e y  a re  a p p lic a b le  o n ly  in  
c h a in s  w i t h  a  s in g le  sp e cie s o f c r i t ic a l  (p o t e n t ia l 
d e t e r m in in g )  io n s . I n  c o m p a r in g  d if fe re n t  ty p e s  o f 
m e m b ra n e s  f o r  t h e i r  u s e fu ln e s s  as m e m b r a n e  ele c
tro d e s , a  v a r i e t y  o f f a c to rs  m u s t  b e  c o n s id e re d : 
w h e t h e r  o r  n o t  th e  m e m b r a n e  s h o w s  a n  id e a l o r n e a r ly  
id e a l d e g re e  o f io n ic  s e le c t iv it y  a n d  t h u s  g iv e s  a n  
a d e q u a te  e le c t r o m o t iv e  re s p o n s e  w i t h  a  g iv e n  e le c tro 
ly t e  w i t h i n  a  s p e c ific  c o n c e n tr a t io n  r a n g e ; th e  o h m ic  
re s is ta n c e  p e r  u n i t  a re a  a n d  t h e  s p e e d  w i t h  w h ic h  
w e ll -d e f in e d  a n d  s ta b le  p o t e n t ia ls  a re  o b t a in e d ; 
t h e  ease o f p r e p a r a t io n  o f t h e  m e m b r a n e s  a n d  t h e ir  
s t a b i l i t y .  I n  a d d i t io n ,  w i t h  m e m b r a n e s  t o  b e  
u s e d  in  s y s te m s  w i t h  t w o  o r  m o r e  p o t e n t ia l -d e 
t e r m in in g  spe cies o f io n s , t h e  sp e c ific , d if fe re n t ia l 
s e le c t iv it y  o f th e  m e m b r a n e s  t o  th e s e  io n s , t o  b e  
d is c u s s e d  s h o r t ly ,  b e c o m e s  o f p a r a m o u n t  i m 
p o rta n c e .

I n  m o s t  o f th e se  re s p e c ts , t h e  p e rm s e le c t iv e  c o l
lo d io n  m e m b r a n e s  c o m p a r e  f a v o r a b ly  w i t h  th e  
c la y  m e m b r a n e s  o f M a r s h a l l 28' 29 a n d  o f W y l l i e , 30 
th e  o n ly  t y p e  o f m e m b r a n e s  c o n c e r n in g  w h ic h  a n  
a d e q u a te  a m o u n t  o f  a c c u r a t e  e x p e r im e n ta l  m a 
t e r ia l  h a s  b e e n  p u b lis h e d . T h e  p e rm s e le c t iv e  c o l
lo d io n  m e m b r a n e s  a re  m u c h  e a s ie r zo p r e p a re  a n d  
m u c h  m o r e  s ta b le  o v e r  p r o lo n g e d  p e rio d s  o f t im e  
t h a n  t h e  s y n t h e t ic  c la y  m e m b ra n e s , a n d  re s p o n d  
e le c t r o m o t iv e ly  m o r e  a c c u r a t e ly  (e x c e p t  a t  th e  
f a i r l y  h ig h  c o n c e n tr a t io n s )  a n d  m u c h  m o r e  r a p id ly  
t h a n  d o  t h e  la t t e r  m e m b ra n e s . T h e i r  re s is ta n c e  
is s e v e ra l o r d e rs  o f m a g n it u d e  lo w e r  a n d  p e r m it s  
t h e  u s e  o f s im p le , lo w  re s is ta n c e  p o t e n t io m e t e r  c ir 
c u its .

T h e  e x c h a n g e  re s in  t y p e  m e m b r a n e s 35'" 38 w h ic h  
h e re to fo re  h a v e  b e e n  d e s c rib e d  d o  n o t  s e e m  to  
o ffe r as y e t  a n y  a d v a n ta g e s  o v e r  th e  p e rm s e le c t iv e  
c o llo d io n  a n d  c o l lo d io n -b a s e  m e m b ra n e s , p a r t ic 
u l a r l y  t h e  r e c e n t ly  im p r o v e d  t y p e s .44’47 T w o  
o u t s t a n d in g  s h o r t c o m in g s  o f t h e  c o m m e r c ia l  re s in  
t y p e  m e m b ra n e s  f o r  t h e  p u rp o s e  o n  h a n d  se e m  t o  
b e  t h e ir  c o n s id e r a b ly  h ig h e r  w a t e r  c o n te n t  a n d  
w a t e r  p e r m e a b i l i t y ,  a n d  t h e ir  m u c h  h ig h e r  e x 
c h a n g e  c a p a c it y  p e r  u n i t  a re a .

I n  c o n c lu d in g , i t  see m s a p p r o p r ia t e  t o  d is c u s s  
b r ie f ly  s y s te m s  w h ic h  c o n t a in  m o r e  t h a n  o n e  
spe cies o f p o t e n t ia l -d e t e r m i n in g  io n s . H e r e ,  th e  
e le c tr ic a l s it u a t io n  is  m u c h  m o r e  in v o lv e d  t h a n  
in  th e  s y s te m s  w i t h  o n ly  o n e  s u c h  io n , as w a s  
p o in te d  o u t in  d e ta il  in  a  d is c u s s io n  o f th e  b i 
io n ic  p o t e n t ia l .48

I n  m e m b r a n e  c h a in s  w i t h  m o r e  t h a n  o n e  “ c r i t i 
c a l”  (p o t e n t ia l -d e t e r m in in g )  spe cies o f io n , e a c h  
species m a k e s  a  c o n t r i b u t io n  t o  th e  m e a s u ra b le  
p o te n t ia l w h ic h  is a  f u n c t io n  of its  a c t i v i t y  in  th e  
t w o  s o lu t io n  p h a s e s  a n d  its  n a t u r e , a n d  a ls o  o f

(1 8 ) K . S o lln e r . T i n s  J o u h n a l , 53 , 131 1 , 1 22 6  (1 0 1 0 ).

th e  n a t u r e  o f  t h e  m e m b r a n e  w h ic h  in  t u r n  d e 
te r m in e s  t h e  r e la t iv e  c o n c e n t r a t io n  a n d  m o b i l i t y  
o f th e  d if fe re n t  c r i t ic a l  spe cies o f io n s  in  th e  m e m 
b ra n e .

T h r e e  m e th o d s  a re  k n o w n  w h ic h  a l lo w  t h e  d e 
t e r m in a t io n  o f  t h e  a c t iv it ie s  o f s e v e ra l c o -e x is t in g  
spe cies o f  io n s  b y  m e a n s  o f p e rm s e le c t iv e  m e m 
b ra n e s . F i r s t ,  m e m b r a n e s  m a y  b e  u s e d  w h ic h  
s h o w  a  h ig h  d e g re e  o f sp e c ific  s e le c t iv it y  f o r  on e  
o f t h e  c r i t ic a l  io n s  p re s e n t. I f ,  f o r  in s ta n c e , c e r
t a in  c r i t ic a l  io n s  a re  v i r t u a l l y  e x c lu d e d  f r o m  t h e  
m e m b r a n e  b e c a u s e  o f t h e i r  s ize  a n d  th e re fo re  d o  
n o t  c o n t r ib u t e  s ig n if ic a n t ly  t o  t h e  m e m b r a n e  
p o t e n t ia l,  t h e  m e m b r a n e  s y s t e m  a c ts  as a  c o n 
c e n t r a t io n  c h a in  w i t h  re s p e c t t o  t h e  p e rm e a b le  
io n . C l a y  m e m b ra n e s  o f t h is  n a t u r e  w e r e  p r e 
p a re d  b y  M a r s h a l l  f o r  t h e  d e t e r m in a t io n  o f p o ta s 
s iu m  io n  in  t h e  p re s e n c e  o f c a lc iu m  i o n .28’29 P e r m 
s e le c tiv e  c o llo d io n  b a s e  m e m b r a n e s  i n  g e n e ra l s h o w  
a  r a t h e r  h ig h  d e g re e  o f  p r e f e r e n t ia l  s e le c t iv it y  f o r  
u n iv a le n t  o v e r  d iv a le n t  io n s  a n d  th e r e fo r e  s h o u ld  
b e  a d a p ta b le  t o  t h e  d e t e r m in a t io n  o f u n iv a le n t  
c a tio n s  as w e ll  as a n io n s  i n  t h e  p re s e n c e  o f b i -  
a n d  p o ly v a le n t  io n s  o f th e  s a m e  s ig n .48

A n o t h e r  a p p r o a c h  w o r k e d  o u t  b y  M a r s h a l l  a n d  
a p p lie d  w i t h  c o n s id e ra b le  succe ss t o  c a t io n s  u s in g  
c la y  m e m b r a n e s  is  b a s e d  o n  t h e  f a c t  t h a t  d if fe re n t  
m e m b ra n e s  m a y  h a v e  a  d if fe re n t ia l  s e le c t iv it y  
f o r  t w o  c o -e x is t in g  spe cies o f c r i t ic a l  io n s  i n  th e  
s y s te m  u n d e r  c o n s id e ra t io n . T h i s  s e le c tiv e  s p e c i
f ic i t y  c a n  b e  b a s e d  o n  a  s te r ic  f a c t o r ,  t h e  d iffe re n 
t ia l  e x c lu s io n  o f th e  la r g e r  io n s  f r o m  t h e  m e m b ra n e s , 
o r  o n  c h e m ic a l s p e c if ic ity  w h ic h  m a k e s  f o r  t h e  p r e 
fe rre d  pre se n ce , in  t h e  m e m b r a n e  o f  t h e  o n e  o r  th e  
o t h e r  species o f io n s . B y  c o m b in in g  t h e  d a t a  o f 
t w o  sets o f m e a s u re m e n ts  w i t h  t w o  d if fe re n t  m e m 
b ra n e s  i t  is p o s s ib le  t o  e v a lu a te  t h e  a c t iv it ie s  in  
s o lu t io n  o f t w o  sp e cie s o f io n s . T h i s  m e t h o d  is , o f 
c o u rs e , a p p lic a b le  t o  a n y  k in d  o f m e m b r a n e  o f h ig h  
io n ic  s e le c t iv it y ,  a n d  w i l l  b e c o m e  a  m o r e  g e n e ra l 
a n d  u s e fu l to o l  as d if fe re n t  m e m b ra n e s  o f h ig h e r  
s p e cific  io n ic  s e le c t iv it y  b e c o m e  a v a ila b le .

A  t h i r d  a p p r o a c h  n o t  te s te d  t h u s  f a r  e x p e r i
m e n t a l ly  is b a s e d  o n  th e  io n ic  D o n n a n  e q u i l ib r iu m  
and th e  c o n c o m it a n t  m e m b r a n e  p o te n t ia ls  w h ic h  
a re  e s ta b lis h e d  b e tw e e n  a n  u n k n o w n  s o lu t io n  a n d  
a  c o m p le t e ly  a n a ly z a b le , k n o w n  re fe re n c e  s o lu 
t i o n .49 T h i s  m e t h o d  w o u ld  b e  a p p lic a b le  a n d  
p a r t ic u la r ly  u s e fu l w i t h  s y s te m s  c o n t a in in g  m o r e  
t h a n  t w o  spe cies o f c r i t ic a l  io n s , o r  io n s  w h ic h  a re  
v e r y  s im ila r  in  c h a r a c te r  s u c h  as t h e  io n s  o f s o d iu m , 
p o ta s s iu m  a n d  a m m o n ia . A n  e x p e r im e n t a l  te s t  o f 
t h is  m e t h o d  is  a n t ic ip a t e d  i n  th e  n e a r  f u t u r e .

T h e  a c c u m u la t io n  o f e v id e n c e  o n  sp e c ific  io n ic  se
le c t i v i t y  w h ic h  is g r a d u a l ly  e m e rg in g  f r o m  n u m e ro u s  
s tu d ie s  o f io n  e x c h a n g e rs , t o g e t h e r  w i t h  t h e  r a p id ly  
g r o w in g  k n o w le d g e  o f th e  c h e m is t r y  o f t h e  c h e la te  
c o m p o u n d s  see m s t o  p o in t  t h e  w a y  t o w a r d  th e  
p r e p a r a t io n  o f m e m b r a n e s  h a v in g  a  h ig h  d e g re e  
o f io n ic  s e le c t iv it y  w h ic h  u l t im a t e ly  s h o u ld  m a k e  
i t  p o s s ib le  in  m a n y  in s ta n c e s  t o  u se  m e m b r a n e s  as 
sp e c ific  e le c tro d e s  f o r  t h e  d ir e c t  d e t e r m in a t io n  o f 
th e  v a r io u s  io n ic  spe cies in  m ix e d  s y s te m s .

(4 9 ) K . S o lln e r , •/. Am. Chem. Soc., 68 , 15(5 (194C ).
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C O N T A IN IN G  S r2+, M g 2+ A N D  C1“
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Received January 8, 1954

The ternary system strontium chloride-magnesium chloride-water has been investigated between 18 and 100°. _ No 
double salt occurs within this temperature range. The lowest formation temperature of strontium chloride dihydrate is at 
19.4°, that of strontium chloride monohydrate is at 80.5°.

I n  t w o  e a r lie r  p a p e rs  t h e  p r e s e n t  a u t h o r s 1 re 
p o r t e d  th e  re s u lts  f r o m  t h e  in v e s t ig a t io n s  o n  th e  
e q u i l ib r ia  i n  t h e  s y s t e m  c a lc iu m  c h lo r id e -s t r o n t i u m  
c h lo r id e -w a t e r  a n d  t h is  s y s t e m  c o m b in e d  w it h  
p o ta s s iu m  a n d  s o d iu m  c h lo r id e s . A s  th e s e  c o m 
p o n e n ts  a lso  o c c u r  t o g e t h e r  w i t h  m a g n e s iu m  c h lo 
r id e , th e r e  a r e  g o o d  re a s o n s  f o r  e x t e n d in g  th e  i n 
v e s t ig a t io n s  t o  in c lu d e  th is  c o m p o n e n t .

E a r l i e r  R o y e r 2 a s s u m e d  t h e  o c c u rre n c e  o f a 
d o u b le  s a lt  b e tw e e n  s t r o n t i u m  a n d  m a g n e s iu m  
c h lo r id e s  w i t h  c o m p o s it io n  s im ila r  t o  t h a t  of 
t a c h v d r it e .  T h i s  a s s u m p t io n  w a s  b a s e d  u p o n  t h e  
e b u llio s c o p ic a l p r o p e rt ie s  o f th e  s o lu t io n s  a t  1 0 0° . 
R e c e n t ly  D o d o n o v ,  E f e r o v a  a n d  K o lo s o v a 3 e v a p o 
r a t e d  s a m p le s  f r o m  s o m e  b r in e s  in  th e  S a r a t o v s k  
o il d is t r ic t  a t  a b o u t  3 0 ° . T h e y  o b t a in e d  th e  
c o m p o u n d s  t a c h y d r it e ,  c a r n a l li t e  a n d  2C a C l 2- 
M g C R G R O .  M o r e o v e r ,  t h e y  a s s u m e d  th e  p re s 
e n ce  o f d o u b le  s a lts  o f h y d r a t e s  o f c a lc iu m  a n d  
s t r o n t i u m  c h lo r id e , b u t  n o  c o m p o u n d  c o n t a in in g  
s t r o n t i u m  a n d  m a g n e s iu m  c h lo r id e . T h e  s u p 
p o s e d  d o u b le  s a lts  m i g h t  h a v e  b e e n  th e  s o lid  s o lu 
t io n  of t h e  h e x a h y d r a t e s  o f c a lc iu m  a n d  s t r o n t i u m  
c h lo r id e , d e s c rib e d  b y  t h e  p re s e n t  a u t h o r s .1 I t  
s e e m e d  th e r e fo r e  t o  b e  n e c e s s a ry  t o  in v e s t ig a t e  th e

H,0

Fig. 1.-—Synopsis of the composition of the solutions at 
the invariant and univariant equilibria of the ternary 
system SrCl2-MgCl2-H 20.

(1 ) G . O. A ssa rsso n  a n d  A . B a ld e r , T his J o u r n a l , 8 7 , 717 (1953 ); 
68, 253 (1954).

(2 )  E . R o y e r ,  Ann. chim. [1 0 ]  13 , 451  (1 9 3 0 ).
(3 )  Y .  Y .  D o d o n o v ,  L . V . E fe r o v a  a n d  V . S . K o lo s o v a ,  Doklady

Akad. Nauk. S.S.S.R., 6 3 , 301 (1 9 4 8 ).

a q u e o u s  s y s t e m  o f m a g n e s iu m  a n d  s t r o n t i u m  c h lo 
r id e  m o r e  s y s t e m a t ic a l ly .

Experimental.—The experiments were performed as 
earlier described.1

Magnesium and strontium were determined in the solu
tions and the solids in the following manner. The weighed 
sample, contained in a platinum crucible, was transformed 
into sulfates and weighed. From the mixed sulfates mag
nesium sulfate was extracted by a solution containing 50 
vol. water, 50 vol. ethyl alcohol and 1 vol. sulfuric acid. 
The strontium sulfate was filtered off, washed with the ex
traction solution and with pure ethyl alcohol, ignited gently 
and weighed. The magnesium chloride content was calcu
lated by difference. The analyses of solutions of known 
composition showed an agreement within 0.2-0.4% be
tween the found and calculated values for the total weight 
of chlorides present.

R e s u lt s .— T h e  re s u lts  w i l l  b e  g iv e n  b r ie f ly  h e re . 
T h e r e  is n o  d o u b le  s a lt  in  th e  s y s t e m  b e tw e e n  18 a n d  
1 0 0° . I t  is  n o t e w o r t h y ,  t h a t  t h e  s a t u r a t e d  m a g n e 
s iu m  c h lo r id e  s o lu t io n s  c o n t a in  o n l y  s m a ll  a m o u n t s  
o f s t r o n t i u m  c h lo r id e  a n d  t h a t  t h e y  h a v e  a  v e r y  
s t r o n g  d e h y d r a t in g  in f lu e n c e  o n  t h e  s t r o n t i u m  
c h lo r id e  h y d r a t e s , s im ila r  t o  t h a t  o f  t h e  c o r 
re s p o n d in g  c a lc iu m  c h lo r id e  s o lu t io n s 1 ( T a b l e  I ) .  
N o  is o th e rm s  w i l l  b e  g iv e n  h e re . A  s y n o p s is  o f  
is o t h e r m a l ly  i n v a r i a n t  e q u i l ib r ia  is  g iv e n  in  F i g .  1. 
T h e r e  i t  is  p r e s u m e d , t h a t  t h e  s o lu b i l i t y  o f s t r o n 
t i u m  c h lo r id e  in  t h e  m a g n e s iu m  c h lo r id e  s o lu t io n s  
is  in s ig n if ic a n t  b e lo w  0 ° . A t  h ig h e r  t e m p e r a t u r e s  
t h e  a n h y d r o u s  c h lo r id e s  o f t h e  t w o  c o m p o n e n t s  
f o r m  m e lt s ;  t h e  c o m p o s it io n  a t  t h e i r  e u te c t ic  
p o in t  a t  5 3 5 °  is  6 2 %  s t r o n t i u m  c h lo r id e  a n d  3 8 %  
m a g n e s iu m  c h lo r id e .4

T able I
The Ternary System SrCl2-MgCl2-H20; Some Equi

libria BETWEEN 18 AND 100°
T e m p ., S o lu t io n W e t  res id u e S o lid

° C . S rC lj M g C I i S rC li M g C la p h a se

18.9 1.2 34.8 36.2 15.3 SrCl2-6H20
19.4 1.3 34.7 33.8 16.6 SrCl2-6H20  +  

SrCl2-2II20
19.9 1.3 34.8 57.5 10.5 SrCl2-2H20
80 1.7 39.0 51.4 15.3 SrCl2-2H20
81 1.7 39.2 36.4 23.8 SrCl2H20

100 1.7 41.2 57.2 15.6 SrCVH20
1.5 42.0 0.6 45.5 MgCl2-6H20

T he Invariant Points
S o lu t io n

S rC l*  M g C I i

19.4 ±  0.2 1.3 34.7 SrCl2.6TI20  +  SrCl2-2H20
80.5 ±  0.5 1.7 39.1 SrCl2.2II20  +  SrCl2-II20

(4 ) C . S a n d o n n in i, Gazz. chim. ital., 4 4 , I, 3 4 3  (1 9 1 4 ).
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C O M P O U N D S  IN  E N H A N C IN G  T H E  S O L U B IL IT Y  OE A N T H R A C E N E  IN

H Y D R O C A R B O N  S O L V E N T S

B y  G .  R .  S o m a y a j u l u  a n d  S a n t i  R .  P a l i t
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Anthracene shows cosolvency in binary mixtures (A, iodobenzene or iodoethan B, benzene, cyclohexene and cyclohex
ane). Since the 8-value of anthracene is higher than that of either iodobenzene or benzene, the explanation offered by Gordon 
and Scott; of analogous cosolvency of phenanthrene in cyclohexane-methylene iodide mixtures as due to the 6-value of the 
solute being intermediate between those of the two cosolvents being a corollary of the regular solution theory of Hildebrand, 2 
seems to be inapplicable. It is suggested that the strong complex-forming tendency of iodine is carried over in iodides like 
RI where R is a sink of electrons, and this power of complex formation by iodine atoms is responsible for the codissolving 
power of the iodides.

In t r o d u c t io n
H i l d e b r a n d 2 a s s u m e d  t h a t  a  s u f f ic ie n t ly  c o r r e c t  

a p p r o x im a t io n  t o  t h e  a c t u a l  b e h a v io r  o f  m ix t u r e s  
c o u ld  b e  o b t a in e d  b y  a s s u m in g  t h e m  t o  b e  “ r e g u 
l a r , ”  i.e.. t h e i r  e n t r o p y  o f  m ix in g  is t h a t  o f a n  id e a l 
s o lu t io n  w h e re a s  t h e  e n e r g y  o f m ix in g  is n o t  ze ro . 
F r o m  th is  a s s u m p t io n  a n d  s o m e  f u r t h e r  a p p r o x i 
m a t io n s , h e  d e r iv e d  th e  s o lu b i l i t y  e q u a t io n  in  th e  
case o f a  s o lid  n o n -e le c t r o ly t e

RT In 0 1 = Fi*o(«i -  So) 2
Xi

w h e r e  Xi t h e  m o le  f r a c t io n , cu t h e  a c t i v i t y ,  T'h th e  
m o la l  v o lu m e  a n d  ¿h t h e  s o lu b i l i t y  p a r a m e t e r  o f th e  
s o lu te  c o n s id e re d  as s u p e rc o o le d  l iq u id  a n d  4>o th e  
v o lu m e  f r a c t io n  a n d  80 t h e  s o lu b i l i t y  p a r a m e t e r  o f 
t h e  s o lv e n t .  T h e  8 is  c h a r a c te r is t ic  o f  t h e  p u r e  s u b 
s ta n c e  a n d  its  s q u a r e  is o f te n  c a lle d  c o h e s iv e  e n e r g y  
d e n s i t y  ( C E D )  a n d  is g iv e n  b y

52 =  CED = (AE/Vf)

w h e r e  A E  is  th e  in t e r n a l  e n e r g y  c h a n g e  f o r  t h e  
v a p o r i z a t i o n  p ro c e s s  a n d  Vi is  t h e  m o la l  v o lu m e  o f

T a b l e  I
S o l u b i l i t y  o f  A n t h r a c e n e  i n  M i x - s o l v e n t s

M o le  %  
h y d r o c a r b o n  
in  th e  m ix - 

s o lv e n t 3 0 0 3 0 5 3 1 0 3 1 5  3 2 0 3 2 5 3 3 0 3 4 0

0 1.462
Benzene-Iodobenzene (Fig. 1 ) 

1.728 2.014 2.344 2.738 3.145
6.39 1.622 1.916 2.213 2.570 3.002 3.447

19.17 1.622 1.916 2.213 2.570 3.002 3.447
34.59 1.549 1.820 2.113 2.469 2.867 3.293
56.15 1.365 1.594 1.862 2.175 2.526 2.900

1 0 0 0.912 1.059 1.245 1.437 1.698 1.934

0

Benzene-Iodoethane (Fig. 2) 
1.189 . . .  1.612 2.175 2.867

33.06 1.303 1.778 2.385 3.141
47.80 1.342 1.820 2.435 3.219
57.21 1.303 1.778 2.385 3.141
70.83 1.216 1.660 2.226 2.951

1 0 0 1.059 1.437 1.934 2.558

0 0.8414
Cyclohexene-Iodoethane (Fig. 3) 

1.1890 . . .  1.6120 2.1750
11.17 .7989 1.1610 1.7080 2.4550
21.28 .7780 1.1170 1.6410 2.3440
47.65 .5888 0.8590 1.2590 1.8200
54.51 .5041 0.7586 1.1430 1.6600

1 0 0 .2985 0.4571 0.6683 0.9772
Cycloh .vane-Iodoethane (Fig. 4)

0.8414 1.1890 1.6120
.8318 1.2160 1.6980
.5309 0.7586 1.1090
.1641 0.2512 0.3715

0
12.67
43.01

100
(1 ) L . J . G o r d o n  a n d  R . L . S c o t t ,  J. Am. Chem. Soc., 7 4 , 4 1 3 8  

(1 9 5 2 ).
(2 )  J . H . H ild e b r a n d  a n d  R .  L . S c o t t ,  “ S o lu b i l it y  o f  N o n -e le c t r o 

ly t e s ,”  A .C .S .  M o n o g r a p h , 3 rd  e d it io n ,  R e in h o ld  P u b l.  C o r p . ,  N e w  
Y o r k ,  N . Y . ,  195 0 . -

t h e  l iq u id .  E v i d e n t l y ,  t h e  h ig h e s t  s o lu b i l i t y  w o u ld  
b e  o b s e r v e d  i f  5i —  50 =  0.

I t  is  im m e d ia t e ly  a p p a r e n t  t h a t  if  t h e  s a m e  t h e o r y  
is a p p lic a b le  to  s o lv e n t  m ix t u r e s  t h e  p h e n o m e n o n  o f
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Fig. 1.—Solubility of anthracene as a function of composi
tion of the mix-solvent: iodobenzene and benzene at selected 
temperatures.

c o s o lv e n c y  w o u ld  b e  o b s e r v a b le  w i t h  a n y  t w o  s o l
v e n t s  p r o v id e d  t h e  5 o f  th e  s o lu te  lie s  in  b e tw e e n  th e
5 -v a lu e s  o f  th e  t w o  p u r e  s o lv e n ts . G o r d o n  a n d  
S c o t t 1 p r o v id e d  c o n f ir m a t io n  o f th e  a b o v e  c o n c e p t  
b y  d e m o n s t r a t in g  s t r o n g  c o s o lv e n c y  f o r  p h e n a n -  
t h re n e  (S =  9 .8 ) ,  b y  a m ix t u r e  o f  m e t h y le n e  io d id e  
(5 =  1 1 .8 ) a n d  c y c lo h e x a n e  (5 =  8 .2 ) .  W e  r e p o r t  
h e re  s o m e  o b s e r v a t io n s  o f  e n h a n c e d  s o lu b i l i t y  o f 
a n t h r a c e n e  in  s e v e ra l m o r e  o r  less a n a lo g o u s  s o l
v e n t  m ix t u r e s , w h ic h  d o  n o t  f o l lo w  th e  r e g u la r  s o lu 
t io n  t h e o r y .  T h e s e  a n o m a lo u s  f in d in g s  t h r o w  
d o u b t  o n  t h e  a p p l ic a b i l i t y  o f  t h e  r e g u la r  s o lu t io n  
c o n c e p t  t o  t h e  re s u lts  o b t a in e d  b y  G o r d o n  a n d  S c o t t  
a n d  it  is s u g g e s te d  t h a t  t h e  b e h a v io r  h a s  its  o r ig in  
to  a n  e le c tro n  d o n o r -a c c e p t o r  m e c h a n is m  o n  w h ic h

Fig. 2.—Solubility of anthracene as a function of compo
sition of the mix-solvent: iodoethane and benzene at selected 
temperatures.

a  v a s t  l i t e r a t u r e 3-7  h a s  r e c e n t ly  g r o w n  a n d  w h ic h  is 
c o n s is te n t  w i t h  o u r  p r e v io u s  e x p la n a t io n 3 4 5 6 7 8 o f  h i g h l y  
p r o n o u n c e d  c o s o lv e n c y  o f  s o a p s  in  g ly c o l ic  m i x 
tu r e s , a n d  p o ly m e r s  in  o r g a n ic  s o lv e n t s .9

E x p e r im e n t a l
Materials.—Anthracene (J. T. Baker Co., U. S. A.) 

was purified either by sublimation or by repeated crystalli
zation from alcohol followed by final crystallization from 
ethyl acetate, m.p. 216-217°. Thiophene-free benzene 
(A.R.) was dried over anhydrous calcium chloride and dis
tilled . The middle fraction was then allowed to stand over 
sodium and distilled from it, b.p. 80.1°. Cyclohexane of 
the Eastman Kodak Co., was dried over anhydrous calcium 
chloride and distilled, b.p. 83°. Cyclohexene (Eastman 
Kodak Co.) was also purified as cyclohexane, b.p. 81.4°. 
Iodobenzene (Columbia Organic Chemicals Co.) was 
freshly distilled before use and the middle fraction boiling 
at 188.6° was used. Iodoethane was prepared in our lab
oratory by way of Beilstein and Hunt.10 It was finally de
hydrated over anhydrous calcium chloride and distilled, 
b.p. 72.4°.

Method.—The “ synthetic”  method was adopted for 
studying the solubility of anthracene in the binary mixtures, 
(1) iodobenzene +  benzene, (2) iodoethane +  benzene, 
(3) iodoethane +  cyclohexene, (4) iodoethane +  cyclohcx-

(3 )  R .  S . M u llik e n , J. Am. Chem. Soe., 72, 6 0 0  (1 9 5 0 ) ;  74, 811
(1 9 5 2 ) :  J. Chem. Phys., 19, 514  (1 9 5 1 ) ;  Tina J o u r n a l , 56, 801
(1 9 5 2 ).

(4 ) F . F a irb ro th e r , Nature, 160, 87 (1 9 4 7 ) ;  J .  Chem. Soc., 1051 
(1 9 4 8 ).

(5 ) FI. A .  B cn e s i  a n d  J. H . H ild e b r a n d , J. Am. Chem. Soc., 70, 2 8 3 2  
(1 9 4 8 ) ;  71, 2 7 0 3  (1 9 4 9 ) .

(6 )  N . S . B a y lis s , Ann. Revs. Phys. Chem., 3, 2 2 9  (1 9 5 2 ).
(7 ) J . K le in b e r g  a n d  A . W . D a v id s o n , Chem. Revs., 42, 601 (1 9 4 8 ) .
(8 ) S . R .  P a lit ,  J. Ind. Chem. Soc., 19, 271 (1 9 4 2 ) ;  J .  Am. Chem. 

Soc., 69, 3 1 2 0  (1 9 4 7 ).
(9 ) H . D a o n s t  a n d  M . R in fr e t ,  J. Colloid Sci., 7 , 11 (1 9 5 2 ) .
(1 0 ) B e ils te in  a n d  H u n t ,  see  C o h e n , “ P r a c t ic a l  O rg a n ic  C h e m is 

t r y , ’ ’ M a c m il la n  a n d  C o .,  L td . ,  L o n d o n , 3 rd  e d it io n ,  194 6 , t>. 64.
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C2H5I X. C6H10

Fig. 3.—Solubility of anthracene as a function of compo
sition of the mix-solvent: iodoethanc and cyclohexene at 
selected temperatures.

ane. Known amounts of solute and solvent were taken in 
a glass ampule. The ampule was then immersed in liquid 
air (so as to solidify the solvent), evacuated and sealed. 
For noting the critical solution temperature, the sealed 
ampule was first warmed until the solute evanesces and then 
cooled rapidly to bring the solute into a state of final crys
tals. The ampule was again warmed this time at a rate not 
exceeding one-half degree per minute and the critical solu
tion temperature was noted with a precision of ±0 .3°. 
Thus the solubility of anthracene was studied at various 
temperatures ranging from 20-80°.

S o lu b i l i t y  c u r v e s  w e re  d r a w n  p lo t t in g  t h e  lo g a 
r i t h m  o f  m o le  f r a c t io n  o f  a n th ra c e n e  in  s o lu t io n  
a g a in s t  l /T .  F r o m  s u c h  c u r v e s  t h e  s o lu b i l i t y  a t  
se le c te d  t e m p e r a t u r e s  w a s  re a d  a n d  re c o r d e d  in  
T a b l e  I .  F ig u r e s  1 - 4  re p re s e n t  t h e  s o lu b i l i t y  o f 
a n th ra c e n e  a t  v a r io u s  te m p e r a tu r e s  as a  f u n c t io n  o f 
th e  c o m p o s it io n  o f t h e  m ix -s o lv e n t .  T h e  id e a l s o lu 
b i l i t y  o f  a n th r a c e n e  w a s  c a lc u la te d  f r o m  t h e  e q u a 
t io n

RT In s1 = — AffF( 1 -  T/Tm)
w h e r e , A I F ,  its  h e a t  o f  fu s io n  is ta k e n  as 6 8 9 0  c a l ./  
m o le 11 a n d  T m , its  m e lt in g  p o in t  as 4 8 9 .5 ° K .  T h e

(11) G. S. Parks and H. M. Huffman, I n d . E n g . C h em ., 23, 1138
(1931).

C2H5I X. Cellis
Fig. 4.—Solubility of anthracene as a function of compo

sition of the mix-solvent: iodoethane and cyclohexane at 
selected temperatures.

s o lu b i l i t y  o f a n th r a c e n e  in  p u r e  s o lv e n ts  a lo n g  w it h  
t h a t  in  a n  id e a l s o lv e n t  is  f u r n is h e d  i n  T a b l e  I I .  A  
g r a p h ic a l  re p re s e n ta t io n  o f  t h e  re s u lts  i n  T a b l e  I I  
is m a d e  i n  F i g .  5 .

Table II
S o l u b i l i t y  o f  A n t h r a c e n e  i n  S e v e r a l  O r g a n i c  S o l v e n t s  

Expressed in 100 mole fraction C14H 10 {cf. Fig. 5).
S o lv e n t

T,
° K .

C y c lo 
hexane

C y c lo -
hexene Benzene

Iodo
ethane

Iodo-
benzene

Ideal
s o lv e n t

300 0 .1 641 0 .2 9 8 5 0 .7 5 8 6 0 .8 4 1 4 1 .2 30 1 .1 43
305 . 1855 .3715 0 .9 1 2 0 1 .0 12 1 .4 62 1 .3 80
310 .2512 .4571 1 .0 59 1 .1 89 1 .7 28 1 .6 60
315 .3038 .5559 1 .2 45 1 .3 89 2 .0 1 4 1 .9 82
320 .3715 .6683 1 .4 37 1 .6 12 2 .3 4 4 2 .3 5 0
325 .4467 .8128 1 .6 98 1 .9 95 2 .7 3 8 2 .8 0 5
330 .5309 .9772 1 .9 34 2 .1 7 5 3 .1 4 5 3 .2 6 6
335 .6346 2 .2 2 6 2 .4 8 3 3 .6 1 0 3 .8 1 9
340 .7586 2 .5 5 8 2 .8 6 7 4 .4 4 6

Results and Discussion
I t  is  see n  f r o m  F ig s .  1 - 4  a n d  T a b l e  I  t h a t  i o d o -  

b e n z e n e  o r  io d o e t h a n e  s h o w s  c o s o lv e n c y  f o r  a n t h r a 
ce n e  in  a d m ix t u r e  w i t h  h y d r o c a r b o n s ,  e.g., b e n z e n e , 
c y c lo h e x e n e  o r  c y c lo h e x a n e . T h e  f a m i l y  o f  c u r v e s  
p r e s e n te d  in  F i g .  5 re v e a ls  t h a t  t h e  s o lu b i l i t y  o f 
a n th r a c e n e  in  t h e  s o lv e n ts  d e cre a se s  in  t h e  o r d e r :  
io d o b e n z e n e — id e a l s o lv e n t  >  io d o e th a n e  >  b e n z e n e  
>  c y c lo h e x e n e  >  c y c lo h e x a n e . T h u s  i t  is seen
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Fig. 5.—Plot of logarithm of solubility of anthracene versus 
1/T in various organic liquids.

t h a t  io d o  c o m p o u n d s  a re  p o w e r f u l  s o lv e n ts  f o r  a n 
t h r a c e n e ; i n  fa c t , t h e  b e h a v io r  o f  io d o b e n z e n e  is 
p r a c t ic a l ly  t h a t  o f  a n  id e a l s o lv e n t .  T h e  p o in t  o f 
in te r e s t  h e re  is  t h a t  io d o b e n z e n e  w i t h  its  5 =  9 .4 1  is 
a n  id e a l s o lv e n t  o f  a n t h r a c e n e ; a n  id e a l s o lv e n t  
w o u ld  h a v e  its  5 =  9 .9 12 t h a t  o f a n th r a c e n e , a c c o r d 
in g  t o  t h e  r e g u la r  s o lu t io n  t h e o r y .  T h i s  p o in t s  t o  
t h e  fa c t  t h a t  in  t h e  case o f io d o b e n z e n e  a n d  a n t h r a 
ce n e  th e r e  is  s t r o n g  in t e r a c t io n  w h ic h  u l t im a t e ly  
re s u lts  in  t h e  f o r m a t io n  o f a  lo o s e  m o le c u la r  c o m 
p le x . S o lv a t io n  i n  t h is  case is  c le a r ly  n o t  a  m a t t e r  
o f  s im p le  e le c tro s ta t ic  s o lv a t io n  b y  p o la r  m o le c u le s  
( f o r  i n  t h a t  case io d o e th a n e  w i t h  a n  e le c tr ic  m o 
m e n t  o f  1 .6 6  w o u ld  h a v e  b e e n  a  b e t t e r  s o lv e n t  t h a n  
io d o b e n z e n e  w i t h  a n  e le c tr ic  m o m e n t  o f  1 .3 ) b u t  
r a t h e r  d o e s  i t  s e e m  t o  d e p e n d  m a i n l y  u p o n  t h e  
L e w is  a c id -b a s e  in t e r a c t io n  b e tw e e n  s o lv e n t  a n d  
s o lu te .

M o le c u la r  c o m p le x  f o r m a t io n  b e tw e e n  a r o m a tic s  
a n d  o t h e r  s u b s ta n c e s  s u c h  as h a lo g e n s , in t e r h a lo 
g e n s , h y d r o g e n  h a lid e s , e tc .,  t h r o u g h  d o n o r -a c c e p 
t o r  m e c h a n is m  h a s  b e e n  r e c e n t ly  w e ll  e s ta b 
l is h e d .3-7  T h e  m o s t  t y p i c a l  o f  s u c h  cases is  c o m -

(1 2 )  J  H . H ild e b r a n d , “ S o lu b i l i t y .”  A .C .S .  M o n o g r a p h , 2 n d  
e d it io n ,  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y ., 1936 , p . 16 0 ; 5 -v a lu e  
fo r  io d o b e n z e n e  c o n ie s  t o  b e  o n ly  8 .3 5  i f  w e c a lcu la te  fr o m  th e  e q u a t io n  
5 =  1 . 2 5 / V / *  u s in g  Pc = 4 4 .6  a tm . ( K .  A .  K o b e  a n d  R .  E . L y n n , 
Chem. Revs-, 5 2 , 117 (1 9 5 3 ).

p le x  f o r m a t io n  b e tw e e n  a r o m a t ic s  a n d  io d in e . 
I o d i n e  b e h a v e s  as a n  a m p h o t e r ic  s u b s ta n c e  a n d  
ta k e s  p a r t  i n  c o m p le x  f o r m a t io n  w i t h  m a n y  s o l
v e n t s  t h r o u g h  d o n o r -a c c e p t o r  m e c h a n is m . I t  m a y  
b e  a s s u m e d  t h a t  t h is  t e n d e n c y  o f  io d in e  t o  f o r m  
c o m p le x e s  is re ta in e d  i n  io d id e s , p a r t i c u l a r l y ,  i n  a n y  
c o m p o u n d  R I ,  w h e r e  R  c a n  s e r v e  as a  s in k  o f  e le c
t r o n s . I n  s u c h  c o m p o u n d s  t h e  io d in e  a t o m  w i l l  b e 
c o m e  e le c tro p h il ic  a n d  te n d  t o  m a k e  c o m p le x e s  w i t h  
b a s ic  o r  a r o m a t ic  s o lu te s . M u l l i k e n 3 f r o m  v a r io u s  
p h y s ic a l  a n d  c h e m ic a l e v id e n c e s  is o f  t h e  o p in io n  
t h a t  t h e  h a lo g e n s  in  o r g a n ic  h a lid e s  m a y  s e r v e  b o t h  
as d o n o rs  a n d  a ls o  as a c c e p to rs  o f e le c tro n s . A r o 
m a t ic  h y d r o c a r b o n s  c a n  a ls o  s e r v e  as d o n o r s  
t h r o u g h  t h e i r  d iffu s e  x -e le c t r o n s  a n d  a ls o  a s  t h e  a c 
c e p to rs  t h r o u g h  t h e i r  w e a k ly  a c id  h y d r o g e n  a to m s . 
W e  th e r e fo r e  c o n s id e r  t h a t  a  c o m p le x  f o r m a t io n  
b e tw e e n  a n th ra c e n e  a n d  t h e  h a lid e s  u s e d  b y  u s  
ta k e s  p la c e , n o  m a t t e r  in  w h a t  w a y  a n t h r a c e n e  
a c ts  s in c e  t h e  io d o  c o m p o u n d s  c a n  a c t  i n  t h e  c o u n 
t e r w a y  a n d  t h is  lie s  a t  t h e  r o o t  o f  th e  o b s e r v e d  c o 
s o lv e n c y . M a t h i e u ’s 13 re s u lts  o n  c o s o lv e n c y  o f  a n 
th ra c e n e  in  b i n a r y  m ix t u r e s , viz., (a )  n it r o b e n z e n e  
a n d  h e x a n e , a n d  ( b )  a n il in e  a n d  c y c lo h e x a n e  a re  
in  a c c o rd  w i t h  o u r  s u p p o s it io n . I n  re a c t io n  w i t h  
n it r o b e n z e n e  a n  a c c e p to r , a n th ra c e n e , f u n c t io n s  as 
a  d o n o r  a n d  w i t h  a n ilin e , a  d o n o r ,  i t  f u n c t io n s  as 
a n  a c c e p to r .

T h a t  io d o b e n z e n e  o r  io d o e t h a n e  s h o w s  c o s o l
v e n c y  f o r  a n th r a c e n e  in  a d m ix t u r e  w i t h  h y d r o c a r 
b o n s , e.g., b e n z e n e , c y c lo h e x e n e  o r  c y c lo h e x a n e , 
su g g e s ts  t h a t  t h e  b e h a v io r  o f  th e s e  s o lu t io n s  is  n o t  
“ r e g u la r .”  A s  a  m a t t e r  o f  f a c t , n o  s u c h  m ix -s o l 
v e n t s  f o r  a n th ra c e n e  s h o u ld  b e  f o r m e d  o u t  o f  th e  
s o lv e n ts  m e n t io n e d  a b o v e  f r o m  c o n s id e ra t io n s  o f  
5- v a lu e s  o n l y  (see T a b l e  I I I ) .  T h e r e f o r e  w e  h a v e  
a t t e m p t e d  t o  e x p la in  t h e  m e c h a n is m  o f  c o s o lv e n c y  
b y  t a k in g  in t o  a c c o u n t  t h e  L e w is  a c id -b a s e  in t e r 
a c t io n  fo rc e s  a n d  v a n  d e r  W a a ls  fo rc e s .

Table III
Solubility Parameters at 2501
C o m p o u n d

Methylene iodide 11.8
Anthracene 9.9
Phenanthrene 9.8
Iodobenzene 9.411*
Iodoethane 9.4
Benzene 9.15
Cyclohexene
Cyclohexane 8.2

M e c h a n i s m  o f  C o s o lv e n c y .— W e  m a y  r o u g h ly  
f o r m u la t e  o u r  id e a s  b y  b o r r o w in g  a  s o m e w h a t  
s im ila r  c o n c e p t  p u t  f o r t h  b y  W i n s o r 14 t o  e x p la in  
s o lu b il iz a t io n . F o r  s y s te m s  as w e  a re  c o n c e r n e d  
w i t h  a t  p r e s e n t  w h e r e  d ip o le -d ip o le  (p r e s e n t  o r  
in d u c e d )  in t e r a c t io n  is a b s e n t  o r  n e g l ig ib le ,  a n y  
s o lu te  re q u ire s  a  b a la n c e d  a t t r a c t io n  b y  t h e  s o lv e n t  
t h r o u g h  t h e  o p e r a t io n  o f  v a n  d e r  W a a ls  (d is 
p e r s io n )  fo rc e s  a n d  L e w is  a c id -b a s e  in t e r a c t io n  
fo rc e s  i n v o l v i n g  b o t h  p -  a n d  x -e le c t r o n s . I f  w e  
c a ll  v a n  d e r  W a a ls  a t t r a c t io n  f o r  t h e  s o lv a t e d  s o lu te

(1 3 ) J. M a th ie u , Bull. soc. chim. belg., 4 5 , 6 6 7  (1 9 3 6 ) ,  t h r o u g h  A . 
S e id e ll, “ S o lu b ilit ie s  o f  O rg a n ic  C o m p o u n d s ,”  D . V a n  N o s tr a n d  C o . ,  
I n c . ,  N e w  Y o r k ,  N . Y .,  3 rd  e d it io n , 1941 .

(1 4 ) P . A . W in s o r , Trans. Faraday Soc., 4 4 ,  3 7 6  (1 9 4 8 ) .
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s b y  t h e  f ir s t  s o l v e n t  A i  a s  A vsa, a n d  t h e  L e w is  a t 
t r a c t i o n  a s  A l h a , a n d  s im i la r ly  f o r  t h e  s e c o n d  s o l 
v e n t  A 2, w e  c a n  d e f in e  t h e  a f f in i t y  r a t i o

ft _  d-VSA! +  drSA;
AlSAi +  AiSA!

s o  t h a t  R m u s t  h a v e  a  d e f in i t e  v a lu e  f o r  a n y  s o lu t e  
iv h ic h  w h e n  r e a c h e d  f o r  a n y  m ix t u r e  o f  A i  a n d  A 2 
w o u ld  p r o d u c e  t h e  m a x im u m  s o lu b i l i t y  u n d e r  t h e  
c o n d i t i o n s  a n d  t h e  m o r e  t h e  a c t u a l  R d e p a r t s  f r o m  
t h e  id e a l  v a lu e  (e i t h e r  h ig h e r  o r  lo w e r )  t h e  f u r t h e r  
t h e  m ix t u r e  w i l l  b e  f r o m  m a x im u m  s o lu b i l i z a t io n .  
F o r  i o d o b e n z e n e ,  v a n  d e r  W a a ls  a t t r a c t i o n  A y SA is  
w e a k e r  in  c o m p a r is o n  w i t h  L e w is  a t t r a c t i o n  A l s a  
w h e r e a s  f o r  b e n z e n e  i t  is  ju s t  t h e  o t h e r  w a y  r o u n d  
a n d  s o ,  a  s u i t a b le  m ix t u r e  m a k e s  R a t t a in  t h e  o p t i 
m u m  v a lu e  f o r  m a x im u m  s o lu b i l i t y .  I t  is  r e a liz e d  
t h a t  t h is  r o u g h  f o r m u la t i o n  is  n o t  m u c h  h e lp fu l  e x 
c e p t  f o r  q u a l i t a t iv e  u n d e r s t a n d in g  o f  c o s o l v e n c y  
b u t  h a s  t h e  m e r i t  o f  m a k in g  i t  p o s s ib le  t o  e x p r e s s  
o u r  id e a s  b r ie f ly .

I t  is  c le a r  f r o m  e q u a t io n  1 t h a t  i f  f o r  t w o  s o lv e n t s  
A i  a n d  A 2, A !  h a s  a  h ig h e r  v a lu e  f o r  Rx =  A vsaJ  
A a s a „  i.e., Ri > Ri w e  h a v e  t o  a d d  t h e  c o s o lv e n t

b e n z e n e  ( w h o s e  v a n  d e r  W a a ls  a t t r a c t i o n  f o r  
a n t h r a c e n e  is  p r e s u m a b ly  q u i t e  h ig h )  t o  a  la r g e r  
e x t e n t  f o r  A i  t h a n  f o r  A 2 t o  p r o d u c e  t h e  m a x im u m  
s o lu b i l i t y .  T h is  is  t h e  e x p la n a t io n  o f  w h y  t h e  
m a x im u m  o c c u r s  a t  a  h ig h e r  p r o p o r t i o n  o f  b e n z e n e  
f o r  i o d o e t h a n e  th a n  f o r  io d o b e n z e n e .

T h e  o t h e r  o b s e r v a t io n s  o n  c o s o l v e n c y  r e c o r d e d  
in  th is  p a p e r  a r e  in  g e n e r a l  a c c o r d  w i t h  t h e  id e a s  d e 
v e l o p e d  a b o v e .  T h u s ,  t h e  c o s o l v e n t  p o w e r  d e 
c r e a s e s  in  t h e  o r d e r : b e n z e n e  >  c y c l o h e x e n e  >  c y 
c lo h e x a n e ,  is  d u e  t o  t h e  f a c t  a s  is  w e ll  k n o w n  f r o m  
t h e  c o l o r  o f  i o d in e  s o lu t io n s  t h a t  t h e y  f o r m  c o m 
p le x e s  w i t h  i o d in e  in  t h e  a b o v e  o r d e r ,  a n d  t h a t  t h e  
v a n  d e r  W a a ls  a t t r a c t i o n  f o r  a n t h r a c e n e  is  e x 
p e c t e d  t o  b e  in  t h e  a b o v e  o r d e r .  B u t  t h e  p o in t  
w e  w a n t  t o  m a k e  is  t h a t  t h o u g h  t h e  5 -v a lu e s  m a y  
h a v e  t h e ir  p la c e  in  u n d e r s t a n d in g  t h e  p h e n o m e n o n  
o f  s o lu b i l i t y  in  p u r e  s o lv e n t s ,  t h e ir  a p p l i c a b i l i t y  
t o  m ix t u r e s  w i l l  b e  o n  q u i t e  a  l im it e d  f ie ld  o n ly ,  b e 
c a u s e  in  m o s t  c a s e s  s o l v a t i o n  p h e n o m e n a  a r is in g  
o u t  o f  d o n o r - a c c e p t o r  in t e r a c t io n  b e t w e e n  s o lu t e  
a n d  s o lv e n t  w o u ld  in t r o d u c e  c o m p l i c a t i o n s  n o t  
e n v is a g e d  in  t h e  r e g u la r  s o lu t io n  t h e o r y .

RADIATION CHEMISTRY OF MIXTURES: 
CYCLOHEXANE AND BENZENE-*1 *-*

By M ilton Burton and W . N .  Patrick

Department of Chemistry, University of Notre Dame, Notre Dame, Indiana 
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Radiolysis of a mixture of cyclohexane and benzene-d6 by 1.5 Mv. electrons yields among other gaseous products H2. 
HD and D2. The yield of HD is used to estimate the number of H atoms which disappear by a reaction associated with 
formation of benzene-d, polymer. It is shown that the results are consistent with an interpretation that benzene-A actually 
protects excited cyclohexane from decomposition, the mechanism of protection being energy transfer. Some slight decom
position of cyclohexane by a rearrangement mechanism to yield H2 in an elementary process appears to be sensitized by 
benzene-de which has been excited to a low-lying state.

1. Introduction
I n  r a d io ly s is  o f  m ix t u r e s  o f  b e n z e n e  a n d  a l ip h a t ic  

h y d r o c a r b o n s  u n d e r  e le c t r o n  b o m b a r d m e n t ,  d e 
c r e a s e  o f  g a s  y i e ld  b e l o w  t h a t  in d i c a t e d  b y  a  la w  o f  
a v e r a g e s  h a s  b e e n  a t t r ib u t e d  t o  a  p r o t e c t i v e  e f f e c t 3 
o f  t h e  “ s p o n g e ”  t y p e 4 b y  t h e  b e n z e n e .  S in c e  o n ly  
g a s e s  w e r e  m e a s u r e d  t h e r e  is  a  p o s s ib i l i t y ,  c o n s id 
e r e d  a ls o  b y  M a n i o n  a n d  B u r t o n ,3 t h a t  w h a t  m a y  
o c c u r  in  t h e  m ix t u r e  is  a  p r e fe r e n t ia l  r e a c t i o n  o f  a  
f r e e  a t o m  o r  r a d ic a l  w i t h  t h e  b e n z e n e .5 * * T h e  f u n c 
t i o n a l  r e la t io n s h ip  w h i c h  e x p r e s s e s  t h e  y ie ld  G ( H 2) 
in  a  m ix t u r e  in  t e r m s  o f  e l e c t r o n  f r a c t i o n s  a n d  m o le  
f r a c t i o n s  o f  t h e  c o m p o n e n t s  m a y  b e  t r a n s c r ib e d  
f r o m  t h e  f o r m  o f  M a n i o n  a n d  B u r t o n  i n t o  t h e  
e q u a l l y  c o r r e c t  b u t  m o r e  g e n e r a l  e x p r e s s io n

(1 )  A  c o n t r ib u t io n  fr o m  th e  R a d ia t io n  P r o je c t  o p e r a te d  b y  th e  
U n iv e rs ity  o f  N o tr e  D a m e  a n d  s u p p o r t e d  in  p a r t  b y  th e  A t o m ic  
E n e rg y  C o m m is s io n  u n d e r  C o n t r a c t  A T  ( l l - l ) - 3 8 .

(2 ) A b s tr a c t e d  f r o m  a  th e s is  p r e s e n te d  t o  t h e  D e p a r t m e n t  o f  
C h e m is tr y  o f  th e  U n iv e r s it y  o f  N o tr e  D a m e  b y  W . N . P a tr ic k  in  p a r t ia l
fu lfillm e n t o f  re q u ire m e n ts  fo 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 .

(3 ) J . P . M a n io n  a n d  M . B u r to n , T h is  J o u r n a l , 6 6 v 5 6 0  
(1 9 5 2 ).

(4 ) M .  B u r to n , S . G o r d o n  a n d  R .  R .  H e n tz ,  J. chim. phys., 4 8 , 190 
(1 9 5 1 ).

(5 ) O n e  o f  u s  ( M .  B . )  is  p a r t ic u la r ly  in d e b t e d  t o  D o c t o r s  E . J . Y .  
S c o t t ,  J , C .  D e v in s  a n d  M . M a g a t  f o r  d is cu s s io n s  o f  th is  p o in t .

<?(H2) =  (? 8’ A) +  a(B)-G(H2, B) 1
w h e r e

0(H2) is 100 e.v. yield of H2 in a soln. of any composition 
G(H2, A) and G(H2, B) are 100 e.v. yields of H2 in pure A 

and pure B, resp.
e (A) and e(B) are the corresponding electron fractions 
nb is the mole fraction of B, and h is a constant resultant 

from the scheme
A ------->  A* (1)
B ------>■ B* (2)

A* — >- H2 ultimately (3)
A* +  B — > reactions which do not produce H2 (4) 

B* — >■ H2 ultimately (5)
F o r  t h is  s c h e m e  b — k4/k3 a n d  r e a c t io n  4  s h o u ld  b e  
( o v e r - a l l )  o n e  o r d e r  h ig h e r  in  B  t h a n  r e a c t io n  3 .

R e a c t i o n  4  in c lu d e s  t h e  p o s s i b i l i t y  t h a t  H  a t o m s  
p r o d u c e d ,  f o r  e x a m p le ,  f r o m  t h e  r e a c t io n

A* — >■ H +  residue (6 )
r e a c t  a c c o r d in g  t o
H +  B — disappearance of H (e.g., to form polymer)

(7)

a s  w e l l  a s  t h e  p o s s ib i l i t y  o f  t h e  s im p le  e n e r g y  t r a n s 
fe r  r e a c t i o n

A* +  B A +  B* (8 )
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e(C6D6).
Fig. 1.—Variation of 100 e.v. yields of HD and D2 with 

electron fraction of benzene-rfs in a mixture with cyclohex
ane.

F o r  r e a c t io n  8 t o  o c c u r  i t  is  r e q u ir e d  a c c o r d in g  t o  
t h e  s im p le  e x c i t e d - m o le c u le  t h e o r y  o f  l i q u id s 3'6-7 
t h a t  E a  >  E b  w h e r e  t h e  r e fe r e n c e  is  t o  t h e  lo w e s t  
e x c i t a t i o n  le v e ls  ( n o t  n e c e s s a r i ly  o p t i c a l l y  a t t a in 
a b le )  o f  A  a n d  B ,  r e s p e c t iv e ly .

A l t h o u g h  M a n io n  a n d  B u r t o n 5 e s t a b l is h e d  b y  
lo g i c a l  a r g u m e n t  t h a t  r e a c t io n  8 w a s  in  r e a l i t y  r e 
s p o n s ib le  f o r  th e  a p p a r e n t  p r o t e c t i o n  o f  a l ip h a t ic  
h y d r o c a r b o n s  b y  b e n z e n e ,  t h e r e  h a s  b e e n  n o  d ir e c t  
e x p e r im e n t a l  v e r i f i c a t i o n  o f  t h e  c o n c lu s io n .  R e 
c e n t ly ,  h o w e v e r ,  s t u d ie s  o f  t h e  r a d io l y s i s  o f  a  l iq u id  
m ix t u r e  o f  p r o p i o n a ld é h y d e  a n d  b e n z e n e -d o  h a v e  
in d ic a t e d  t h a t  f o r  t h e  r e a c t io n s

H +  C6D6 — HD +  residue (9)

II +  C6Do — ^
disappearance of H {e .g ., to form polymer) (10)

t h e  r a t i o  kw/k$ ;|> 7 .3 .8
I n  th is  p a p e r  t h e  v a lu e  o f  /q 0/A '9 is  e m p lo y e d  in  a  

s t u d y  o f  t h e  1 .5  M v .  e l e c t r o n - in d u c e d  r a d io l y s i s  o f  
a  m ix t u r e  o f  c y c l o h e x a n e  a n d  b e n z e n e -d o  t o  e s t im a t e  
t h e  p o r t i o n  o f  t h e  g e n e r a l  H 2 d is a p p e a r a n c e  p r o c e s s  
4  w h i c h  is  in  r e a l i t y  a  c o n t r ib u t i o n  o f  r e a c t io n  7  ( t h e  
e q u iv a le n t  o f  1 0 ) t o  r e a c t i o n  4  a n d ,  t h u s , f u r t h e r  t o  
d e m o n s t r a t e  c h e  r e a l i t y  o f  p r o t e c t i o n  in  r a d io ly s is  
o f  l iq u id  m ix t u r e s .  S u c h  a  t e s t  w a s  n o t  p o s s ib le  in  
t h e  p r e v io u s  w o r k ,3 w h e r e  h y d r o g e n  c o n t r ib u t io n  
f r o m  t h e  b e n z e n e  w a s  u n la b e le d .

2. Experimental
2.1. Chemicals.—Renzcne-de employed in this work 

was a portion of the same sample used in the propionaldé
hyde study.8 It had a deuterium content of 98.5% corre
sponding to 8.4 mole per cent, of C»D5H impurity.

A 500-g. sample of Fisher Scientific Co. cyclohexane,
C.P., was distilled in a 50-theoretical-plate column and the 
middle one-third boiling at 80.4° at a pressure of 74.54 cm. 
was retained; ?i26d 1.4231; “ I . C . T . » 25d 1.4266.

2.2. Cells and Cell Filling.—The irradiation cells were 
the same as those used in previous work.8 The windows 
were ground glass, 5 mils thick and 0.9 cm. in diameter.

Reagents were well dried before introduction into the 
cells. Cyclohexane was stored over sodium wire. Ben

ts) M. Burton, A. L . Magee and A. W. Samuel, J. Chem. Phys., 20,
700 (1952). -i

(7) A. H. Samuel and J. L. Magee, ibid., 21, 1080 (1952).
(8) W. N. Patrick ami M, Burton, This .Journal, 68, 124 (1954).

e(C6D6).
Fig. 2.—Variation of 100 e.v. yield of hydrogen with 

electron fraction of benzene-dr, in mixtures with cyclohexane; 
O, Ho yield actually observed; •, calculated maximum 
primary yield of hydrogen.

zene-d6 was treated as described for the propionaldéhyde 
mixtures.9

Individual components of the mixtures were introduced 
into the ceils by syringe-operated pipets. Micropipets were 
used for the accurate measurements required with mixtures. 
A check, made by filling the cells under vacuum and dis
tilling the contents through a plug of P0O5 to remove all 
water, showed no noticeable change in the results upon irra
diation.

2.3. Electron Bombardments.—Electron bombardments 
were made with 1.5 Mv. electrons from an HVEC Van de 
Graaff generator precisely as described for the work with 
propionaldéhyde mixtures.8 Corrections and errors were as 
previously described.

2.4. Product Analyses.—Analyses of the product gases 
were also as previously described except that the separation 
was into gases non-condensable at —196° and —120° (the 
latter instead of —95°). The former consisted of hydrogen 
and methane, the latter of ethane, ethylene and acetylene. 
Analysis was by mass spectrometry. 9

2.5. Reliability of Data.—For reasons already given, 8 
determinations of (7(HZ) and (?(HD) were accurate to better 
than 5% while measurements of G(D2) had much lower ac
curacy. The hydrocarbons including ethane, ethylene and 
acetylene were determined with accuracy less than 5% and, 
in some cases, with accuracy, no better than the D2 values. 
Individual values for the hydrocarbons are not reported 
since they are not germane to the purposes of the present 
work. Results were consistent with the findings of Manion 
and Burton. 3

3. Results and Discussion
R e s u l t s  o n  H 2, H D  a n d  D 2 a r e  s u m m a r iz e d  in  

F ig s .  1 a n d  2 . F ig u r e  1 s h o w s  t h a t  a s  t h e  c o n c e n 
t r a t io n  o f  C 6D 6 is  in c r e a s e d  t h e  3 0 0  e .v .  y i e ld  o f  H D  
f ir s t  in c r e a s e s  a n d  t h e n  fa l ls .  F r e e  H  a t o m s  r e s u l t  
f r o m  t h e  r e a c t io n

c-CoIIio* -— > H +  residue (11)
t h e  c o n t r ib u t i o n  o f  w h ic h  d e c r e a s e s  w i t h  in c r e a s in g  
e le c t r o n  f r a c t i o n  o f  C 6D 6. A fie ld  o f  H D  c o m e s  e s 
s e n t ia l ly  f r o m  r e a c t io n  9 . S in c e  ( 7 ( D 2)  f r o m  p u r e  
C 6D 6 is  o n l y  0 .0 1 1 3 ,10 c o n t r ib u t i o n  o f  a  r e a c t i o n  o f  D  
a t o m s  o n  c y c l o h e x a n e  c a n  b e  n e g le c t e d .  C o n s u m p -

(9 )  T h e  a u th o r s  a re  in d e b te d  t o  P r o f .  R .  R .  W ill ia m s  a n d  M r .  I I .  S . 
W e is b e ck e r  f o r  th e ir  c o o p e r a t io n  in  th e se  a n a ly se s .

(1 0 )  S. G o r d o n  a n d  M . B u r t o n , Dines. Faraday Soc.t N o .  12, 88  
0 9 5 2 ) .
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t i o n  o f  H  a t o m s  in  r e a c t io n  1 0  h a s  b e e n  s h o w n  b y  
p r e v io u s  w o r k  n o t  t o  e x c e e d  7 .3  t im e s  H D  p r o d u c 
t i o n .  T h u s ,  i f  8 .3  X  C r (H D )  is  a d d e d  t o  ( ? ( H 2) a s  in  
F ig .  2 , w e  o b t a in  a  c u r v e  w h i c h  w o u l d  a p p e a r  t o  
r e p r e s e n t  t h e  m a x im u m  p o s s ib le  100  e .v .  y i e ld  o f  
p r im a r y  r e a c t i o n  g iv i n g  e i t h e r  H 2 o r  H  a t o m .  O b 
v io u s ly ,  t h is  c u r v e  d e p a r t s  m a r k e d ly  f r o m  a  la w  o f  
a v e r a g e s  r e s u l t  {i.e., a  s t r a ig h t  l in e )  in  a  m a n n e r  
c le a r ly  e x p l i c a b le  o n  t h e  b a s is  o f  a  s p o n g e - t y p e  p r o 
t e c t i o n  m e c h a n is m 4 in  w h i c h  b e n z e n e -d 6 p r o t e c t s  
c y c l o h e x a n e  b y  a n  e n e r g y  t r a n s fe r  p r o c e s s  s u c h  a s  
r e a c t io n  8 .

T h e  e q u iv a le n t  in  t h is  c a s e  o f  t h e  g e n e r a l  r e a c t io n  
3 is  t h e  o v e r - a l l  r e a c t i o n

c-CeHi: — >• H2 ultimately (12)

A  p o r t io n  o f  t h e  H 2 y i e ld  s o  s h o w n  m a y  b e  p r o 
d u c e d  via t h e  r e a c t io n

H 4- e-CcIi^ — >■ H2 residue (13)

T h e  r e m a in d e r  o f  t h e  H 2 m a y  b e  f o r m e d  b y  a  r e a r 
r a n g e m e n t  m e c h a n is m  in  a  s in g le  e le m e n t a r y  p r o c 
ess

c-Cellij*--- >■ H2 4" residue (14)

T h e  t o t a l  G ( H 2) m a y  b e  r e p r e s e n t e d  a s  G ( H 2, 1 2 ) , 
i.e., ( ? ( H 2) =  G ( H 2, 1 2 ) =  G ( H 2, 1 3 ) +  G ( H 2, 1 4 ) . 
I f  t h e  r a t io  G(H 2, 1 3 ) / ( ? ( H 2, 1 4 )  is  c o n s t a n t  o n e  
w o u ld  e x p e c t  t h a t ,  w i t h  n ( c- C 6H i2) a n d  n ( C 6 D 6) a s  
t h e  m o l e  f r a c t i o n s ,  t h e  r a t io

( ? ( H 2) / n ( c - C 6H 12)  =

(j(H D )/n(CoD6) p

w o u ld  b e  a  c o n s t a n t  s in c e  i t  s e e m s  t o  h a v e  t h e  f o r m  
o f  a  r a t io  o f  r a t e  c o n s t a n t s .  T h e  v a lu e s  o f  p f o r  
v a r io u s  m o l e  f r a c t i o n s  o f  C 6D 6 a r e  s h o w n  in  T a b le
I I .

T a b l e  II

V a lu e s  o f  p ( D e f in e d  as  in  E q u a tio n  2 as  a  F u n ction  
of M ole  F r a c t io n  of BENZENE-rf6 in  M ix t u r e s  w it h  

C y c l o h e x a n e )
n(C6D6) 0.051 0.234 0.492 0.711 0.978
p 2.6 4.1 5.0 6.3 39

T h e r e  is  a  s u g g e s t io n  in  t h e  r e g u la r  in c r e a s e  o f  p 
w i t h  b e n z e n c -r fe  c o n c e n t r a t i o n  t h a t  a t  s u c h  h ig h e r  
c o n c e n t r a t io n s  t h e  y i e ld  o f  H 2 is  f a v o r e d  b y  a  r e a c 
t i o n  n o t  i n v o l v i n g  H  a t o m s  f o r  i t  w o u l d  b e  u n 
l ik e ly  t h a t  r e a c t i o n  13 is  c a t a ly z e d  b y  C 6D 6. T h e  
s im p le s t  a l t e r n a t iv e  e x p la n a t io n  is  t h a t  r e a c t i o n  .14 
b e c o m e s  in c r e a s in g ly  i m p o r t a n t  a t  h ig h  C 6D 6 c o n c e n 
t r a t io n s .  T h i s  u n e x p e c t e d ,  b u t  n o t  a s t o n is h in g ,  
c o n c lu s i o n  m a y  b e  u n d e r s t o o d  in  t e r m s  o f  e n e r g y  
t r a n s fe r  f r o m  C 6D 6 t o  c - C 6H i 2.

A c c o r d i n g  t o  t h e  v ie w s  h e r e t o f o r e  e x p r e s s e d  o n  
t h e  r e s is t a n c e  o f  b e n z e n e  t o  h ig h - e n e r g y  r a d ia t io n ,  
s t a b i l i z a t io n  o c c u r s  b y  a  s e r ie s  o f  in t e r n a l - c o n v e r 
s io n  a n d  c o l l i s i o n a l -d e a c t i v a t i o n  p r o c e s s e s  u n t i l  t h e  
b e n z e n e  is  f in a l ly  a t  a n  e n e r g y  le v e l  t o o  l o w  f o r  d e 
c o m p o s i t i o n .  W h i le  th is  l e v e l  c a n  b e  a t  4 .8  e .v . ,  
i t  a p p e a r s  l ik e ly  t h a t  e x c i t e d  b e n z e n e  w i l l  d e g r a d e  
t o  a n  e v e n  lo w e r  s ta t e ,  e.g., a t  3 .6  e . v . 11 E x c i t e d  
C 6D 6* in  s u c h  a  l o w  t r ip le t  s t a t e  is  v e r y  p e r s is t e n t .  
I t  m a y  t r a n s fe r  i t s  e n e r g y  t o  c y c l o h e x a n e

C6D6* 4- c-CcHio — > C6D6 4- c-CcH12* (15)
a n d  p r o d u c e  a  ( t r ip le t )  s t a t e  w h i c h  p o s s e s s e s  in s u f 
f i c ie n t  e n e r g y  f o r  a  f r e e - r a d ic a l  s p l i t  b u t  m a y  d e 
c o m p o s e  b y  re a r r a n g e m e n t , in t o  H 2 p lu s  a  t r ip le t  
r e s id u e , a s  b y  r e a c t io n  14 . T h is  r a d io s e n s i t iz a t io n  
r e a c t io n  is  s im ila r  t o  o n e  o f fe r e d  in  e x p la n a t io n  o f  
th e  v a r ia t io n  o f  G ( C 2H 6) in  p r o p i o n a l d e h y d e - b e n -  
z e n e -d e  m ix t u r e s .8

T h e  lin e a r  r e la t io n s h ip  b e t w e e n  G ( D 2) a n d  e (C 6-  
D 6)  in  F ig .  1 w o u ld  t e m p t  s p e c u la t io n  a s  t o  th e  
m e c h a n is m  o f  D 2 f o r m a t io n .  T h is  is  q u i t e  u n l ik e  
t h e  r e s u lts  o f  G o r d o n  a n d  B u r t o n  o n  m ix t u r e s  o f  
b e n z e n e  a n d  b e n z e n e -d 6- 10 I n  t h e  la t t e r  c a s e , u n 
l ik e  t h e  p r e s e n t  w o r k ,  t h e  a b s o lu t e  r e l ia b i l i t y  o f  D 2 
d e t e r m in a t i o n s  w a s  o f  t h e  s a m e  o r d e r  a s  t h a t  o f  H D  
a n d  H 2 d e t e r m in a t io n s .  I n  s p i t e  o f  t h e  c le a r ly  
s h o w n  s t r a ig h t  l in e  w e  h e s i t a t e  t o  d r a w  c o n c lu s io n s  
r e g a r d in g  t h e  m e c h a n is m  o f  D 2 f o r m a t i o n  in  r a d io l 
y s is  o f  b e n z e n e -d 6: i f  t h e  r e a l i t y  o f  t h e  s t r a ig h t  l in e  
w e r e  a c c e p t e d  i t  w o u ld  b e  c o n s i s t e n t  w it h  a n  e x 
c lu s iv e  r e a r r a n g e m e n t  m e c h a n is m  f o r  p r o d u c t i o n  o f  
D 2 b u t  in c o n s is t e n t  w it h  o t h e r  w o r k . 10

(1 1 )  Cf. H . S h u ll, J. Chern. Phys., 17, 2 9 5  (1 9 4 9 ) .
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In liquid propionaldéhyde bombarded with 1.5 Mv. electrons 100 e.v. yields of gaseous products are H2, 1.26; CO, 1.60; 
C2H6, 1.12; CH4, 0.114; C2H4, 0.34; C3’s, traces. In liquid benzene-<f6 100 e.v. yields are C2D2, 0.014; D2, 0.0114. In 
liquid mixtures protection of C2H5CHO by C6D6 is not expected (and not found) because the lowest excited state (pre
sumably triplet) of the former lies lower than that of the latter. Yields of CH4 and C2H4 are linear functions of electron 
fraction of propionaldéhyde. Yields of H2 and HD are used for approximate calculation of relative rates of H +  C2HsCHO 
—* H2 +  residue (8), H +  C6D6 -*■ HD +  residue (9) and, H +  C6D6 —► polymer (10): kw/k, ;|> 7.3 ; ks/k9 ~  2.7 at room 
temperature. The k,0/k, data are consistent with an interpretation involving “ hot” H atom reactions. The C2H6 yields 
are interpreted as evidence of a rearrangement decomposition of C2HsCHO sensitized by excited benzene-de-

1. Introduction
I n  r a d io l y s i s  o f  l iq u id  m ix t u r e s  o f  b e n z e n e  a n d  

a l ip h a t i c  h y d r o c a r b o n s  b e n z e n e  a p p e a r s  t o  a f f o r d  
a  p r o t e c t i v e  e f f e c t ,  a t  le a s t  s o  f a r  a s  t h e  a p p e a r a n c e  
o f  g a s e o u s  p r o d u c t  is  c o n c e r n e d .3 I t  h a s  b e e n  
s h o w n  t h a t  t h is  p r o t e c t i o n  is  c o n s i s t e n t  w i t h  a  
m e c h a n is m  w h i c h  in v o lv e s  e n e r g y  t r a n s fe r  t o  t h e  
b e n z e n e  m o le c u le s  a n d  e n e r g y  d is s ip a t io n  in  t h e  
b e n z e n e  i t s e l f .4 T h e  la t t e r  p r o c e s s  m a y  i n v o l v e  a  
r a p id  d e g r a d a t io n  o f  e n e r g y  i n t o  t h e r m a l  e n e r g y  in  
s u c c e s s iv e  t r a n s fe r s  b e t w e e n  a d ja c e n t  b e n z e n e  
m o le c u le s .  T h e  h ig h  e f f i c i e n c y  o f  s u c h  s u c c e s s iv e  
“ d o w n - h i l l ”  t r a n s fe r s  is  a t t r ib u t e d  t o  t h e  r e la t iv e ly  
s m a l l  d is t a n c e  b e t w e e n  s u c c e s s iv e  v i b r a t i o n a l  s t a t e s  
o f  e x c i t e d  b e n z e n e .6 I n  s p i t e  o f  t h e  f o r m a l l y  v e r y  
a t t r a c t i v e  f e a t u r e s  o f  t h is  p i c t u r e ,6 i t  h a s  b e e n  a p 
p a r e n t  f r o m  t h e  v e r y  b e g in n in g  t h a t  o t h e r  p r o c e s s e s ,  
p e r h a p s  e n t i r e ly  c h e m ic a l  in  t h e ir  n a t u r e ,4 m a y  b e  
r e s p o n s ib le  f o r  t h e  s e e m in g  p r o t e c t i o n  in  t h e s e  
c a s e s .7 A  g r e a t  d i f f i c u l t y  in  c o n s id e r a t i o n  o f  t h e  
p r e v io u s  c a s e s  s t u d ie d  h a s  b e e n  a n  e s s e n t ia l  in a b i l 
i t y  t o  e s t a b l is h  u n e q u i v o c a l l y  t h e  s o u r c e s  o f  t h e  g a s 
e o u s  p r o d u c t s  o b s e r v e d .  I n  t h e  w o r k  h e r e  r e p o r t e d  
o n  m ix t u r e s  o f  p r o p i o n a ld e h y d e  a n d  b e n z e n e -d 6, 
t h e  s o u r c e  o f  a n y  H  a t o m s  o r  H 2 m o le c u le s  m u s t  b e  
p r o p i o n a ld e h y d e .  F u r t h e r m o r e ,  i t  a p p e a r s  (a s  
w a s  e x p e c t e d  o n  t h e o r e t i c a l  g r o u n d s )  t h a t  H  a t o m  
p r o d u c t i o n  in  r a d io l y s i s  o f  s u c h  a  m ix t u r e  is  a  l in 
e a r  f u n c t i o n  o f  t h e  e le c t r o n  f r a c t i o n 4 o f  p r o p i o n a l 
d e h y d e .  T h u s ,  t h e  o r ig in s  o f  H 2, H D  a n d  D 2 in  t h e  
g a s e o u s  m ix t u r e s  m a y  b e  e x a m in e d  a n d  t h e ir  r e la 
t i v e  y ie ld s  c a n  b e  s u b j e c t e d  t o  r e a s o n a b le  in t e r p r e 
t a t io n .

2. Experimental
The methods employed were similar to those described in 

previous studies of the radiation chemistry of mixtures.4’5
(1 )  A  c o n t r ib u t io n  fr o m  t h e  R a d ia t io n  P r o je c t  o p e r a t e d  b y  th e  

U n iv e r s it y  o f  N c t r e  D a m e  a n d  s u p p o r te d  in  p a r t  b y  th e  A t o m ic  
E n e r g y  C o m m is s io n  u n d e r  C o n t r a c t  A T ( l l - l ) - 3 8 .

(2 )  A b s t r a c t  f r o m  a th esis  p re se n te d  t o  th e  D e p a r t m e n t  o f  C h e m is 
t r y  o f  th e  U n iv e rs ity  o f  N o tr e  D a m e  b y  W . N . P a tr ic k  in  p a r t ia l  fu l
f il lm e n t  o f  r e q u ire m e n ts  fo 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 .

(3 )  Cf. C .  S . S c h o e p fle  a n d  C . H . F e llo w s , Ind. Eng. Chem., 23 , 
1 39 6  (1 9 3 1 ) ;  M .  B u r to n , Proc. Conf. Nuclear Chem., Chem. Inst. 
Canada, 179 (1 9 4 7 ) .

(4) J. P. Manicn and M. Burton, T his J o u r n a l , 5 6 , 560 (1952).
(5 )  S . G o r d o n  a n d  M .  B u r to n , Discs. Faraday Soc., N o .  12, 8 8  

(1 9 5 2 ) .
( 6 )  Cf. J. L . M a g e e ,  T h is  J o u r n a l , 5 6 , 5 5 5  (1 9 5 2 ) .
(7 )  A t  th is  t im e , o n e  o f  us (M .  B . )  w ish es  t o  a c k n o w le d g e  s t im u la t in g  

d is c u s s io n s  o n  th is  p o in t ,  w ith  D r .  E . J . Y .  S c o t t ,  w ith  D r . J . C .  D e v in s ,  
a n d  m o s t  r e c e n t ly  w ith  D r .  M .  M a g a t  a t  th e  F a r a d a y  S o c ie t y  R a d i 
a t io n  C h e m is tr y  C o n fe r e n c e  a t  L e e d s , E n g la n d , in  A p r i l ,  195 2 .

2.1. Chemicals.—Two liters of Merck C .p . benzene, 
thiophene-free, was purified in three successive recrystalli
zations, with rejection of approximately one-quarter at 
each freezing. The residue, distilled at atmospheric pres
sure in a 50-theoretical-plate column, yielded a middle third 
with b.p. 80.0° at 74.88 cm., retained for subsequent use; 
n25d 1.4976, <ks 0.8733; Soffer and De Vries,8 n25d 1.49748, 
d2i 0.8734 ±  0.0002.

Benzene so purified and subsequently kept dry over so
dium was employed in synthesis of benzene-ds according to 
the method of Ingold, Raisin and Wilson9 using five succes
sive equilibrations in 51 mole per cent. D2S04 in heavy 
water.10 The product had a deuterium content of 98.5% 
corresponding to 8.4 mole per cent. C8D5H impurity.

A 500-g. sample of Eastman Kodak propionaldehyde, 
boiling range 47.8-50.5°, distilled in a 50-theoretical plate 
column in an atmosphere of nitrogen, yielded a middle frac
tion with b.p. 48.1° at ~769 mm. pressure.

2.2. Cell Filling.—Reagents were carefully dried before 
introduction into irradiation cells. Benzene-d6 was dried 
over barium oxide overnight and then vacuum distilled into 
a flask containing phosphorus pentoxide. There it was 
shaken and permitted to stand 15 minutes and then vacuum 
distilled and sealed into small storage flasks of 1.5-3 ml. 
capacity. Propionaldehyde collected under a nitrogen 
atmosphere was thoroughly degassed on a vacuum line, dis
tilled into a tube containing Drierite, and sealed off.

Since propionaldehyde is oxidized on exposure to air, it 
cannot be transferred into cells by syringe-operated pipets, 
as previously described.4

Instead, it was vacuum distilled and sealed in a variety of 
amounts into small vessels made of 2, 4 and 6 mm. tubing, 
equipped with break-off seals. The level of the liquid in 
each tube was marked with a file, so that when emptied the 
exact volume of the liquid previously contained in the tube 
could be determined by simple mercury-weighing technique. 
A single such tube was sealed onto the vacuum line together 
with an irradiation cell. Benzene-ds was measured out with 
a micropipet into a tube joined to the vacuum line by means 
of a ground glass joint4 and vacuum-distilled into the irra
diation cell through a plug of phosphorus pentoxide, which 
was then sealed off. The benzene-ds was thoroughly de
gassed. Then, the break-off seal on the propionaldehyde 
tube was broken and the propionaldehyde was distilled into 
the cell. Thus, mixtures of known composition were intro
duced into irradiation cells without atmospheric contam
ination.

2.3. Electron Bombardments.— All irradiations were 
made at 1.5 Mv. and currents ranging from 1.0 to 2.1 n 
amp. on a type A, model S HVEC Van de Graaff generator. 
The cells were the identical ones used by Gordon and Bur
ton.5 The windows were ground glass, 5 mils thick and 0.8 
cm. in diameter. Techniques of irradiation, current meas
urement and calculation of energy expenditure in the window 
have been described by Hentz and Burton.11 At the volt

(8 )  H . S o ffe r  a n d  T .  D e  V r ie s , J. Am. Chem. Soc., 7 3 ,  5 8 1 7  (1 9 5 1 ) .
(9 ) C . K . I n g o ld ,  C . G . R a is in  a n d  C .  L . W ils o n , J. Chem. Soc., 9 1 5  

(1 9 3 6 ) ;  A .  P .  B e s t  a n d  C . L . W ils o n , ibid., 2 4 2  (1 9 4 6 ) .
(1 0 )  T h e  h e a v y  w a te r , fu rn ish e d  b y  th e  A t o m ic  Energy C o m m is 

s io n , h a d  a  d e u te r iu m  c o n t e n t  o f  9 8 .5 % .
(1 1 )  R .  R .  H e n tz  a n d  M .  B u r to n , J .  Am. Chem. Soc., 7 3 ,  532  

(1 9 5 1 ).
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age employed the correction for energy loss in the window 
was 3%. The accuracy of determination of the number of 
coulombs flowing into the cell is estimated at ± 2 % .

During irradiation, cells were kept, at approximately 
room temperature by an air stream directed so that both 
window and walls were cooled.

Data on yield are reported in the usual G units; i.e., 
number of molecules produced or converted per 100 e.v. of 
energy expended in the irradiated material.

2.4. Product Analyses.—After irradiation, the gaseous 
contents of each cell were divided into fractions by conven
tional methods: a first fraction non-condensable at —196° 
(hydrogen, methane, carbon monoxide) and a second de
pending on the liquid examined. For pure benzene-d«, the 
second fraction included non-condensables at —120° (ethyl
ene, acetylene); if propionaldehyde were present, the second 
fraction was taken at —95° and also included ethane and Cj 
hydrocarbons, of the latter of which there was a small 
amount. The pressure of each fraction was determined 
in a calibrated volume on a Saunders-Taylor apparatus.12

The first fraction was collected in a bulb with stopcock 
closure, the second in a tube equipped with a break-off seal. 
Both fractions were analyzed on a Consolidated Model 21- 
103A Mass Spectrometer.13

2.5. Reliability of Data.—Determinations of G for CO, 
CH4, II2 and HD, as well as gases collected at —95°, were 
accurate within 5%. Because of the large volume of gases 
produced in the irradiation of propionaldehyde and of its 
mixtures, irradiations were only for short periods, 75 to 181 
sec. In such intervals, the amount of D2 production is less 
than 0.3% of the gas collected over liquid nitrogen. There
fore, values of (7(D2) in the mixtures have low accuracy. 
However, this fact does not decrease the significance of the 
other results.

The mass spectrometer indicated the presence of C> hy
drocarbons in the —95° fraction from irradiated mixtures, 
by peaks 0.5-10 divisions in height in the 39 to 43 mass 
range. Such peak heights are to be compared with a 2,176 
division height for mass 28. A reported yield of C, hydro
carbons represents the difference between a calculated value 
for C2 hydrocarbons and the total gas collected at —95°. 
Strictly speaking, it merely represents a trace of Cj hydro
carbons in the fraction; the values have little absolute re
liability.

3. Results and Discussion
3.1. Theory of Radiolysis of Liquids.— I n  p r e v i 

o u s  d is c u s s io n s  o f  t h e  b e h a v i o r  o f  m i x t u r e s ,4-6 t h e  
m e c h a n is m  o f  t h e  d e c o m p o s i t i o n  h a s  in c lu d e d  c o n 
s id e r a t io n  o f  t h e  c h e m ic a l  c o n s e q u e n c e s  o f  t w o  
s e p a r a t e  p r im a r y  s t e p s .

M — (I)
M —w>->- m  + +  e (II)

T h u s ,  i t  h a s  b e e n  n e c e s s a r y  t o  d is c u s s  e x c i t a t i o n  
a n d  io n iz a t io n  t r a n s fe r  a s  w e l l  a s  p o s s ib le  c h e m ic a l  
d e c o m p o s i t i o n 14 o f  i o n i c  s p e c ie s .  R e c e n t ly ,  h o w 
e v e r ,  c o n s id e r a t i o n  o f  t h e  p h e n o m e n a  i n v o l v e d  in  
t h e  r a d io l y s i s  o f  w a t e r  h a s  le d  S a m u e l  a n d  M a g e e 15 
t o  t h e  c o n c lu s i o n  t h a t  in  t h a t  c a s e  t h e  b a c k  r e a c t io n  
H 20 +  - f  e  -»■ H 2O t t a k e s  p la c e  in  a  t im e  s h o r t  in  
c o m p a r is o n  w i t h  1 0 -13  s e c .  T h e  e x c i t e d  s p e c ie s  
H 20  so p r o d u c e d  is  in  a  h ig h e r  s t a t e  t h a n  t h e  e x 
c i t e d  s p e c ie s  p r o d u c e d  a s  in  r e a c t io n  I  a n d  m a y  c o n 
s e q u e n t ly  e n t e r  i n t o  c h a r a c t e r i s t i c a l ly  d i f f e r e n t  r e 
a c t i o n s .

I t  is  a n  im p o r t a n t  f e a t u r e  o f  t h e  S a m u e l - M a g e e  
p i c t u r e  t h a t  t h e ir  m o d e l  is  m o r e  l i k e ly  t o  b e  c o r r e c t

(1 2 )  K . W . S a u n d e rs  a n d  H . A .  T a y lo r ,  J. Chem . Phys., 9 ,  616  
(1 9 4 1 ).

(1 3 )  T h e  a u th o r s  e x p re ss  th e ir  g ra te fu l a p p r e c ia t io n  t o  P r o f .  R .  R .  
W ill ia m s  a n d  M r .  H . L .  W e is b a c k e r  fo r  th e ir  c o o p e r a t io n  in  th ese  
a n a ly ses .

(1 4 )  Cf. M . B u rto n , A n n , Rev. P hy s. Chem., 1 , 113 (1 9 5 0 ) ;  J . Chem. 

Educ., 2 8 , 4 0 4  (1 9 5 1 ).
(1 5 ) A . H . S a m u e l a n d  J . L . M a g e e , J. Chem . Phys., 2 1 , 1 08 0  (1 9 5 3 ).

i f  t h e  l iq u id  h a s  l o w  d ie l e c t r i c  c o n s t a n t . 16 T h u s ,  
f o r  o r g a n ic  l iq u id s  e s p e c ia l ly ,  in s t e a d  o f  r e a c t i o n  I I ,  
o n e  s h o u ld  w r i t e  t h e  o p e r a t i o n a l l y  m o r e  c o r r e c t  
e q u a t io n

M ------ ^ Mt (II')
w h e r e  M t  r e p r e s e n t s  a  h ig h ly  e x c i t e d  s t a t e  w h ic h  
m a y  d i f f e r  in  c h e m ic a l  a c t i v i t y  f r o m  M * .  A r g u 
m e n t s  a g a in s t  s u c h  t h e o r y  h a v e  b e e n  p r e s e n t e d  p a r 
t i c u la r l y  b y  P la t z m a n .17 H o w e v e r ,  i t  is  u n l ik e ly  
t h a t  t h e r e  w i l l  b e  a n y  d e f in i t iv e  s e t t l e m e n t  o f  t h e  
q u e s t io n  f o r  s o m e  t im e  t o  c o m e .  A s  a  m a t t e r  o f  
c o n v e n ie n c e  w e  s h a l l  u s e  t h e  I —I I  '  ( r a t h e r  th a n  t h e  
I —I I )  p ic t u r e .  I t  w i l l  b e  s e e n  t o  c o n t r ib u t e  f e a 
tu r e s  o f  s im p l i c i t y  t o  in t e r p r e t a t io n  o f  t h e  r e s u lts .

3.2. Propionaldehyde.— T a b l e  I  s u m m a r iz e s  
s o m e  r e s u l t s  o f  e x p e r im e n t s  o n  b o m b a r d m e n t  o f  
p u r e  l iq u id  p r o p i o n a ld e h y d e .  I t  w a s  n o t  c o n 
v e n ie n t  t o  s e p a r a t e  e i t h e r  s u c h  g a s e o u s  p r o d u c t s  a s  
w e r e  n o n - v o la t i l e  a b o v e  — 9 5 °  o r  p o s s ib le  l iq u id  
p r o d u c t s .  H o w e v e r ,  o n e  s a m p le  o f  t h e  i r r a d ia t e d  
l iq u id ,  d is t i l le d  f r o m  t h e  e x p o s u r e  v e s s e l  u n d e r  
v a c u u m ,  l e f t  a n  e x t r e m e ly  s m a ll  r e s id u e  o f  w h i t e  
n e e d le - l ik e  c r y s t a ls  in a d e q u a t e  f o r  id e n t i f i c a t i o n .

T a b l e  I
G a s  Y i e l d s  i n  R a d i o l y s i s  o f  L i q u i d  P r o p i o n a l d é h y d e  

w i t h  1.5 Mv. E l e c t r o n s  a t  ~  1 ¿i a m p .

Energy input, 1020 e.v. 4.79 7.41
©(total gas) 4.53 4.61
G(H2) 1.24 1.28
G(CH4) 0.113 0.116
G(CO) 1.61 1.58
G(C2H4) 0.330 0.356
©(C2H6) 1.08 1.15
G(C3’s) approx. 0.052 0.051
G(C02) 0.110 0.077

T h e  1 0 0  e .v .  y i e ld  o f  c a r b o n  m o n o x i d e  is  g r e a t e r  
t h a n  t h o s e  e it h e r  o f  e t h a n e  o r  o f  h y d r o g e n ,  w h ic h  
a r e  n o t  g r e a t ly  d i f f e r e n t .  I t  is  m u c h  le s s  t h a n  t h e  
s u m  o f  t h e  t w o .  E v i d e n t l y ,  s o m e  d e c o m p o s i t i o n  
p r o d u c t s  d o  n o t  i n v o l v e  c a r b o n  m o n o x id e  a s  a n  u l t i 
m a t e  p r o d u c t .

F o r  u n d e r s t a n d in g  o f  t h e  r a d i o l y t i c  b e h a v i o r  o f  
l iq u id  p r o p i o n a ld e h y d e ,  w e  w r i t e

C2H5CH O------ > C2H6CHO* (1)
w h e r e ,  g e n e r a l ly ,  C 2H 6C H O *  r e fe r s  t o  a  w h o l e  s p e c 
t r u m  o f  e x c i t e d  s p e c ie s  w h i c h  m a y  r e a c t  d i f f e r e n t ly  
a n d  w h i c h  m a y  p r o c e e d  b y  in t e r n a l  c o n v e r s io n  f r o m  
h ig h  e x c i t e d  s t a t e s  t o  l o w e r  o n e s .

P r o d u c t i o n  o f  e t h y le n e  a n d  m e t h a n e  m a y  b e  b y  
r e a c t io n s  o f  t h e  t y p e

C2H6CHO* - - >  c 2h 4 +  h 2c o (2)
C2H6CHO* — c 2h 4 +  h 2 +  CO (3)

C2H5CHO* - - v  c h 4 +  c h 2c o (4)
S o m e  o f  t h e s e  r e a c t io n s  ( s p e c i f i c a l ly  in d i c a t e d  b y  

r e fe r e n c e )  a n d  o t h e r s  n o t  h e r e  in c lu d e d  h a v e  b e e n  
c o n s id e r e d  b y  B la c e t  a n d  P i t t s 18 in  t h e ir  s t u d y  o f

(1 6 )  Cf. M .  B u r to n , J . L . M a g e e  a n d  A . H . S a m u e l, ibid., 2 0 , 760  
(1 9 5 2 ) .

(1 7 ) R .  L . P la tz m a n , R e p o r t  o f  H ig h la n d  P a rk  C o n fe r e n c e  o n  
B a s ic  M e c h a n is m s  in  R a d io b io lo g y ,  N a t io n a l  R e s e a rc h  C o u n c il ,  1953, 
P u b lic a t io n  3 0 5 , p . 1.

(1 8 ) F . E . B la c e t  a n d  J . N . P it t s , J r ., J. Am. Chem. Soc., 74, 3382 
(1 9 5 2 ) .
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t h e  p h o t o ly s i s  o f  p r o p i o n a ld é h y d e  v a p o r .  R e a c 
t i o n  3 is  o f  a  t y p e  o r d in a r i ly  d i s c o u n t e d  o n  t h e  b a s is  
o f  t h e  p r in c ip le  o f  m i c r o s c o p i c  r e v e r s ib i l i t y .  H o w 
e v e r ,  in  t h is  c o n n e c t i o n  w e  m a y  e x t e n d  a n  id e a  e m 
p l o y e d  b y  B la c e t  a n d  P i t t s  in  t h e ir  c o n s id e r a t i o n  o f  
t h e  b e h a v io r  o f  t h e  fr e e  H C O  r a d ic a l  f o r m e d  f r o m  
p r o p io n a ld é h y d e .  I f  t h e  H 2C O  o f  r e a c t i o n  2  is  
f o r m e d  w i t h  s u f f ic ie n t  e x c e s s  e n e r g y  (a  v e r y  p r o b 
a b le  e v e n t  in  r a d ia t io n  c h e m is t r y )  i t  m a y  d i s s o c i 
a t e  im m e d ia t e ly  s u b s e q u e n t  t o  it s  f o r m a t i o n  b y  t h e  
r e a c t io n

H2CO' — ^ H2 +  CO (2a)

s u b s t a n t ia l ly  a s  i f  r e a c t i o n  3  h a d  o c c u r r e d  in  a  
s in g le  e le m e n t a r y  p r o c e s s .  I f  a l l  t h e  H 2C O  iv e r e  t o  
d e c o m p o s e  t h is  w a y ,  t h e  a p p e a r a n c e  w o u l d  b e  a s  i f  
r e a c t i o n  2  h a d  n o t  o c c u r r e d  a t  a l l  a n d  a s  i f  r e a c t i o n  3 
w e r e  t h e  o n l y  p r o c e s s  f o r  p r o d u c t i o n  o f  e t h y le n e .  
E v id e n c e  f o r  ju s t  s u c h  a  s i t u a t io n  is  g iv e n  in  s e c t i o n
3 .5 .2 .

Fig. 1.—Variation of 100 e.v. yields of some gaseous 
products with electron fraction of CeD« in a mixture with 
propionaldéhyde.

R e a c t i o n  4  m a y  a ls o  h a v e  it s  fr e e  r a d ic a l  c o u n t e r 
p a r t  w h ic h  c a n  b e  w r it t e n  p a r t ia l ly  as

CoHnCHO* ■— > CH3 +  CIToCHO (4a)'» 

f o l l o w e d  b y

CH.-) +  CjHsCHO — >■ CH4 +  residue (4b)18

C o n t r a r y  t o  t h e  a n a ly t i c a l  r e s u lts  o f  G a r r is o n  a n d  
B u r t o n 19 w h i c h  in d i c a t e  t h a t  in  p h o t o ly s i s  o f  t h e  
v a p o r  t h e  o n l y  s ig n i f ic a n t  f r e e - r a d ic a l  d e c o m p o s i 
t i o n  o f  t h e  e x c i t e d  s p e c ie s  is  b y  t h e  r e a c t io n

CsHsCHO* — C2H5 +  HCO (5) 18

r e c e n t  r e s u lts  o f  D o d d 20 o n  t h e  e f f e c t  o f  t e m p e r a 
t u r e  in  t h e  p h o t o ly s i s  ( in  a d d i t i o n  t o  t h o s e  o f  B la c e t  
a n d  P i t t s 18)  in d i c a t e  t h a t  t h e r e  a r e  t w o  s im u l t a n e 
o u s  m o d e s  o f  d e c o m p o s i t i o n  o f  a p p r o x im a t e ly  t h e  
s a m e  k in e t ic s  a n d  m a g n it u d e .  T h u s ,  r e a c t io n s  
4 a  a n d  4 b  a r e  n o t  r u le d  o u t .  H o w e v e r ,  c h o i c e  b e 
t w e e n  u l t im a t e - m o le c u le  a n d  f r e e - r a d ic a l  m e c h a 
n is m s  f o r  r a d i o l y t i c  p r o d u c t i o n  o f  m e t h a n e  is  n o t  a n  
o b j e c t i v e  o f  t h is  p a p e r .

R e a c t i o n  5 is  o f f e r e d  a s  a  f e a t u r e  o f  t h e  r a d io ly s is  
b e c a u s e  i t  is  v e r y  p r o b a b l y  t h e  p r e c u r s o r  o f  H  a t o m s  
via t h e  r e a c t io n

H CO — >■ II +  CO (6 ) 18

I n  s e c t i o n s  3 .5 .1 .  a n d  3 .5 .2  i t  is  c o n c lu d e d  t h a t  t h e r e  
a r e  t w o  s o u r c e s  o f  h y d r o g e n  p r o d u c t i o n :  r e a c t i o n  3 
a n d  a  r e a c t io n  in  w h i c h  a t o m ic  H  s e e m s  t o  b e  p r o 
d u c e d  in  a  p r im a r y  c h e m ic a l  a c t .  I t  w i l l  b e  s e e n  
t h a t  e t h y le n e  i s  p r o d u c e d  e x c lu s iv e ly  b } r r e a c t i o n  3 
o r  a n  e q u iv a le n t  s e q u e n c e  a n d  t h a t ,  in  m ix t u r e s  a t  
le a s t ,  e t h a n e  is  p r o b a b l y  a ls o  p r o d u c e d  b y  a  l o w -  
e n e r g y  r e a r r a n g e m e n t  p r o c e s s

C2H5CHO* — >- C2H6 +  CO (7) 18

I n  th is  c a s e  t h e  C » H 5C H O *  is  p r o b a b l y  in  a n  o p t i 
c a l l y  u n a t t a in a b le  s t a t e  t o o  l o w  f o r  f r e e - r a d ic a l  d e 
c o m p o s i t i o n .21 D e c o m p o s i t i o n  o f  a ld e h y d e  i n t o  
a lk a n e  p lu s  c a r b o n  m o n o x id e  is  a lm o s t  t h e r m o 
n e u t r a l .

C a r b o n  d io x id e  p r o d u c t i o n  w a s  u n e x p e c t e d .  I t  
h a s  n o t  b e e n  r e p o r t e d  in  p h o t o ly s i s .  T h e  s m a ll  
y i e ld  h e r e  r e p o r t e d  a n d  a ls o  f o u n d  in  t h e  m ix t u r e s ,  
m a y  r e p r e s e n t  e i t h e r  s o m e  c o m p l i c a t e d  r e a c t io n ,  
w h i c h  is  d o u b t f u l ,  o r  a  t r a c e  o f  C 0 2 i m p u r i t y  p r e s e n t  
in  t h e  p r o p i o n a ld é h y d e  o r ig in a l ly .  M a s s  s p e c t r o 
m é t r ie  a n a ly s is  o f  t h e  o r ig in a l  s a m p le  s h o w e d  a  
b a r e ly  d is c e r n ib le  4 4  p e a k .  N o  a n a ly s is  w a s  p e r 
f o r m e d  o n  t h e  v a p o r  a b o v e  t h e  o r ig in a l  s a m p le .

3.3. B e n z e n e - d 6.— R a d io l y s i s  o f  l iq u id  b e n z e n e -  
d 6 a t  r o o m  t e m p e r a t u r e  g a v e  r e s u l t s  s u b s t a n t ia l ly  
t h e  s a m e  a s  t h o s e  h i t h e r t o  f o u n d .5 T h e  e a r l ie r  
v a lu e s  f o r  b e n z e n e - d 6 o f  s l i g h t ly  g r e a t e r  d e u t e r iu m  
c o n t e n t  w e r e  C ?(H 2) =  0 , ( ? ( H D )  =  0 .0 0 0 4 ,  (7( D 2) 
=  0 .0 1 1 3 ;  in  t h is  w o r k  t h e  v a lu e s  w e r e  ( ? ( H 2) =  
0 .0 0 0 1 ,  C r (H D ) =  0 .0 0 0 6 ,  G ( D 2) =  0 .0 1 1 4 .

3.4. M ix t u r e s  o f  P r o p i o n a ld é h y d e  a n d  B e n -  
z e n e - d 6.— A ll  t h e  r e s u l t s  o f  t h e  in v e s t ig a t io n  o f  
m ix t u r e s  a r e  s h o w n  in  F ig s .  1 - 3  in c lu s iv e .  W h i l e  
t h e  y ie ld s  o f  m e t h a n e  a n d  o f  e t h y le n e  a r e  v e r y  
n e a r ly  a  l in e a r  f u n c t i o n  o f  t h e  e l e c t r o n - f r a c t i o n 4 
o f  p r o p io n a ld é h y d e ,  t h e  s i t u a t io n  is  d i f f e r e n t  f o r  
t h e  o t h e r  p r o d u c t s .  Y ie ld s  o f  e t h a n e  a n d  o f  h y d r o 
g e n  (F ig .  1) d e p a r t  r e g u la r ly  f r o m  a  lin e a r  r e la t i o n 
s h ip  a n d  in  o p p o s i t e  d ir e c t io n s .  Y ie ld  o f  c a r b o n  
m o n o x id e  is  n o t  a  s im p le  f u n c t i o n  o f  p r o p i o n a ld é 
h y d e  c o n c e n t r a t io n .  A t t e m p t s  t o  o b t a in  a  m a t e 
r ia l  b a la n c e  o n  t h e  b a s is  o f  g a s  a n a ly s e s  a lo n e  ( w h ic h  
is  a l l  t h a t  w a s  s t u d ie d )  p r o v e d  fu t i le .  A m o n g  t h e  
s e v e r a l  c o n c lu s io n s ,  t h e  m o s t  o b v i o u s  s p e c u la t io n  
is  t h a t  n o n - v o la t i l e  p r o d u c t s ,  u n d e t e c t e d  b y  o u r  
m e t h o d s ,  h a v e  b e e n  f o r m e d .

O n  t h e  o t h e r  h a n d ,  t h e  l in e a r  n a t u r e  o f  t h e  m e t h 
a n e  a n d  e t h y le n e  y ie ld s  (F ig .  2 )  s u g g e s t s  t h a t  t h e y

(2 0 )  R .  E . D o d d ,  J. Chem. Soc., 1 87 8  (1 9 5 2 ).
(2 1 ) F o r  d is cu ss io n  o f  th e  c o n t r ib u t io n  o f  lo w - ly in g  s ta te s  in  e le c t r ic  

d is ch a rg e  p ro ce sse s  cf. H . W ie n e r  a n d  M . B u r t o n , J. Am. Chem. Soc., 
7 5 ,  5 81 5  (1 9 5 3 ), a n d  a ls o  J . C .  D e v in s  a n d  M .  B u r to n , ibid., 7 6 ,  2 6 1 8
(1 9 5 4 ).(1 9 ) W . M .  G a rr iso n  a n d  M . B u r to n , J. Chem. Phys., 10, 7 3 0  (1 9 4 2 ).
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Fig. 2.—Variation of 100 e.v. yields of methane and ethyl
ene with electron fraction of benzene-do in mixture with 
propionaldéhyde.

t r u l y  r e v e a l  a  r a t h e r  s im p le  a s p e c t  o f  th e s e  r e s u lts , 
n a m e ly  t h a t  t h e  p r o b a b i l i t y  o f  e l e c t r o n i c  e x c i t a t i o n  
a n d  o f  c o n s e q u e n t  p r im a r y  c h e m ic a l  p r o c e s s e s  in  
t h e  p r o p i o n a ld é h y d e  is  p r o p o r t i o n a l  t o  it s  e le c t r o n  
f r a c t io n .

3.5. Mechanism in Mixtures.—T h is  s y s t e m  is 
t o o  c o m p l i c a t e d  f o r  r e a l  a n a ly s is  o f  m e c h a n is m .  
N e v e r t h e le s s ,  in t e r p r e t a t io n  o f  t h e  H D  y ie ld s  in  
r e la t io n  t o  D 2, H 2 a n d  p o ly m e r  f o r m a t i o n 4'22 r e 
q u ir e s  c o n s id e r a t i o n  o f  t h e  f o l l o w in g  ( p u r e ly  f o r 
m a l )  r e a c t i o n  s c h e m e , i t s  c o n s e q u e n c e s  a n d  s o m e  
o f  it s  d e t a i ls .

C2H0CHO —«*«->- H +  residue (5) +  (6 )
H +  C2H5CH O---- >• H2 +  residue (8 )

H +  CeDe---->  HD +  residue (9)
II +  CsDo — >  polymer formation (10) 

CeDo — D, D2, etc. (11)

R e a c t i o n  1 0  is  in t r o d u c e d  in  a  f o r m a l  s e n s e  t o  
r e p r e s e n t  t h e  c la s s  o f  r e a c t i o n  in  w h i c h  f r e e  H  a t o m  
d is a p p e a r s  w i t h o u t  f o r m a t i o n  o f  g a s e o u s  p r o d u c t .  
T h e r e  is  e v id e n c e  in  t h e  c a s e  o f  l i q u id  b e n z e n e 4 22 
t h a t  t h e  d is a p p e a r a n c e  is  a c c o m p a n ie d  b y  p o ly m e r  
f o r m a t i o n .  I t  is  n o t  n e c e s s a r y  t o  t h e  a r g u m e n t  
t h a t  t h e  s a m e  p o l y m e r  b e  f o r m e d  in  a  p r o p i o n a ld é 
h y d e  m ix t u r e  b u t  i t  is  a  r e a s o n a b le  p r e s u m p t io n  
t h a t  t h e  f ir s t  s t e p  in  t h e  d is a p p e a r a n c e  r e a c t io n  is  
t h e  s a m e  in  t h e  m ix t u r e  a s  in  p u r e  b e n z e n e .

A c c o r d i n g  t o  M e lv i l l e  a n d  R o b b ,23 r e a c t io n  o f  H 
a t o m  w it h  b e n z e n e  in  t h e  v a p o r  s t a t e  h a s  l o w  a c t i v a 
t i o n  e n e r g y .  T h e i r  m e t h o d  ( i .e . , t e s t  f o r  s u r v iv a l  o f  
H a t o m s  w i t h  a  m o l y b d e n u m  o x id e  m i r r o r )  d id  n o t  
d is t in g u is h  b e t w e e n  a d d i t i o n  a n d  H - a t o m  e x t r a c 
t i o n  a s  t h e  m o d e s  o f  r e a c t i o n .  H o w e v e r ,  e a r l ie r  
w o r k  o f  F o r b e s  a n d  C l in e 24 s u p p o r t s  t h e  in t e r p r e 
t a t io n  t h a t  a d d i t i o n  o c c u r s  a s  a  f ir s t  s t e p .  O n e  in 
t e r p r e t a t io n  o f  o u r  r e s u l t s  is  t h a t  t h e  r e a c t io n

H +  C6D6 — >- — C6D6H (12)

is  a  c o m m o n  s t e p  in  t h e  p a t h  o f  o v e r - a l l  r e a c t i o n s  9

(2 2 )  F o r  p o ly m e r  fo r m a t io n  in  ra d io ly s is  o f  b e n z e n e , cf. W .  N . 
P a tr ic k  a n d  M . B u r to n , J. Am. Chem. Soc., 7 6 , 2 02 0  (1 9 5 4 ).

(2 3 ) H . W . M e lv il le  a n d  J . C . R o b b ,  Proc. Roy. Soc. {London), 
A 2 0 2 , 181 (1950).

(2 4 ) G. S. Fohbf'R a n d  J.' E . C lin e , J. A m .. Chon. Sor., 63, 1713 
(1 9 4 1 ).

e(C6D6).
Fig. 3.—Variation of 100 e.v. yields of D2 and HD with 

electron fraction of benzene-d6 in a mixture with propionaldé
hyde.

a n d  1 0 . T h e  f a t e  o f  t h e  - C 6D 6H  r a d ic a l  m a y  b e  
w r i t t e n  v a r i o u s ly  as

C6D6 +  H (12-1)
C6D5H +  D (12-2)
C6D5 +  HD 02-3)
.polymer formation (12-4)

A c c o r d in g  t o  S c h i f f  a n d  S t e a c ie 25 t h e  e x c h a n g e  
r e a c t io n  o f  D  a t o m s  ( p r o d u c e d  in  a  W o o d - B o n -  
h o e f f e r  t u b e )  w it h  b e n z e n e  o c c u r s  w i t h  c o l l i s io n  
y i e ld  s o m e w h a t  g r e a t e r  t h a n  t h e  d is a p p e a r a n c e  o f  
H  a t o m s  in  t h e  a n a lo g o u s  r e a c t io n  b e t w e e n  H  a n d  
C 6D 6 (cf. M e lv i l l e  a n d  R o b b 28) .  W e  m u s t  a c c o r d 
in g ly  c o n s id e r  t h e  p o s s ib i l i t y  t h a t  H D  m a y  r e s u l t  
n o t  o n l y  f r o m  r e a c t io n  9  b u t  a l s o  f r o m  t h e  r e a c t io n

D +  C2H5CIIO — >■ IID +  residue (8 a)

I n  s e c t i o n s  3 .5 .1 - 3 .5 .3  w e  s h a l l  e x a m in e  t h e  e x t r e m e  
p o s s ib i l i t ie s  t h a t  ( i )  a l l  H D  is  f o r m e d  via r e a c t i o n  9 
a n d  ( i i )  a l l  H D  is  f o r m e d  via r e a c t i o n  8a.

A s s u m p t i o n  i i  o f  t h e  p r e v i o u s  p a r a g r a p h  is  e q u iv 
a le n t  t o  a c c e p t a n c e  o f  t h e  s t a t e m e n t  t h a t  r e a c t io n  
1 2 -2  o c c u r s  w i t h  h ig h  p r o b a b i l i t y  c o m p a r e d  w it h  r e 
a c t i o n  1 2 -1 . T h e  w o r k  o f  S c h i f f  a n d  S t e a c i e 26 d o e s  
n o t  in h e r e n t ly  s u p p o r t  s u c h  a n  in t e r p r e t a t io n .  E x 
c h a n g e  o f  D  w i t h  C 6H 6 via - C 6H 6D  is  m o r e  p r o b a b le  
t h a n  e x c h a n g e  o f  H  w it h  C 6D 6 via - C s D 6H , f o r  t h e  
f o r m e r  p r o c e s s  in v o lv e s  a  s p l i t  o f  a  C - H  b o n d ,  w h ic h  
h a s  a  h ig h e r  z e r o - p o i n t  e n e r g y  t h a n  t h e  C - D  b o n d ,  
w h o s e  s p l i t  is  in v o l v e d  in  t h e  s e c o n d  p r o c e s s .  T h u s ,  
i t  is  a l t o g e t h e r  p o s s ib le ,  e v e n  in  v i e w  o f  t h e  r e s u lts  
o f  S c h i f f  a n d  S t e a c ie ,  t h a t  r e a c t i o n  1 2 -2  d o e s  n o t  o c 
c u r  t o  a n  im p o r t a n t  e x t e n t  in  t h is  w o r k .  I n  s u c h  
e v e n t  p r a c t i c a l l y  e x c lu s iv e  o c c u r r e n c e  o f  ( 12 - 1 ) ,  a s

(2 5 ) H . I .  S c h if f  a n d  E . W . R .  S te a c ie , Can. J. Chem., 2 9 ,  1 (1 9 5 1 ). 
T h e  e x c h a n g e  r e a c t io n  is  m e a s u re d  in  th is  w o rk  in  te rm s  o f  D  a to m s  
in t r o d u c e d  in t o  th e  b e n z e n e . T h e  m e ch a n ism  is n o t  in d ica te d  a n d
may even involve an extraction reaction (cf. reaction (12-3)) as an 
i n ten Mediate s tei > t
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c o m p a r e d  w i t h  ( 1 2 - 2 ) ,  w o u l d  h a v e  t h e  a p p e a r a n c e  
o f  m e r e  s c a t t e r in g  o f  H  a t o m s  b y  C 6D 6.

T h e  o t h e r  fa t e s  le f t  o p e n  t o  t h e  - C 6D 6H  r a d ic a l s  
a r e  r e p r e s e n t e d  b y  r e a c t io n s  1 2 -3  a n d  1 2 -4 . R e a c 
t i o n  9  is  t h u s  t h e  c o m b i n a t i o n  o f  p r o c e s s e s  1 2  a n d  
1 2 -3  w h i le  r e a c t i o n  1 0  in c lu d e s  (1 2 )  a n d  (1 2 - 4 ) .  
T h e  f a c t  t h a t  p r o d u c t i o n  o f  H 2 d e p a r t s  n e g a t i v e ly  
f r o m  a  l in e a r  r e la t io n s h ip  t o  e l e c t r o n - f r a c t i o n  o f  p r o 
p io n a ld é h y d e  is  c o n s i s t e n t  w i t h  s u c h  r e a c t io n s .

M o s t  o f  t h e  p r e v io u s  d is c u s s io n  in  t h is  s e c t i o n  
is  w i t h o u t  b e a r in g  o n  t h is  w o r k  i f  H  a t o m s  a r e  n o t  
f o r m e d  in  r a d io lv s is  o f  p r o p i o n a ld é h y d e  a n d  i f  t h e  
i m p o r t a n t  f r e e  r a d ic a l  r e a c t io n s ,  s im ila r  in  t h e ir  
c o n s e q u e n c e s  t o  ( 8) ,  ( 9 )  a n d  ( 1 0 ) ,  a r e

IICO +  C2H5CHO — >■ H2 +  residue (8 b) 
HCO +  C6D6 — > HD +  residue (9b) 

HCO +  C6Ü6 — >  polymer formation (10b)

H o w e v e r ,  t h e  r e s u l t s  o f  B la c e t  a n d  P i t t s 18 o n  p h o 
t o l y s i s  o f  p r o p i o n a ld é h y d e  v a p o r  s u p p o r t  t h e  in t e r 
p r e t a t io n  t h a t  r e a c t i o n  6 is  o f  in c r e a s in g  im p o r t a n c e  
w i t h  in c r e a s e  o f  e n e r g y  s u p p l ie d  t o  t h e  p r o p i o n a ld é 
h y d e  (i.e., w i t h  d e c r e a s in g  w a v e  le n g th  in  t h e ir  
c a s e )  a n d  t h a t  r e a c t io n  8 o c c u r s .  I f  r e a c t i o n  6 o c 
c u r s ,  a s  s u g g e s t e d  b y  B la c e t  a n d  P i t t s ,  i t  m u s t  b e  
a s  a  “ h o t ”  r a d ic a l  p r o c e s s  b e fo r e  t h e  f ir s t  c o l l i s i o n ;  
i.e., 1 0 -9  s e c . in  t h e ir  w o r k .  T h e y  o f f e r  n o  e v id e n c e  
f o r  r e a c t i o n  8b  ; i.e., a c c o r d in g  t o  t h e ir  w o r k  in  t h e  
g a s e o u s  s t a t e  rs >  r8b, w h e r e  t h e  r ’ s  a r e  r a te s . 
U n d e r  t h e  m o r e  e n e r g e t ic  c o n d i t i o n s  o f  r a d ia t io n  
c h e m is t r y ,  i t  c o n s e q u e n t ly  a p p e a r s  p r o p e r  t o  w r it e

C2H5CHO — H' +  residue (13)

a s  a n  i m p o r t a n t  p r o c e s s ,  w h i c h  m a y  b e  p r im a r y  o r  
m a y  in c lu d e  r e a c t io n s  5  a n d  6 , w i t h  t h e  H  a t o m  
a c t u a l l y  f o r m e d  w i t h  e x c e s s  e n e r g y .  R e a c t i o n  8b  
w o u ld  n o t  o c c u r  in  t h e  p r e s e n c e  o f  b e n z e n e  i f  i t  d o e s  
n o t  o c c u r  in  i t s  a b s e n c e .  A c c o r d i n g  t o  ( 9 b )  a n d  
( 1 0 b )  t h e  f u n c t i o n  o f  t h e  b e n z e n e  is  t o  r e m o v e  H C O  
b e fo r e  i t  d e c o m p o s e s  b y  ( 6)  ; i.e., in  t h e  l iq u id  s t a t e  
r9b a n d  nob >  r 6. H o w e v e r ,  a  n e c e s s a r y  c o r o l l a r y  a s 
s u m p t io n  w o u l d  b e  t h a t  u n d e r  s u c h  c i r c u m s t a n c e s  
H C O  c o u ld  r e a c t  w i t h  p r o p i o n a ld é h y d e  b y  ( 8b ) ;  
i.e., in  t h e  l iq u id  s t a t e  r 8b >  r 6. T h i s  c o n c lu s io n  is  
n o t  n e c e s s a r i ly  in c o n s i s t e n t  w i t h  t h e  c o n t r a r y  o n e  
r e g a r d in g  th e  r e la t iv e  r a t e s  in  g a s e s . H o w e v e r ,  i t  
m a y  b e  e m p h a s iz e d  t h a t  r e a c t i o n  13  p r o b a b l y  o c 
c u r s  w i t h  s u c h  r a p id i t y  t h a t  r e a c t i o n  6 n e e d  n o t  b e  
c o n s id e r e d  a t  a l l  a s  a n  in t e r m e d ia t e .  T h u s ,  w h i le  
t h e  p o s s ib i l i t y  o f  r e a c t io n s  8b ,  9 b  a n d  1 0 b  m u s t  b e  
c o n s id e r e d ,  t h e  p r o b a b i l i t y  is  t h a t  t h e y  a r e  n o t  r e 
s p o n s ib l e  f o r  t h e  e f fe c t s  o b s e r v e d .  H o w e v e r ,  t h e  
p o s s ib i l i t y  t h a t  t h e y  d o  o c c u r  in  t h e  l iq u id  s t a t e  d o e s  
r e q u ir e  e x p e r im e n t a l  t e s t .

O t h e r  a s s u m p t io n s  o f  r e a c t i o n  m e c h a n is m s  o f  in 
c r e a s in g  c o m p l e x i t y  m a y  b e  c o n s id e r e d .  I n  g e n 
e r a l ,  t h e y  d e p a r t  m o r e  a n d  m o r e  f r o m  o u r  k n o w l 
e d g e  o f  t h e s e  c a s e s . I n  s e c t i o n s  3 .5 .1  a n d  3 .5 .2  i t  
w i l l  a p p e a r  that* t h e  f a c t s  a r e  c o n s i s t e n t ly  a n d  a d e 
q u a t e l y  in t e r p r e t e d  w i t h o u t  in c lu s io n  o f  (8a ) ,  ( 8b ) ,  
( 9 b ) ,  ( 1 0 b )  o r  m o r e  c o m p l i c a t e d  m e c h a n is m s .

T h i s  s t u d y  is  p r im a r i ly  c o n c e r n e d  w i t h  t h e  e s 
t a b l i s h m e n t  o f  t h e  r a t e  o f  r e a c t i o n  10  r e la t iv e  t o  
t h e  r a t e s  o f  o t h e r  e a s i ly  m e a s u r a b le  r e a c t io n s  o f  H  
a t o m .  I n  p a r t i c u la r ,  w e  s h o u ld  l ik e  t o  d e t e r m in e  
t h e  r a t i o  k la./-kg a n d  c o m e  t o  s a m e  c o n c lu s io n s  r e 

g a r d in g  t h e  r e la t iv e  im p o r t a n c e  o f  r e a c t io n s  8 a n d  
8a .

3.5.1. Ratio kio/kg.— T h e  r a t i o  k w/kg is  c a l c u 
la t e d  a c c o r d in g  t o  t h e  f o l l o w in g  a r g u m e n t ,  in  
w h i c h  r h a s  t h e  g e n e r a l  s ig n i f i c a n c e  o f  r a t e  a n d  Y  
is  a  y ie ld .

kw no Y (polymer from (10)) 1
h ~ 7g ~ Y (HD from (9))

T h e  t e r m  F  ( p o ly m e r  f r o m  ( 1 0 ) )  is  v a g u e  a n d  is  b e t 
t e r  e q u a t e d  t o  t h e  H  a t o m s  w h i c h  r e a c t  a c c o r d in g  
t o  ( 1 0 ) .  A s  f o r  F ( H D  f r o m  ( 9 ) ) ,  w e  s h a l l  a d o p t  
a s s u m p t io n  (1 )  in  s e c t i o n  3 .5 ,  n a m e ly ,  t h a t  1 2 -2  
d o e s  n o t  o c c u r  t o  a n y  i m p o r t a n t  e x t e n t .  F u r t h e r 
m o r e ,  t h e  D  a t o m s  c o m in g  d i r e c t l y  f r o m  r a d io l y s is  
o f  b e n z e n e  i t s e l f ,  via r e a c t i o n  1 1 , c a n  m a k e  o n l y  a  
n e g l ig ib le  c o n t r ib u t i o n  t o  H D  y i e ld  in  r e a c t i o n  8a  
b e c a u s e  G ( D 2) ,  w h i c h  in c lu d e s  D 2 f o r m e d  b o t h  via 
f r e e -a t o m  a n d  u l t im a t e - m o le c u l e  p r o c e s s e s ,  in  p u r e  
b e n z e n e -d s  t o t a l s  o n l y  0 .0 1 1 4 . W e  w r i t e

ki0 G(H2 unaccounted for) m
le, ~ G(HD) á

w h e r e  G ( H 2 u n a c c o u n t e d  f o r )  is  s im p ly  t h e  d e c r e a s e  
in  H 2 y i e ld  b e l o w  t h a t  e x p e c t e d  o n  t h e  la w  o f  a v e r 
a g e s  a f t e r  p r o v i s i o n  is  m a d e  f o r  s u c h  H  a t o m s  a s  
m a y  h a v e  r e a c t e d  t o  g i v e  H D .  T h u s

ku _  G(H2)pun, X c(prop) -  G(H2) -  G(HD) 
kg G(HD)

w h e r e  G ( H 2) pure is  t h e  100  e .v .  y i e ld  o f  H 2 f r o m  p u r e  
p r o p io n a ld é h y d e .  T h e  v a lu e s  f o r  t h e  t h r e e  c o n c e n 
t r a t io n s  s t u d ie d  a r e

e(C6H6) 0.222 0.477 0.762
kio/kg 4.8 3.6 3.0

T h e  c a l c u la t e d  c u r v e  t a k e n  f r o m  t h e  H 2 a n d  H D  
c u r v e s  o f  F ig s .  1 a n d  3 ,  r e s p e c t iv e ly ,  e x t r a p o la t e s  t o  
kw/kg ;|> 7 .3  a t  e ( C 6D 6) =  0 . A  s im p le  in t e r p r e t a 
t i o n  o f  t h is  r e s u l t  is  t h a t  t h e  s m a lle r  v a lu e s  o f  kw/k9 
a t  h ig h e r  c o n c e n t r a t io n s  o f  b e n z e n e -d o  r e f le c t  a  
s m a ll  e f f e c t  o f  h o t  h y d r o g e n  a t o m s  f a v o r a b l e  t o  r e 
a c t i o n  1 2 -3  a s  c o n t r a s t e d  w i t h  1 2 -4  a n d  t h u s  f a v o r 
a b l e  t o  t h e  o v e r - a l l  r e a c t i o n  9 .

3.5.2. Ratio ks/kg.— W e  c o n t in u e  f o r  t h e  m o 
m e n t  w i t h  t h e  a s s u m p t io n  t h a t  ( 8a )  m a k e s  n o  c o n 
t r ib u t io n  t o  t h e  H D  y ie ld .  F u r t h e r m o r e ,  w e  m a k e  
t h e  r e a s o n a b le  a s s u m p t io n  t h a t  t h e  r a t i o  r 2/ r 13 
r e m a in s  c o n s t a n t  a t  a l l  c o n c e n t r a t i o n s  o f  t h e  m i x 
t u r e .  A s  w r i t t e n ,  r e a c t i o n s  2  a n d  1 3  i m p l y  t h a t  
t h e  p r o p i o n a ld é h y d e  r e c e iv e s  it s  e n e r g y  in  a  p r im a r y  
e x c i t a t i o n  p r o c e s s .  I t  is  v e r y  u n l ik e ly  t h a t  p r im a r i ly  
e x c i t e d  C 6D 6* r e t a in s  a  la r g e  a m o u n t  o f  e n e r g y  a  
l o n g  t i m e ;  r a t h e r ,  t h e  e v id e n c e 6 is  t h a t  in t e r n a l  
c o n v e r s io n  a n d  c o l l i s io n a l  d e a c t i v a t i o n  c a u s e  r a p id  
e n e r g y  d e g r a d a t io n  in  C s D e * . T h u s ,  i f  C 6D 6* , a f 
t e r  s u c h  e n e r g y  d e p le t i o n ,  t r a n s m its  e n e r g y  t o  
C 2H 6C H O  in  a  r a d io - s e n s i t iz a t io n  p r o c e s s ,  i t  is  im 
p r o b a b l e  t h a t  t h e  C 2H 6C H O *  p r o d u c e d  c o n t a in s  
s u f f ic ie n t  e n e r g y  f o r  d e c o m p o s i t i o n  b y  b o n d  r u p t u r e  
t o  g iv e  H  a t o m s  in  a  p r o c e s s  a n a lo g o u s  t o  ( 1 3 ) .  
C o n s e q u e n t ly ,  i t  is  r e q u ir e d  b y  t h e  a s s u m p t io n  o f  
t h e  c o n s t a n c y  o f  t h e  r a t i o  r 2/ r i 3 t h a t  t h e  a t o m i c  h y 
d r o g e n  y i e ld  is  a  l in e a r  f u n c t i o n  o f  e ( p r o p ) ;  i.e., 
G ( H 2) œ e ( p r o p ) .

F o r  t h e  c a l c u la t io n ,  w e  n o t e  t h a t  t h e  s t a t e m e n t s  
o f  t h e  p r e v io u s  p a r a g r a p h  e n t a i l  t h e  r e la t io n s h ip s  

G(H2, rearr) =  e(prop) X G(H2, rearr)pu„  4
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w h e r e  t h e  t w o  G v a lu e s  r e fe r  t o  H 2 p r o d u c t i o n  b y  
r e a r r a n g e m e n t  in  m ix t u r e  a n d  in  p u r e  p r o p i o n a l 
d é h y d e ,  r e s p e c t iv e ly ,  a n d

G(Hj, 8) =  G(H2) -  G(H2, rearr) 5
T h e  r a t i o  o f  in t e r e s t  is  t h e n  

h [G(H2) -  e(prop) X G(H2, rearr) pure ]/N(prop) 
k, G(HD)/n(C6D6)

w h e r e  N ( p r o p )  a n d  n ( C 6D 6) a r e  r e s p e c t iv e  m o l e  
f r a c t io n s .

T a b le  I I  l is t s  v a lu e s  o f  fc8/ f c 9 c a l c u la t e d  o n  t h e  
b a s is  o f  v a r io u s  p o s s ib le  a s s u m p t io n s ,  f o r  t h e  t h r e e  
m ix t u r e s  s t u d ie d .  N o n e  o f  t h e  a s s u m p t io n s  g iv e s  
p e r f e c t  c o n c o r d a n c e  f o r  a l l  t h e  m ix t u r e s ;  in d e e d ,  
e r r o r s  o f  m e a s u r e m e n t  in t r o d u c e  s o  m u c h  i n a c c u r a c y  
in  t h e  l o w - p r o p i o n a ld e h y d e - c o n c e n t r a t i o n  m ix t u r e s

T a b l e  II
T e s t s  o f  P o s s ib l e  M e c h a n is m  o f  H y d r o g e n  P r o d u c t io n  

a s  R e f l e c t e d  in  C a l c u l a t e d  R a t io  o f  
R a t e  C o n s t a n t s  k 3 / k y

Assumption:
(?(H2, rearr.) = f  prop) X C?(C2H4)ob8<

e(CeDe) n (C«D«)
0 0 . 3 0 . 3 4 0 . 4

0 .2 2 2 0 .1 8 6 4 .3 2 .8 2 .8 2 .5 2 .7
.477 .410 5 .0 4 .3 2 .8 2 .4 3 .1
.762 .708 6 .9 3 .0 2 .4 1 .7 2 .2

“ G(C2H4)ob. is the yield actually observed (see Fig. 2). 
Because of experimental error of analysis, which becomes 
important at small yields, it is not exactly the same as the 
calculated value e(prop) X G(C2H4)pul.e.

t h a t  p e r f e c t  c o n c o r d a n c e  is  n o t  t o  b e  e x p e c t e d .  
H o w e v e r ,  t h e  a s s u m p t io n  t h a t  t h e  f r e q u e n c y  o f  o c 
c u r r e n c e  o f  t h e  p r im a r y  p r o c e s s  in  p r o p i o n a ld e h y d e  
is  a  l in e a r  f u n c t i o n  o f  i t s  e le c t r o n  f r a c t i o n  a n d  t h a t  
G ( H 2, r e a r r )Pure is  ~ 0 . 3 4  g iv e s  a  r e a s o n a b ly  s m a ll  
s p r e a d  o f  v a lu e s .  T h u s ,  k10/ks 7|> 7 .3 ,  a n d  7c8/ / c 9 =
2 .7  ±  0 .1  ( a t  r o o m  t e m p e r a t u r e ) .  C o r r e s p o n d in g ly ,  
kg/(/c9 -T  fcio) <|C 0 .3 3 .

T h e  v a lu e  (7 (H 2, r e a r r ) pure ~  0 .3 4  is  t o  b e  c o m 
p a r e d  w it h  (7 (C 2H 4) in  p u r e  p r o p i o n a ld e h y d e  ~ 0 . 3 4 .  
A  s c h e m e  in  w h i c h  r e a c t io n  3  p la y s  a  s t r a ig h t f o r 
w a r d  a n d  s im p le  r o le  is  c o n s e q u e n t ly  c o n s i s t e n t  w it h  
t h e  r e s u l t s  o b t a in e d .

A n  in t e r e s t in g  a n d  s ig n i f i c a n t  c o n c lu s io n  o f  th is  
s e c t i o n  is  t h a t ,  e v e n  in  t h e  p r e s e n c e  o f  b e n z e n e -d 6, 
a n  im p o r t a n t  p a t h  f o r  p r o d u c t i o n  o f  H 2 is  b y  H -  
a t o m  r e a c t i o n  o n  C 2H 6C H O ;  i.e., b y  r e a c t io n  8 . 
T h e  c o r o l l a r y  c o n c lu s i o n  is  t h a t  n e it h e r  H  a t o m s  
n o r  D  a t o m s  c a n  d is a p p e a r  e n t i r e ly  b y  r e a c t io n  w i t h  
b e n z e n e -d e -

3.5.3. Consideration of Reaction 8a.— I n  th is  
s e c t i o n  w e  c o n s id e r  t h e  e x t r e m e  p o s s ib i l i t y  t h a t  r e 
a c t i o n  1 2 -2  o c c u r s  t o  t h e  e x c lu s io n  o f  r e a c t i o n  1 2 - 1 , 
t h a t  r e a c t i o n  1 2 -3 , a n d  c o n s e q u e n t ly  9 , d o e s  n o t  
o c c u r  a t  a ll ,  a n d  t h a t  r e a c t io n  8a  is  t h e  s o le  s o u r c e  
o f  H D .  E l im in a t io n  o f  9  is  f l a t l y  c o n t r a d i c t o r y  t o  
t h e  r e s u lts  o f  G o r d o n  a n d  B u r t o n ,6 w h o  f in d  H D  
in  r a d io ly s is  o f  m ix t u r e s  o f  b e n z e n e  a n d  b en z en e -d r ,. 
I n  th is  la t t e r  c a s e  H D  c a n  b e  f o r m e d  o n l y  b y  r e a c 
t i o n  9  a n d  t h e  a n a lo g o u s  r e a c t io n  o f  a t o m ic  D  w it h  
C 6H 6. F u r t h e r m o r e ,  in  t h e ir  w o r k  a b o u t  7 5 %  o f  
t h e  t o t a l  H 2, D 2 a n d  H D  s e e m s  t o  r e s u l t  f r o m  a t o m  
r e a c t io n s  o n  C 6H 6 a n d  C 6D 6.

F ig u r e  3  s h o w s  t h a t  G ( D 2)  d e p a r t s  n e g a t i v e ly  
f r o m  a  lin e a r  r e la t io n s h ip  t o  « (C e D s )  o v e r  t h e  e n t ir e

r a n g e . T h e  c o n c lu s io n  m u s t  c o n s e q u e n t ly  b e  
t h a t  a t  le a s t  s o m e  o f  t h e  D  a t o m s  d is a p p e a r  in  a  
r e a c t io n  o t h e r  t h a n

D +  CeD6 -—>  D2 +  residue (9a)
T h e  o b v i o u s  r e a c t io n  f o r  s u c h  d is a p p e a r a n c e  is  
( 8a ) .  F u r t h e r m o r e ,  t h e  n a t u r e  o f  t h e  ( 7 ( D 2) d a t a  
s u g g e s t s  t h a t  t h e r e  a r e  a p p r o x im a t e ly  t w ic e  a s  
m a n y  D  a t o m s  a v a i la b le  f o r  r e a c t i o n  9 a  a t  « ( C 6D 6) 
=  0 .4 7 7  a s  a t  e (C 6D 6) =  0 .7 6 2 .  T h u s ,  i t  w o u ld  
a p p e a r  t h a t  r e a c t io n  1 2 -2  m a k e s  a  r e a l ,  i f  p e r h a p s  
s m a ll ,  c o n t r ib u t i o n  t o  t h e  v a r io u s  p o s s ib le  fa t e s  o f  
— C e D e H . O n  t h e  o t h e r  h a n d ,  t h is  c o n t r ib u t i o n  
c a n n o t  b e  la r g e  a t  « ( C 6D 6) =  0 .2 2 2 , f o r  a t  t h a t  
v a lu e  G ( D 2) g o e s  p r e c ip i t o u s ly  a lm o s t  t o  z e r o .

W e  c o n c lu d e  t h a t ,  a l t h o u g h  r e a c t io n s  1 2 -2  a n d  
8a  a r e  n o t  t o  b e  ig n o r e d ,  t h e y  d o  n o t  e n t e r  im p o r 
t a n t ly  i n t o  t h e  o v e r - a l l  e f f e c t .  C o n s e q u e n t ly ,  t h e  
c o n c lu s io n  fc10/ f c 9 >  7 .3  is  p r o b a b l y  v e r y  c l o s e ly  c o r 
r e c t .  S im ila r ly ,  t h e  v a lu e  /c8/ / c 9 ~  2 .7  is  p r o b a b l y  
a l s o  r a t h e r  r e l ia b le .

T h e  b e s t  ju s t i f i c a t i o n  f o r  t h e  o m is s io n  o f  c o n s id 
e r a t i o n  o f  ( 12 - 2 )  a n d  ( 8a )  f r o m  t h e  c a l c u la t io n s  o f  
s e c t i o n s  3 .5 .1  a n d  3 .5 .2  is  t h a t  t h e  v a lu e s  t h u s  o b 
t a in e d  a r e  n e v e r t h e le s s  in t e r n a l ly  c o n s i s t e n t .

3.6. Protection and Radiosensitization.— T h e  
r e s u l t s  s ig n i fy  t h a t  b e n z e n e - d 6 e x e r t s  n o  p r o t e c t i v e  
e f f e c t  in  r a d io ly s is  o f  p r o p i o n a ld e h y d e .  I n  o r d e r  
t o  u n d e r s t a n d  t h e  m e c h a n is m  o f  p r o t e c t i o n 4’5’26 
w e  c a n  fa s t e n  o u r  a t t e n t io n  o n  t h e  e x c i t e d  m o le c u le  
( c / .  s e c t i o n  3 .1 ) .  T h e  s u b s t a n c e  B  c a n  e f f e c t i v e ly  
p r o t e c t  A

A* +  B — >- A +  B* (14)
o n l y  w h e n  E b <  F a , w h e r e  t h e  r e fe r e n c e s  a r e  t o  
r e s p e c t iv e  l o w e s t  e x c i t a t i o n  p o t e n t ia l s  o f  t h e  t w o  
s p e c ie s .  T h e s e  a r e  p r o b a b l y  n o t  o p t i c a l l y  o b s e r v 
a b le  e x c i t e d  s ta t e s .  B e n z e n e  is  k n o w n  t o  h a v e  a  
l o w - ly in g  t r ip le t  s t a t e  a t  ~ 3 . 6  e . v .27 T h e  t r ip le t  
s t a t e s  o f  p r o p i o n a ld e h y d e  h a v e  n o t  b e e n  d e s c r ib e d  
b u t  w e  m a y  e x p e c t  t h a t  t h e y  w i l l  l ie  lo w e r  th a n  
t h o s e  o f  b e n z e n e ,  m u c h  l ik e  t h e  r e la t io n s h ip  b e t w e e n  
t h e  l o w e s t  s in g le t  s ta t e s .

T h u s ,  a c c o r d in g  t o  t h e  e n e r g y - t r a n s f e r  p ic t u r e ,  
b e n z e n e  s h o u ld  n o t  p r o t e c t  p r o p i o n a ld e h y d e .  A n y  
p r o t e c t i o n  s h o u ld  b e  in  ju s t  t h e  o p p o s i t e  d ir e c t i o n .  
T h e  1 0 0  e .v .  y i e ld  o f  e t h a n e  in  t h e  v a r io u s  m ix t u r e s  
h a s  b e e n  e s ta b l is h e d  w i t h  s u f f ic ie n t  a c c u r a c y  s o  t h a t  
o n e  m a y  h a v e  c o n s id e r a b le  c o n f id e n c e  in  t h e  s h a p e  
o f  t h e  c u r v e .  T h e  p o s i t i v e  d e p a r t u r e  f r o m  t h e  r e 
la t i o n s h ip  (7 (C 2H 6) =  [G (C 2H 6) o f  p u r e  l i q u id ]  X  
e ( p r o p )  is  c l e a r ly  in d i c a t i v e  o f  s e n s i t iz a t io n  o f  p r o 
p i o n a ld e h y d e  d e c o m p o s i t i o n  b y  b e n z e n e .  S in c e , 
a s  s h o w n  in  s e c t i o n  3 .5 .1 ,  G ( H )  a p p e a r s  t o  b e  a  l in 
e a r  f u n c t i o n  o f  « ( p r o p ) ,  i t  f o l l o w s  t h a t  H  a t o m  p r o 
d u c t i o n  is  n o t  r a d io s e n s i t iz e d .  T h u s ,  i f  e th a n e  
p r o d u c t i o n  is  s e n s it iz e d ,  i t  c a n n o t  b e  via r e a c t i o n  5 . 
A n  a l t e r n a t iv e ,  r a t h e r  s a t i s f a c t o r y  c o n c lu s io n  f r o m  
t h e  p r e s e n t  p o in t  o f  v i e w  r e g a r d in g  t h e  r a d ia t io n  
c h e m is t r y  o f  l iq u id  m ix t u r e s  is  t h a t  t h e  p r o c e s s  
h e r e  e f f e c t iv e

C6D6* +  CTRCIIO — >- C6D6 +  CdbOHO* (15)
i n v o lv e s  v e r y  l o w  e x c i t e d  s t a t e s  C 6D 6* a n d  C 2H S-  
C H O *  in c a p a b le  o f  e n t r a n c e  i n t o  r e a c t io n s  11 o r  5 ,

(26) M. Burton, S. Gordon and R. R. Hentz, J. chim. phys., 48 , 
190 (1951).

(27) H. Shull, J . Chem. Phys., 17 , 295 (1949).
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r e s p e c t iv e ly ,  b u t  q u i t e  c a p a b le  o f  y ie ld in g  r e a c t io n
7 . T h e  C 6D 6* i n v o lv e d  in  r e a c t io n  15 m a y  r e s u lt  
f r o m  s t e p w is e  e n e r g y  d e g r a d a t i o n .6 S u c h  a  m o l e 
c u le  d o e s  n o t  h a v e  e n o u g h  e n e r g y  f o r  d e c o m p o s i t i o n  
b y  a n y  p r o c e s s ,  f o r  it s  s t a t e  o f  e x c i t a t i o n  is  p r o b a b l y  
n o  h ig h e r  t h a n  t h a t  o f  t h e  k n o w n  t r ip le t  s t a t e  o f  
b e n z e n e  a t  3 .6  e . v .27'28

(2 8 ) B e n z e n e  v a p o r  e x c ite d  w ith  A 2 5 3 7  A .  ( ~ 4 . 8  e .v .)  d o e s  n o t  
h a v e  e n o u g h  e n e rg y  to  d e c o m p o s e  to  g a se o u s  p r o d u c t .  Cf. J . E . 
W ils o n  a n d  W . A .  N o y e s ,  J r .,  J. Am. Chem. Soc., 6 3 , 3 0 2 5  (1 9 4 1 ).

S p e c u la t io n  r e g a r d in g  t h e  d e t a i ls  o f  t h e  e x c i t e d  
s ta t e s  o f  r e a c t a n t s  a n d  p r o d u c t s  in  r e a c t io n s  15  a n d  
7  is  t e m p t in g ,  p a r t i c u la r ly  in  v i e w  o f  t h e  c u r io u s  
v a r ia t io n  o f  G ( C O )  w it h  e (C e D 6) ,  b u t  is  h a r d ly  
ju s t i f i e d  b y  t h e  l im it e d  d a t a  a t  h a n d .

T h e  a u t h o r s  w is h  t o  e x p r e s s  t h e ir  a p p r e c ia t io n  
t o  D r .  J . C h a n m u g a m  a n d  D r .  R .  W .  H u m m e l  f o r  
s t im u la t in g  c r i t i c i s m s  a n d  d is c u s s io n s  d u r in g  t h e  
p r e p a r a t io n  o f  th is  p a p e r .
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The viscosities of benzene-dc and cyclohexane-d,2 have been determined for the temperature range 293.18 to 333.18°K., 
and the data are expressed by the linear equation in y = A  +  B / T . Viscosity-temperature coefficients and fractional 
change of viscosity with temperature arc reported. The effect of mass upon viscosity is briefly discussed and the “ energy 
of viscous flow”  and the “ free energy of activation for viscous flow” arc shown to increase with increasing mass. The 
infrared spectra are included.

Introduction
N o  v i s c o s i t y  t h e o r y  t h a t  c a n  b e  a p p l i e d  in  t h e  

l a b o r a t o r y  w i t h o u t  a p p r e c ia b le  a s s u m p t io n s  a n d  
a p p r o x im a t io n s  h a s  b e e n  s y n t h e s iz e d  f r o m  fir s t  
p r in c ip le s .  T h e  o p p o s i t e  m o d e  o f  a t t a c k ,  a n a ly s is ,  
is  e x t r e m e ly  h a z a r d o u s  b e c a u s e  o f  t h e  d i f f i c u l t y  o f  
i s o la t in g  o r  c h a n g in g  a n y  o n e  o f  t h e  p a r a m e t e r s  
w i t h o u t  a f f e c t in g  t h e  o t h e r s .  R e p l a c e m e n t  b y  
d e u t e r iu m  o f  t h e  h y d r o g e n s  in  a  h y d r o c a r b o n  m a y  
a p p r o a c h  t h is  la t t e r  c o u r s e . T h e  o n ly  p e r d e u t e r -  
a t e d  h y d r o c a r b o n  w h i c h  h a s  b e e n  e x a m in e d  c a r e 
f u l l y  b y  p r e v io u s  w o r k e r s  is  b e n z e n e - d 6. T h e  w o r k  
o f  I n g o ld ,  W i l s o n  a n d  c o - w o r k e r s 1 2 in d ic a t e s  t h a t  
t h e  m o le c u la r  r e f r a c t io n ,  m o le c u la r  v o lu m e ,  m e l t 
in g  p o in t ,  h e a t  o f  fu s io n ,  b o i l in g  p o in t  a n d  h e a t  o f  
v a p o r iz a t io n  d c  n o t  u n d e r g o  g r o s s  c h a n g e s  o n  d e u -  
t e r a t io n .  T h e  f lo w  p r o p e r t ie s  w e r e  n o t  r e p o r t e d .  
T o  t h e  a u t h o r s ’ k n o w le d g e ,3 t h e  o n ly  v is c o s i t ie s  o n  
n o n - p o la r  l iq u id  c o m p o u n d s  c o n t a in in g  d e u t e r iu m  
w e r e  r e p o r t e d  b y  B r e s le r  a n d  L a n d e r m a n 4 o n  h e a v y  
m e t h a n e .

I n  t h e  p r e s e n t  p a p e r  t h e  v is c o s i t ie s  o f  b e n z e n e -d 6 
a n d  c y c l o h e x a n e -d i :  a r e  r e p o r t e d  a t  s e v e r a l  t e m p e r 
a tu r e s .  T h e  in f lu e n c e  o f  m a s s  o n  t h e  v i s c o s i t y  a n d  
o n  t h e  v i s c o s i t y - t e m p e r a t u r e  f u n c t i o n  a r e  d is 
c u s s e d .

Experimental
The preparations of the benzene-cfc and cyelohexane-dia 

have been reported in detail elsewhere.6
Following the procedure of Ingold, ct a l . , - bcnzene-d6 was 

prepared by successive equilibrations of benzene with 51% 
D2S04 until the desired deuterium content was reached.

(1 ) P a r t  o f  in v e s t ig a t io n  b y  A m e r ic a n  P e tr o le u m  In s t it u t e  R e s e a rc h  
P r o je c t  4 2 .

(2 ) C . K .  I n g o ld ,  C . S . R a is in , C . L . W ils o n , C . R .  B a ile y  a n d  B . 
T o p le y ,  J. Chem. Soc., 9 1 5  (1 9 3 6 ) ;  se e  a ls o  L . I I .  P . W e ld o n  a n d  C . L . 
W ils o n , ibid., 2 3 5  (1 9 4 6 ).

(3 )  A .  H . K im b a l l ,  “ B ib l io g r a p h y  o f  R e s e a rc h  o n  H e a v y  H y d r o g e n  
C o m p o u n d s ,”  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 . ,  194 9 .

(4 )  S . E .  B re s le r  a n d  A .  L a n d e r m a n , J. Exptl. Theoret. Phys. 
(U.S.S.R.), 10 , 2 5 0  (1 9 4 0 ) ;  C. A., 3 4 , 7 6 7 9  (1 9 4 0 ).

(5 ) J . A .  D ix o n  a n d  R . W . S ch iess ler , J. Am. Chem. Soc., 7 6 , 2 19 7
(1 9 5 4 ).

The cvclohexane-dis was obtained by treatment of the ben- 
zene-de with deuterium at elevated pressure at 100-125° 
over a kieselguhr-supported nickel. Analyses by density 
and mass spectra6 indicate the benzene lias 99.3%, of the 
hydrogens replaced by deuterium, and the cyclohexane 
98.8%. Assuming a statistical distribution of isotopes the 
benzene should be a mixture of 95.8% C6D6 and 4.2% 
C6D5H while the composition of the deuterated cyclohexane 
should be 86.5% C6D 12, 12.6% C6D„H and 0.8% C6D,0H2.

Viscosities were determined at 293.18, 310.96 and 
333.18°K. in Cannon-Fenske-Ost.wald viscometers. The 
bath temperatures were regulated to ±0.025°; the efflux 
times measured with calibrated stopwatches; the viscosity 
checks with known standards indicate a precision of ±0 .2% .

Refractive indices and densities have already been re
ported .5

The infrared spectra (Figs. 1 and 2) were determined by 
Professor D. II. Rank and Mr. P. E. Biemiller7 using a Per
kin and Elmer Model 12-C spectrophotometer.

Discussion
I n  T a b le  I  a r e  g iv e n  t h e  v i s c o s i t y  d a t a  f o r  th e  

p u r e  c o m p o u n d s  a n d  f o u r  m ix t u r e s  o f  p a r t ia l ly  d e u 
t e r a t e d  b e n z e n e s .  A n a ly s e s  o f  t h e  m a s s  s p e c t r o m 
e t e r  p a t t e r n s  o f  t h e s e  m a t e r ia ls  b y  D r .  J o h n  Y .  
B e a c h  o f  t h e  C a l i f o r n ia  R e s e a r c h  C o r p o r a t io n ,  
R i c h m o n d .  C a l i f o r n ia ,  e s t a b l is h e d  t h a t  t h e  m ix t u r e s  
h a d  t h e  c o m p o s i t i o n  r e q u ir e d  b y  a  s t a t is t i c a l  d i s 
t r i b u t i o n  o f  t h e  h y d r o g e n  is o t o p e s .  T h e  v i s c o s i 
t ie s  o f  t h e  b e n z e n e s  c a n  b e  e x p r e s s e d  a s  a  l in e a r  
f u n c t i o n  o f  t h e  p e r  c e n t ,  h y d r o g e n  r e p la c e d  b y  d e u 
te r iu m . I t  w a s  p r e v i o u s ly  s h o w n 5 t h a t  in  l in e  w it h  
t h e  s m a ll  c h a n g e  in  m o le c u la r  v o lu m e  t h e  d e n s i t y  
o f  t h e  b e n z e n e  w a s  a  l in e a r  f u n c t i o n  o f  p e r  c e n t ,  i s o 
t o p e  r e p la c e m e n t .  T h e  v is c o s i t ie s  o f  t h e  c o m 
p le t e l y  d e u t e r a t e d  c o m p o u n d s  w e r e  c a l c u la t e d  o n  
t h e  a s s u m p t io n  t h a t  c y c l o h e x a n e  w o u l d  b e h a v e  
s im ila r ly .  I t  s h o u ld  b e  n o t e d  t h a t  t h e s e  c o r r e c 
t i o n s  t o  10 0 %  i s o t o p e  r e p la c e m e n t  a r e , in  a l l  c a s e s , 
le s s  t h a n  t h e  e s t im a t e d  d e v ia t io n s  o f  t h e  m e a s u r e 
m e n t s .

(6 )  W e  a re  in d e b te d  t o  D r .  J o h n  Y .  B e a ch  o f  th e  C a li fo r n ia  R e s e a rc h  
C o r p o r a t io n  f o r  d e te r m in a t io n  a n d  in te rp re ta t io n  o f  t h e  m a ss  sp e c tr a .

(7 )  D e p a r t m e n t  o f  P h y s ic s , C o lle g e  o f  C h e m is t r y  a n d  P h y s ic s , 
T h e  P e n n s y lv a n ia  S ta te  U n iv e rs ity .
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T a b l e  I
V isc o sitie s“ of D e u t e r a t e d  B e n ze n e  and C y c l o h e x a n e

Hydrogen 
replaced by 

deuterium,6 %
Kinematic viscosities (cs.)

293.18°K. 310.9G°K. 333.18°K.
Absolute viscosities (op.) 

293.18°K. 310.96°K. 333.18°K
Benzene

0 .0 0 .7 417 0 .5 910 0 .4 6 7 6 0 .6 519 0 .5 0 8 2 0 .3 9 0 8
2 9 .0 . 7390 . 5885 .4653 . 6646 .5177 . 3980
4 5 .4 . 7378 . 5863 .4651 .6719 .5224 .4029
6 9 .5 . 7359 . 5S42 .4606 .6826 .5301 . 4062
9 7 .0 .7312 .5814 .4581 . 6923 .5385 .4125
9 9 .3 .7314 .5810 .4581 .6939 .5393 .4134

10 0 .0  (ealed.) .7313 . 5S09 .4580 . 6942 .5395 .4136

Cyclohexane
0 .0 1.261 0.9591 0 .7 1 8 4 0 .9821 0 .7 3 0 7 0.5321

9 8 .8 1.171 . 8896 .6658 1.0441 . 7756 .5639
100.0 (caicd.) 1.170 . 8S87 . 6652 1 .045 . 7760 . 5643

" Based on 1.0038 op. for viscosity of water at 20°. h In partially deuterated fractions the isotopes are statistically dis
tributed. Sec reference 5.

T a b l e  II
R a te  of C h a n g e  of V isc o sity  w it h  T e m p e r a t u r e  and  R e la te d  Q u a n t it ie s  a t  293.18°K.

d„/d  T,
Compound

cp. deg. 1 
X 10̂

l /y n /d T 
X 10-2 In A

B X 
10-3

AEv is. 
cal./mole

AFv i»*, 
cal./mole

Benzene 9.47 1.45 -4.6984 1.2514 2486 2899
Benzene-tie 10.37 1.49 -4.7259 1 . 2794 2542 2934
Cyclohexane 16.93 1.72 -5.0993 1.4884 2957 3252
Cyclohexane-die 18.30 1.75 -5.0894 1.5050 2990 3287

“ At 298.1°K. and one atmosphere. See reference 10.

I n  T a b le  I I  a p p e a r  t h e  v a lu e s  o f  r a t e  o f  c h a n g e  o f  
v i s c o s i t y  w it h  t e m p e r a t u r e  a n d  t h e  f r a c t i o n a l  
c h a n g e  o f  v i s c o s i t y  w it h  t e m p e r a t u r e 8 a t  2 9 3 .1 8 ° K .  
O v e r  t h e  t e m p e r a t u r e  r a n g e  e x a m in e d  In  77 v a r ie s  
l in e a r ly  w i t h  t h e  r e c ip r o c a l  o f  a b s o lu t e  t e m p e r a t u r e  
w it h  a  m a x im u m  d e v ia t i o n  le s s  t h a n  o n e  p e r  c e n t .  
T h e  c o n s t a n t s  f o r  t h e  e q u a t io n

In v = In A +  B/T (1)
a re  a ls o  r e c o r d e d  in  T a b le  I I .  D i f f e r e n t ia t i o n  o f  
( 1 )  a n d  s u b s t i t u t io n  o f  t h e  e x p e r im e n t a l ly  o b 
t a in e d  v a lu e s  o f  A  a n d  B  l e d  t o  dv/dT. A p p a r 
e n t ly  t h e  v i s c o s i t y - t e m p e r a t u r e  c o e f f i c ie n t  is  s ig 
n i f i c a n t ly  s e n s i t iv e  t o  i s o t o p e  r e p la c e m e n t .

F o l l o w i n g  E y r i i i g ,9 t h e  “ e n e r g y  o f  v i s c o u s  f lo w ,

AIIv ap.° 
cal./mole

8151 
8160 
7970 
7901

E vn ,”  h a s  b e e n  c a lc u la t e d  f r o m  e q u a t io n  1 a n d  
“ A f V is * ,  t h e  fr e e  e n e r g y  o f  a c t i v a t i o n  f o r  v i s c o u s  
f lo w , ”  c a lc u la t e d  f r o m  e q u a t io n

Affvis* =  RT In (2)

w h e r e  V  is  t h e  m o la r  v o lu m e ,  77 t h e  v i s c o s i t y  in  
p o is e s  a n d  N  A v o g a d r o ’ s n u m b e r .  T h e  h e a t s  o f  
v a p o r i z a t i o n 10 a t  2 9 8 . l ° I v .  a p p e a r  in  T a b le  I I .

I f  i t  is  a s s u m e d  t h a t  t h e  d i f f e r e n c e  in  t h e  h e a t s  o f  
v a p o r iz a t io n  o f  b e n z e n e  a n d  b e n z e n e - d 6 is  e s s e n t ia l ly  
e q u a l  t o  t h e  d i f f e r e n c e  in  t h e  e n e r g ie s  o f  v a p o r i z a 
t i o n ,  t h e r e  a p p e a r s  t o  b e  l i t t le  c o r r e la t io n  b e t w e e n  
t h e  c h a n g e  o f  f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  v i s c o u s  
f lo w , a n d  t h e  c h a n g e  o f  e n e r g y  o f  v a p o r i z a t i o n  w h e n

3200 2800 2400 2000 1600 1200 800
Wave numbers, cm.-1.

Fig. 1.—Infrared spectra of: A, benzene; B, benzene-tie.
(8) J. H. Ramser, Ind. Eng. Chem., 4 1 , 2053 (1949).
(9) S. Glasstone, K. J. Laidler and H. Eyring, “ Theory of Rate

Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941.

Fig. 2.—Infrared spectra of: cyclohexane and cyclohexane-
dr’

(10) R. T. Davi.s and R. W. Sehiessler, J. Phys. Chem., 5 7 , 966 
(1953).
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t h e  h y d r o c a r b o n  is  c o n v e r t e d  t o  t h e  d e u t e r o c a r b o n .  
A  l ik e  s t a t e m e n t  m a y  b e  m a d e  f o r  t h e  c y c l o h e x a n e .  
T h e  r e la t io n s h ip 9 is  a p p a r e n t ly  d u e  t o  a  f o r t u n a t e

A F vi8=t «  2 . 4 5 A F v a p  ( 3 )

c a n c e l la t i o n  o f  a  n u m b e r  o f  o p p o s in g  e f fe c t s .
T h e  r a t io s  o f  v i s c o s i t y  o f  d e u t e r o c a r b o n  t o  v i s 

c o s i t y  o f  p r e c u r s o r  h y d r o c a r b o n ,  a t  t h r e e  t e m p e r a 
tu r e s ,  a p p e a r  in  T a b le  I I I .  I t  is  s u r p r is in g  t h a t ,  
f o r  a  g iv e n  t e m p e r a t u r e ,  t h e  r a t io s  a r e  t h e  s a m e  f o r  
t w o  v e r y  d i f f e r e n t  s t r u c t u r e s ,  b e n z e n e  a n d  c y 
c lo h e x a n e .  B e f o r e  e m b a r k in g  o n  a  s p e c u la t iv e  
f l ig h t  i t  w o u ld  b e  m o s t  d e s ir a b le  t o  s e e  w h e t h e r  th is  
r e la t io n s h ip  w o u l d  h o ld  f o r  o t h e r  h y d r o c a r b o n  
s t r u c t u r e s .

T a b l e  III
R a t i o s  o f  V i s c o s i t i e s  o f  

D e u t e r o c a r b o n s  a n d  H y d r o c a r b o n s

Compounds
Temp.,

°K. ijd/ ijii Md/Mh'L
CbD6/C 6H6 293.18 1.065 1.038

310.96 1.062
333.18 1.058

C6DI2/C6H12 293.18 1.004 1.070
310.96 1.062
333.18 1.060

c «h 12/ c 6h 6 293.18 1.506
C6ÍI12/C6H14 293.18 3.192

A l t h o u g h  t h e  d e c r e a s e  w it h  t e m p e r a t u r e  o f  t h e  
r a t io  o f  t h e  v is c o s i t ie s  is  s m a l l  i t  e x c e e d s  t h e  d e v ia 

t i o n  o f  t h e  m e a s u r e m e n t s  a n d  is  b e l i e v e d  t o  b e  r e a l.
D u e  t o  t h e  n u m b e r  o f  s im p l i f y in g  a s s u m p t io n s  

i n v o l v e d  in  d e r iv in g  p r e s e n t ly  a v a i la b le  v i s c o s i t y  
e q u a t i o n s 9' 1 1 1 2  a n d  a ls o  b e c a u s e  t w o  im p o r t a n t  
p a r a m e t e r s  o f  m o s t  s u c h  e q u a t io n s  e n e r g y  o f  v a p o r 
i z a t i o n 10’13 a n d  “ e n e r g y  o f  a c t i v a t i o n  f o r  v i s c o u s  
f l o w ” 14 a p p e a r  t o  b e  s e n s i t iv e  t o  i s o t o p e  r e p la c e 
m e n t  i t  is  f e l t  t h a t  c o m p a r is o n  o f  t h e  d a t a  h e r e  r e 
p o r t e d  w i t h  p r e d i c t i o n s  o f  t h e  e q u a t io n s  m a y  n o t  
b e  m e a n in g fu l .  H o w e v e r ,  a s  p r e d i c t e d  b y  m o s t  o f  
t h e  t h e o r ie s  t h e  v i s c o s i t y  d o e s  a p p e a r  t o  b e  a  f u n c 
t i o n  o f  a  f r a c t i o n a l  p o w e r  o f  t h e  m o le c u la r  w e ig h t .

I n c lu d e d  in  T a b le  I I I  a r e  t h e  r a t io s  o f  t h e  v i s c o s 
i t ie s  o f  c y c l o h e x a n e  t o  b e n z e n e ,  a n d  o f  c y c l o h e x a n e  
t o  n -h e x a n e .  T h e s e  d a t a  p o in t  u p  a n  o b s e r v a t i o n  
p r e v i o u s ly  r e p o r t e d , 15 t h a t  t h e  e f f e c t  o f  m o le c u la r  
w e ig h t  o n  v i s c o s i t y  is  v e r y  s m a ll  in  c o m p a r is o n  
w i t h  t h e  e f fe c t s  o f  o t h e r  s t r u c t u r a l  p a r a m e t e r s .

T h e  in f r a r e d  s p e c t r a  o f  c y c l o h e x a n e -d i2 h a s  b e e n  
in c lu d e d  b e c a u s e  t h e  o n l y  p r e v i o u s ly  p u b l i s h e d  
s p e c t r o g r a m  w a s  o b t a i n e d 16 o n  m a t e r ia l  w h o s e  p u r 
i t y  a n d  i s o t o p i c  c o m p o s i t i o n  is  n o t  o b v i o u s .
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T H E  E L E C T I O N  T U N N E L L I N G  H Y P O T H E S I S  F O R  E L E C T R O N  E X C H A N G E
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The available data pertaining to electron-exchange reactions in aqueous solutions are collected and classified on the 
basis of the entropy of activation. An electron tunnelling mechanism is developed and discussed in relation to the Franck- 
Condon principle. The extremal value for the specific rate constant as a function of the distance of approach is used to 
determine the most stable activated complex. This maximization is necessary to find the best distance of approach for the 
interacting ions, leading to largest values for the probability of electron penetration consistent with the smallest energy of 
activation. An approximate expression for the closest distance of approach is derived and related to variables such as tem
perature, dielectric constant, and also to the nature of the reacting ionic species. Calculated values agree satisfactorily with 
the available experimental data.

Introduction
W h e r e a s  a n y  o x i d a t i o n - r e d u c t i o n  r e a c t io n  m a y  

b e  t e r m e d  a n  e le c t r o n - e x c h a n g e  r e a c t io n ,  t h is  n a m e  
is  m o r e  u s u a l ly  a p p l i e d  t o  a  g r o u p  o f  i o n i c  r e a c t io n s  
f o r  w h i c h  t h e  s t a n d a r d  f r e e  e n e r g y  c h a n g e  is  z e r o ,  
i.e., t h e  r e a c t in g  s p e c ie s  a r e  id e n t i c a l  w i t h  t h e  p r o d 
u c t s .  I n  s u c h  s y s t e m s ,  r a d i o a c t i v e  t r a c e r s  a r e  
u s u a l ly  e m p lo y e d  t o  f o l l o w  t h e  c o u r s e  o f  t h e  r e a c 
t i o n .  I t  a p p e a r s  t h a t  t h is  t e c h n iq u e  w a s  f ir s t  in -

(1 )  P r e s e n te d  in  p a r t  a t  th e  1 2 3 rd  N a t io n a l  M e e t in g  o f  th e  A m e r ic a n  
C h e m ic a l  S o c ie t y ,  L o s  A n g e le s , C a lifo rn ia , M a r c h , 1 9 5 3 . T h is  w o rk  
w a s  s u p p o r t e d  b y  t h e  U n iv e r s it y  o f  U ta h  R e s e a rc h  F u n d  a n d  b y  th e  
U . S . A t o m ic  E n e r g y  C o m m is s io n .

(2 )  T h is  m a te r ia l  is ta k e n  in  p a r t  fr o m  a  th e s is  s u b m it te d  b y  
R u d o lp h  J . M a r c u s  t o  th e  fa c u lt y  o f  th e  G ra d u a te  S c h o o l ,  U n iv e rs ity  
o f  U ta h , 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  
D o c t o r  o f  P h ilo s o p h y .

t r o d u c e d  b y  H e v e s y  a n d  Z e c h m e is t e r 3 in  1 9 2 0 . 
T h e  a v a i la b i l i t y  o f  r a d i o a c t i v e  t r a c e r  m a t e r ia ls  in  
r e c e n t  y e a r s  h a s  g r e a t ly  e x p a n d e d  w o r k  in  t h is  
f ie ld .  T h is  p a r t i c u la r  c la s s  o f  r e a c t io n s  c a n  b e  
g iv e n  a  m o r e  q u a n t i t a t i v e  f o r m u la t io n  a t  t h e  p r e s 
e n t  t im e .

T h e  p e r t in e n t  e x p e r im e n t a l  d a t a  a r e  p r e s e n t e d  
in  T a b le s  I  a n d  I I ,  b a s e d  o n  r e c e n t ly  p u b l i s h e d  
in fo r m a t io n  o n  e le c t r o n - e x c h a n g e  r e a c t io n s .  T h e  
t a b u la t e d  d a t a  r e fe r  o n l y  t o  t h e  rate-determining 
step in  e a c h  c a s e  e x c e p t  f o r  r e a c t i o n s  1 , 3  a n d  4  o f  
T a b le  I I ,  f o r  w h i c h  t h e  m e c h a n is m  o f  t h e  o v e r - a l l  
r e a c t i o n  is  le s s  c e r t a in .  A l l  o f  t h e s e  r a t e  s t u d ie s  
w e r e  c a r r ie d  o u t  in  p e r c h lo r a t e  s a l t  m e d ia  w h e r e  t h e

(3 )  G .  H e v e s y  a n d  L . Z e c h m e is te r , Z. Elektrochem., 2 6 , 151
(1 9 2 0 ).
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T a b l e  I
S u m m a r y  o f  D a t a

Rate constants measured at 25° for all reactions except the ones involving Fe+2, where the temperature was 20°. All 
reactions are first order in each of the two reactants. The electronic transmission coefficient («„) was evaluated from

the relation A/S  ̂ =  R In Ke.
AEcxp, a s + , a f +

R e a c t io n k c a l . /m o le e.u . k e a l . /mole R e fe r e n c e

Co(En)s +2-Co(En)3 +3 14.3 -3 3 23.5 7 X 10“ s 9
T1+-TIOH+2 14.7 -3 3 23.9 7 X to -8 10
VOH+2-V O +2 10.7 -2 4 17.2 0 X 10-8 11
Fe+2-F e+3 9.9 -2 5 10.7 4 X 10 —3 12
Fe+2-FeOH+2 7.4 -1 8 12.2 1 X 10“ 4 12
Fe+2-FeCl+2 8.8 -2 4 15.3 0 X 10~6 12
Fe+2-FeCl2 + 9.7 -2 0 15.1 5 X IQ-3 12

T a b l e  II
S u m m a r y  o f  D a t a

Rate constants measured at 25° for all reactions except the ones involving Ce+3 where the temperature was 0°. All re
actions are first order in each of the two reactants except U+4-U +6, which is second order in U+4.

A-Eexp, a.sT A F + O th er
R e a c t io n k c a l . /m o le e.u . k c a l . /m o le o rd e rs KB R e fe r e n c e

Fe+3-N p +4 35.0 +  51 19.2 [H R -3 13
Fe+3-h 3'droquinone ion 20.2 +53 3.8 14
U+Mj+8 33.4 +  31 23.0 [H +]-3 15
Sn+2-Sn+4 (libs, ale.) 23.7 +  16 18.3 16
Ce+3-C e+4 (1) 7.7 -4 0 18.0 2 X 10“ 9 17

(2) 24.0 +25 16.6 [H+] " 2 17

e f fe c t s  o f  c o m p le x in g  a r e  n e g l ig ib le .  T h is  q u e s t io n  
o f  p a r t i c ip a t io n  o f  f o r e ig n  a n io n s  in  t h e s e  r e a c t io n s  
h a s  b e e n  e x a m in e d  t h o r o u g h ly  a n d  t h e  r e s u l t s  a r e  
a v a i la b le  e ls e w h e r e .4

A m o n g  in o r g a n ic  s y s t e m s  o n ly  p o s i t i v e  io n s  h a v e  
b e e n  o b s e r v e d  t o  r e a c t  w i t h  m e a s u r a b le  r a te s .  S o m e  
p r e l im in a r y  s t u d ie s  h a v e  b e e n  m a d e  b y  A d a m s o n 5 
a n d  c o - w o r k e r s  o n  e le c t r o n - e x c h a n g e  r e a c t io n s  in 
v o l v i n g  n e g a t iv e  i o n s ;  in  g e n e r a l ,  th e s e  p r o c e e d  
w it h  im m e a s u r a b ly  fa s t  r a te s .  O t h e r  w o r k e r s 6-8 
h a v e  o b t a in e d  s im ila r  r e s u l t s  w it h  n e g a t iv e  io n  r e 
a c t i o n s .  T h e  r e a s o n  f o r  t h is  is  t h a t  t h e  r e o r g a n iz a 
t i o n  f r e e  e n e r g y  o f  a c t i v a t i o n ,  A F f,  o f  t h e  h y d r a 
t i o n  s h e ll  is  s o  s m a l l  f o r  n e g a t iv e  io n s  t h a t  t h e  e le c 
t r o n  t r a n s fe r  b e c o m e s  im m e a s u r a b ly  fa s t .

A n  e x a m in a t i o n  o f  t h e  d a t a  in  T a b le s  I  a n d  I I  
in d i c a t e s  t h a t  t h e r e  a r e  t w o  p o s s ib le  r e a c t io n  p a t h s  
f o r  e le c t r o n - e x c h a n g e  r e a c t i o n s : o n e  w i t h  a  l o w  e n 
e r g y  o f  a c t i v a t i o n  a n d  a  n e g a t iv e  e n t r o p y  o f  a c t i v a 
t i o n  (i.e., l o w  f r e q u e n c y  c o n s t a n t ) ,  a n d  t h e  o t h e r  
w it h  a  h ig h e r  e n e r g y  o f  a c t i v a t i o n  a n d  a  p o s i t i v e  
e n t r o p y  o f  a c t i v a t i o n  (i.e., h ig h  f r e q u e n c y  c o n 
s t a n t ) .  I t  is  in t e r e s t in g  t o  s e e  t h a t  t h e  c e r iu m  r e -

(4 )  R .  J . M a r c u s ,  T h e s is , U n iv e r s it y  o f  U ta h , 195 4 .
(5 )  A .  A .  A d a m s o n , T h is J o u r n a l , 56, 8 5 8  (1 9 5 2 ).
(6 )  F . P . D w y e r  a n d  E .  C . G y a r fa s , Nature, 166, 481  (1 9 5 0 ) .
(7 ) J . C .  H o rn ig , G . L . Z im m e r m a n  a n d  W . F . L ib b y ,  J. Am. Chem. 

Soc., 72, 3 8 0 8  (1 9 5 0 ) .
(8 ) R .  L . W o lfg a n g , ibid., 74, 6 1 1 4  (1 9 5 2 ).
(9 ) W . B . L e w is , C . D .  C o r y e l l  a n d  J . W .  I r v in e ,  J. Chem. Soc., 

S u p p l. Is su e  N o . 2 , S 3 8 6  (1 9 4 9 ) .
(1 0 ) G . H a r b o t t le  a n d  R .  W . D o d s o n ,  J. Am. Chem. Soc., 7 3 , 2 44 2

(1 9 5 1 )  .
(1 1 ) S . C . F u rm a n  a n d  C . S . G a rn e r , ibid., 7 4 ,  2 3 3 3  (1 9 5 2 ).
(1 2 ) J . S ilv e rm a n  a n d  R .  W .  D o d s o n , T h is  J o u r n a l , 56, 8 4 6

(1 9 5 2 )  .
(1 3 )  J . R .  H u iz e n g a  a n d  L . B . M a g n u s s o n , J. Am. Chem. Soc., 73, 

3 2 0 2  (1 9 5 1 ).
(1 4 ) J . H . B a x e n d a le , H . R .  H a r d y  a n d  L . H . S u tc lif fe , Trans. Fara

day Soc., 47, 963  (1 9 5 1 ) .
(1 5 )  E . R o n a , J. Am. Chem. Soc., 7 2 , 4 3 3 9  (1 9 5 0 ) .
(1 6 ) E . G . M e y e r  a n d  M . K a h n , ibid., 73, 4 9 5 0  (1 9 5 1 ).
(1 7 )  J . W . G r y d e r  a n d  R .  W . D o d s o n , ibid., 73, 2 8 9 0  (1 9 5 1 ).

a c t i o n  m a y  p r o c e e d  b y  e i t h e r  p a t h ; f o r  a l l  o t h e r  r e 
a c t i o n s ,  o n e  o r  t h e  o t h e r  o f  th e s e  p o s s ib le  p a t h s  is  
d e f in i t e ly  f a v o r e d .  A  c o n s id e r a t i o n  o f  t h e  c u r r e n t  
t h e o r ie s  a n d  m o d e ls  b a s e d  o n  m e d ia  e f fe c t s  s u c h  a s  
d ie l e c t r i c  c o n s t a n t ,  i o n i c  s t r e n g t h ,  e l e c t r o s t a t i c  
c h a r g e  e f fe c t s ,  t h e  e f fe c t s  o f  s o l v a t i o n  a n d  d e s o lv a 
t i o n  o f  t h e  a c t i v a t e d  c o m p le x ,  fa i l  t o  y ie ld  a  c o n s i s t 
e n t  e x p la n a t io n  o f  t h e  a b o v e  f a c t s .4 A n  a p p r o a c h  
in c lu d in g ,  in  a d d i t i o n ,  t h e  h y p o t h e s i s  o f  e le c t r o n  
t u n n e l l in g  e x p la in s  t h e s e  a n o m a lo u s  e x p e r im e n t a l  
r e s u lts  s a t is fa c t o r i ly .

Application of the Franck-Condon Principle
I n  t h e  o x i d a t i o n - r e d u c t i o n  r e a c t io n s  u n d e r  c o n 

s id e r a t io n ,  t h e  p o l y a t o m i c  io n s  m o d i f y  t h e ir  s t r u c 
t u r e  in  s u c h  a  w a y  t h a t  t r a n s fe r  o f  t h e  e le c t r o n  
le a v e s  t h e  t o t a l  e n e r g y  u n c h a n g e d .  D u r in g  t h e  
a p p r o a c h  o f  th e  r e a c t iv e  i o n i c  s p e c ie s  le a d in g  t o  t h e  
t r a n s i t io n  s t a t e ,  i o n i c  r e p u ls io n  f o r c e s  a r e  o v e r c o m e  
a n d  t h e  c o o r d in a t io n  a n d  h y d r a t i o n  s h e lls  o f  b o t h  
io n s  r e a r r a n g e d  u n t i l  t h e ir  e l e c t r o n i c  s t a t e s  a r e  
s y m m e t r ic a l ,  th u s  p e r m it t in g  a  r a p id  t r a n s i t io n  t o  
t a k e  p la c e .  T h o s e  c o n f ig u r a t io n s  w h i c h  g iv e  t h e  
fa s t e s t  r e a c t io n  w i l l  b e  t h e  o n e s  m e a s u r e d .

S u c h  c o n f ig u r a t io n s  w i l l  b e  t h e  b e s t  c o m p r o m is e  
g i v i n g  f r e q u e n t  e le c t r o n i c  t r a n s i t io n s  w i t h o u t  t o o  
h ig h  a  fr e e  e n e r g y  o f  a c t i v a t i o n .  T h u s  a n y  m e a s u r 
a b le  r a t e  f o r  a n  o x i d a t i o n - r e d u c t i o n  r e a c t io n  n e c 
e s s a r i ly  in v o lv e s  a  t r a n s m is s io n  c o e f f i c i e n t  le s s  t h a n  
u n i t y  s in c e  i t  is  a r r iv e d  a t  a s  t h is  b e s t  c o m p r o m is e .  
T o  a  f ir s t  a p p r o x im a t io n ,  i t s  m a g n i t u d e  w il l  b e  
d e t e r m in e d  b y  t h e  h e ig h t  a n d  t h ic k n e s s  o f  t h e  
e le c t r o n i c  b a r r ie r  f o r  t h is  t r a n s i t io n .  T h e  v a r ia t io n  
in  t h e  t h ic k n e s s  o f  t h e  e le c t r o n i c  b a r r ie r  w i t h  th e  
r e la t iv e  d is t a n c e  o f  a p p r o a c h  o f  t h e  t w o  io n s  is  
s h o w n  s c h e m a t i c a l l y  in  F ig .  l b  a n d  is  r e la t e d  t o  t h e  
t o t a l  m o le c u la r  e le c t r o n i c  e n e r g y  o f  t h e  r e a c t io n  
s y s t e m  in  F ig .  l a  f o r  t h r e e  v a lu e s  o f  t h e  a t o m ic  r e a c 
t i o n  c o o r d in a t e .

I t  is  t o  b e  e x p e c t e d  t h a t  c a s e s  w il l  e x is t  w h e r e
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ATOMIC REACTION COORDINATE (r) 
Fig. la.

ELECTRONIC COORDINATE 
Fig. I b.

t h e  e le c t r o n i c  b a r r ie r  is  q u i t e  t h in  a t  t h e  t r a n s i t io n  
p o in t  w it h  t h e  p r o b a b i l i t y  o f  t r a n s i t io n ,  i . c . ,  th e  
t r a n s m is s io n  c o e f f i c ie n t ,  b e in g  n e a r  u n i t y .  T h is  e x 
t r e m e  c a s e  is  d e m o n s t r a t e d  b y  th e  c la s s  o f  r e a c t io n s  
w i t h  p o s i t i v e  e n t r o p ie s  o f  a c t i v a t i o n  a n d  la r g e  
e n e r g ie s  o f  a c t i v a t i o n ,  t h e  la t t e r  b e in g  d u e  t o  t h e  
c lo s e n e s s  o f  a p p r o a c h  o f  t h e  r e a c t in g  c a t io n s .  T h e  
p o s i t i v e  e n t r o p ie s  o f  a c t i v a t i o n  c a n , in  t u r n ,  b e  a s 
c r ib e d  t o  d e h y d r a t io n  a n d  c h a n g e  in  c o o r d in a t io n  
in  t h e  a c t i v a t e d  s ta t e s .  T h e  e n t r o p y  o f  fu s io n  f o r  
w a t e r  is  5 .3  e .u .  p e r  m o le .  T h e  n u m b e r  o f  w a t e r  
m o le c u le s  lo s t  in  t h e  d e h y d r a t io n  p r o c e s s  is  a c t u a l ly  
g r e a t e r  t h a n  t h a t  in d i c a t e d  b y  t h e  a p p a r e n t  p o s i 
t i v e  e n t r o p y  o f  a c t i v a t i o n  b y  t h e  a m o u n t  n e c e s s a r y  
t o  c o m p e n s a t e  f o r  t h e  t r a n s m is s io n  c o e f f i c ie n t  being - 
le s s  t h a n  u n i t y .

T h e  r e a c t io n s  c h a r a c t e r iz e d  b y  a p p a r e n t  n e g a 
t i v e  e n t r o p ie s  o f  a c t i v a t i o n  ( c a l c u la t e d  b y  t a k in g  
k =  1 ) ,  a c c o r d in g  t o  t h e  p r o p o s e d  m o d e l ,  a re  t h o s e  
w i t h  a p p r e c ia b le  e le c t r o n  b a r r ie r  w id t h s  a t  t h e  a c 
t i v a t e d  s t a t e ,  c o n s i s t e n t  w i t h  s m a lle r  e n e r g ie s  o f  
a c t i v a t i o n  a t  la r g e r  c r i t i c a l  d is t a n c e s  o f  i o n  a p 
p r o a c h .  T h u s ,  a s  p r e v io u s ly  s t a t e d ,  a  r e a c t i o n  o c 
c u r s  a t  a  m a x im u m  v e l o c i t y  f o r  t h e  p a r t i c u la r  a c 
t i v a t e d  s t a t e  d e f in e d  in  t e r m s  o f  t h e  m a x im u m  
v a lu e  f o r  t h e  p r o d u c t  o f  t h e  e le c t r o n i c  t r a n s m is s io n  
c o e f f i c ie n t  a n d  t h e  f a c t o r  e x p  ( — A F*/RT). 
Q u a l i t a t i v e ly ,  s o m e w h a t  s im ila r  c o n s id e r a t io n s  
h a v e  b e e n  d is c u s s e d  b y  F r a n c k  a n d  m o r e  r e c e n t ly  
b y  L i b b y . 18-19

T h e o r e t i c a l  A n a ly s is

I n  a  c o m p le t e  s o lu t io n  t o  t h e  p r o b l e m  o f  a n  e le c 
t r o n - e x c h a n g in g  p o s i t i o n s  b e t w e e n  t w o  p o l y a t o m i c  
c a t i o n s ,  i t  is  n e c e s s a r y  t o  c a lc u la t e  t h e  p r o b a b i l i t y  
o f  e l e c t r o n i c  t r a n s i t io n s  f r o m  t h e  k n o w n  e ig e n fu n c -

(1 8 ) W .  F . L ib b y ,  T his J o u r n a l , 5 6 , 863  (1 9 5 2 ) .
(1 9 )  R .  J. M a r c u s ,  B . J . Z w o lin s k i a n d  H . E y r in g ,  t o  b e  p u b lis h e d .

t i o n s  f o r  t h e  t w o  c a t io n s .  T h e  a p p r o x im a t io n s  
t h a t  h a v e  t o  b e  m a d e  w it h  r e s p e c t  t o  t h e  n u c le a r  
c o o r d in a t e s  o f  c o m p le x  s y s t e m s  t o  m a k e  t h e s e  c a l 
c u la t io n s  p o s s ib le  h a v e  b e e n  p o in t e d  o u t  r e c e n t l y  
in  a  p a p e r  b y  M e lv i n  L a x .20 I n  o u r  p a r t i c u la r  a p 
p r o a c h  t o  t h e  p r o b le m ,  t h e  p r o b a b i l i t y  o f  a n  e le c 
t r o n i c  t r a n s i t io n  is  c o n s id e r e d  a s  a  t r a n s m is s io n  
c o e f f i c ie n t  (Ke) in  t h e  e x p r e s s io n  f o r  t h e  s p e c i f i c  
r a t e  c o n s t a n t  a n d ,  in  a d d i t i o n ,  t h e  f r e e  e n e r g y  o f  
a c t i v a t i o n  f o r  t h e  e le c t r o n  e x c h a n g e  r e a c t io n  is  
c o n s id e r e d  t o  b e  m a d e  u p  o f  t h e  f r e e  e n e r g y  f o r  r e 
a r r a n g e m e n t  o f  t h e  h y d r a t io n  a n d  c o o r d in a t io n  
s h e lls  o f  t h e  t w o  c a t io n s  p lu s  t h e  e le c t r o s t a t i c  r e 
p u ls iv e  e n e r g y .  T h e  e x c h a n g e  r e p u ls io n s  o f  in n e r  
s h e lls  h a v e  b e e n  a s s u m e d  t o  m a k e  a  n e g l ig ib le  c o n 
t r ib u t io n  b e c a u s e  o f  t h e  c o m p a r a t i v e ly  la r g e  in t e r -  
i o n i c  d is t a n c e s  o f  e l e c t r o n  t r a n s fe r .  S im i la r ly ,  t h e  
f r e e  e n e r g y  c h a n g e  d u e  t o  c o o r d in a t io n  a n d  h y d r a 
t i o n  c h a n g e s  s e e m  la r g e ly  u n a f fe c t e d  b y  t h e  a p 
p r o a c h  o f  t h e  io n s  t o w a r d  e a c h  o t h e r  a t  t h e  la r g e  
d is t a n c e  a t  w h ic h  e le c t r o n  t r a n s fe r  o c c u r s .  T h e  
c o n t r ib u t io n s  c o n s id e r e d  w il l  b e  d is c u s s e d  in  tu r n .

F o r  c o n v e n ie n c e ,  t h e  e le c t r o n i c  t r a n s m is s io n  c o 
e f f i c i e n t  is  a s s u m e d  t o  b e  r e p r e s e n t e d  b y  t h e  a p 
p r o x im a t e  e x p r e s s io n  w h i c h  c a n  b e  d e r iv e d  f o r  t h e  
c a s e  o f  a  t r ia n g u la r  p o t e n t ia l  b a r r ie r .21 T h i s  c a n  
b e  e x p r e s s e d  in  t h e  f o l l o w in g  f o r m

/ce = exp rob(2?n(7 -  IF))'/(J 0 )
w h e r e

V = height of the electron barrier 
W = kinetic energy of the tunnelling electron 
Tab = tunnelling distance 
m = electron mass 
h = Planck’s constant

T h e  c h o i c e  o f  t h e  e x p r e s s io n  f o r  a  t r ia n g u la r  b a r r ie r  
w a s  d i c t a t e d  b y  t h e  e a s e  o f  a lg e b r a ic  m a n ip u la t io n  
in  t h e  a n a ly s is  w h i c h  fo l l o w s .  I t  is  r e c o g n iz e d  t h a t  
t h e  c h a r a c t e r is t i c s  o f  t h e  a c t u a l  b a r r ie r  w il l  b e  in 
t e r m e d ia t e  b e t w e e n  t h e  t w o  e x t r e m e s  o f  t r ia n g u la r  
a n d  r e c t a n g u la r  b a r r ie r s .  A t  a  p o in t  w h e r e  V  =  
— 2 1T a n d  Vm = 0 , w h e r e  t h e  e le c t r o n  t u n n e l l in g  
d is t a n c e s  t h r o u g h  t h e  t w o  k in d s  o f  b a r r ie r s  a r e  
e q u a l ,  t h e  r a t i o  o f  t r a n s m is s io n  c o e f f i c ie n t s  is  f o u n d  
t o  b e

Xpert. A tr i. = 4 exp [̂  — ^  (toF)'A  rahj (2)
o

F o r  v a lu e s  o f  rab o f  3 , 6 a n d  9 A . ,  t h e  r a t i o  in  e q u a 
t i o n  2  h a s  t h e  v a lu e s  0 .6 3 , 0 .1 0  a n d  0 .0 2 5 ,  r e s p e c 
t i v e ly ,  w h e n  a  v a lu e  o f  V  =  6 .7  e .v . ,  c o r r e s p o n d in g  
t o  t h e  F e + 2- F e + 3 s y s t e m  is  u s e d .

I n  e s t im a t in g  t h e  h e ig h t  o f  t h e  e le c t r o n i c  b a r r ie r ,  
h o w e v e r ,  a  s m o o t h e d  p o t e n t ia l  f u n c t i o n  is  a c t u a l l y  
u s e d , b a s e d  o n  t h e  s im p le  o n e -d im e n s i o n a l  e l e c t r o 
s t a t i c  m o d e l  t h a t  is  d ia g r a m m e d  in  F ig .  2 . T h e  
h e ig h t  o f  t h e  p o t e n t ia l  b a r r ie r  is  t h e n  g iv e n  b y

V =  Fm — Vo (3)

w h e r e  V0 is  t h e  z e r o - p o i n t  e n e r g y  o f  t h e  e l e c t r o n  
a n d  F m is  t h e  m a x im u m  p o t e n t ia l  e n e r g y  f o r  t h e  
s y s t e m  c o n s i s t in g  o f  t h e  e x c h a n g in g  e l e c t r o n  in t e r 
a c t i n g  w i t h  t h e  t w o  c a t io n s  o f  c h a r g e s  n& a n d  n\„ 
r e s p e c t iv e ly .

(2 0 )  M .  L a x , J. Chem. Phys., 2 0 , 1752  (1 9 5 2 ).
(2 1 ) N . F .  M o t t  a n d  I .  N . S n e d d o n , “ W a v e  M e c h a n ic s  a n d  I t s  

A p p li c a t io n s ,”  C la r e n d o n  P ress , O x fo r d ,  1948 .
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U s in g  C o u l o m b ’s  la w  f o r  p o in t  c h a r g e s ,  a n d  a s 
s u m in g  t h e  c a t i o n s  t o  b e  f ix e d  a t  s o m e  d is t a n c e  r ab, 
t h e  p o t e n t ia l  e n e r g y  is  e x p r e s s e d  b y

y, = elnKnb _  ehu. _ eznh .
Di'ab Dx D(rab — x)

w h e r e  D is  t h e  d ie l e c t r i c  c o n s t a n t  o f  t h e  m e d iu m  
a n d  x is  t h e  d is t a n c e  o f  t h e  in t e r a c t in g  e le c t r o n  
f r o m  th e  c a t i o n  o f  s m a l le r  i o n i z a t i o n  p o t e n t ia l  {na). 
M a x im iz in g  w it h  r e s p e c t  t o  x, o n e  o b t a in s

* ra b* =  i f----1 +  7
(5)

w h e r e  7 2 =  Wb/'fta an(l in timi

(0)

w h e r e

f(w ) =  n a[ ( l  +  y ) 2 — rib]

A n  e x p r e s s io n  is  n e e d e d  f o r  t h e  z e r o - p o i n t  e n e r g y  
o f  t h e  e x c h a n g in g  e le c t r o n  t o  p e r m it  o n e  t o  c a l c u 
la t e  t h e  h e ig h t  o f  t h e  b a r r ie r  b y  u se  o f  e q u a t io n  3 . 
I t  is  a s s u m e d  t h a t  t h e  z e r o - p o i n t  e n e r g y  is  g iv e n  b y

w h e r e  Z* is  t h e  p o s i t i v e  c h a r g e  o n  t h e  c e n t r a l  a t o m  
o f  t h e  c o m p le x  i o n  a n d  r 0 i s  t h e  r a d iu s  o f  t h e  c la s s i
c a l  o r b i t  f o r  t h e  e x c h a n g in g  e le c t r o n .  E q u a t i o n  7 
a p p l ie s  t o  t h e  c o m p le x  c a t i o n  w h o s e  c e n t r a l  c o o r d in 
a t e d  a t o m  o r  i o n  h a s  t h e  s m a lle s t  io n iz a t io n  p o t e n 
t ia l .  W h e n  a l l  t h e  c o o r d in a t in g  g r o u p s  a b o u t  t h e  
c e n t r a l  io n  a r e  n e u t r a l ,  t h e n  Z * =  n a. T h e  r a d iu s  
o f  t h e  e l e c t r o n i c  o r b i t  is  a s s u m e d  t o  b e  g iv e n  b y

r0 = n*2at> (8)
H e r e  n* is  t h e  e f f e c t i v e  p r in c ip a l  q u a n t u m  n u m b e r  
a s  g iv e n  b y  R i c e ,22 a n d  a0 is  t h e  B o h r  r a d iu s . O t h e r  
e x p r e s s io n s  f o r  t h is  r a d iu s  h a v e  a ls o  b e e n  c o n s id 
e r e d , s u c h  a s  t h o s e  d e r iv e d  f r o m  S la t e r  a t o m ic  e i 
g e n fu n c t i o n s ;  h o w e v e r ,  t h e r e  s e e m s  t o  b e  c o n s id e r 
a b le  u n c e r t a in t y  a b o u t  t h e  p r o p e r  e x p r e s s io n  f o r  r 0 
f o r  the: c a s e  o f  h y d r a t e d  i o n s  in  s o lu t io n .  T h e r e  
s e e m s  l i t t le  t o  c h o o s e  b e t w e e n  t h e  d i f f e r e n t  p o s s i 
b le  e s t im a t e s  o f  rn e x c e p t  t h a t  t h e  p r e s e n t  c h o i c e  
le a d s  t o  a  m o r e  r e a s o n a b le  d is t a n c e  o f  a p p r o a c h  o f  
t h e  io n s .

F r o m  e q u a t io n s  3 , 6 a n d  7 , t h e  h e ig h t  o f  t h e  e le c 
t r o n i c  b a r r ie r  is  g i v e n  b y

e2Z* _ e2f(n) 
To Drab (9)

T o  t h e  s a m e  a p p r o x im a t io n  a s  f o r  t h e  p o t e n t ia l  
e n e r g y  o f  t h e  e le c t r o n  g iv e n  b y  e q u a t io n  7 , t h e  k i 
n e t ic  e n e r g y  W is , a c c o r d in g  t o  t h e  v ir ia l  t h e o r e m

e2Z *
w  =  * -  ( 10)LI o

T h e  e x p r e s s io n  f o r  t h e  t r a n s m is s io n  c o e f f i c ie n t ,  
b a s e d  o n  t h e  a b o v e  a p p r o x im a t io n s  is  n o w

T h e  f r e e  e n e r g y  o f  a c t i v a t i o n  is  a s s u m e d  t o  b e  
m a d e  u p  o f  t h e  e le c t r o s t a t i c  r e p u ls io n  e n e r g y  c o n t r i 
b u t i o n  a n d  o f  t h e  e n e r g y  A F r *  a r is in g  f r o m  t h e  r e -

(2 2 ) O . K . R ic e ,  “ E le c t r o n ic  S tr u c tu r e  a n d  C h e m ic a l  B in d in g ,”  
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 . ,  1940 , p , 96 .

Fig. 2.

o r g a n iz a t i o n  o f  t h e  c o o r d in a t i o n  a n d  h y d r a t io n  
s h e lls  o f  t h e  t w o  r e a c t in g  io n s . T h e  s p e c i f i c  r a te  
c o n s t a n t  f o r  t h e  e le c t r o n - e x c h a n g e  r e a c t io n  is , 
t h e r e fo r e

., k'T \
k = T e x p - -

8  7T

3h r‘ b 2 r„ Dr a h/J
A F ^  e2naiih I ~RT ~ RTDrab \ (12)

w h e r e  A i s  t h e  a c t i v a t i o n  f r e e  e n e r g y  f o r  r e a r 
r a n g e m e n t  o f  t h e  h y d r a t io n  a n d  c o o r d in a t i o n  s h e lls  
a n d  D is  th e  d ie l e c t r i c  c o n s t a n t .  T h e  b e s t  d is 
t a n c e  f o r  e le c t r o n  t r a n s fe r  is  u s u a l ly  a t  a  s u f f i c ie n t ly  
la r g e  d is t a n c e  t h a t  t h e  t w o  r e a c t in g  io n s  in t e r fe r e  
n e g l ig ib ly  w it h  e a c h  o t h e r ’ s h y d r a t i o n  s h e ll . I n  
t h is  c a s e  a =  d A F ^ /drab^ O . T h e  o r d in a r y  a t o m i c  
o r  n u c le a r  t r a n s m is s io n  c o e f f i c i e n t  is  a s s u m e d  t o  
b e  u n i t y .

E x p r e s s i o n  1 2  f o r  t h e  r a te  c o n s t a n t  in c lu d e s  in  
t h e  e x p o n e n t  t h e  c o n t r ib u t i o n  t o  t h e  a p p a r e n t  
e n t r o p y  o f  a c t i v a t i o n  ( - R  In kc) m a d e  b y  t h e  
e le c t r o n i c  t r a n s m is s io n  c o e f f i c ie n t .  T h e r e  is  a ls o  a  
p o s i t i v e  a c t i v a t i o n  e n t r o p y  o f  r e a r r a n g e m e n t  (A .S r* )  
a s  p a r t  o f  t h e  fr e e  e n e r g y  o f  r e a r r a n g e m e n t .  T h is  
f o r m u la t io n  o f  t h e  r a t e  c o n s t a n t  e x p r e s s e s  t h e  c o m 
p e t i t i o n  b e t w e e n  t h e  t w o  m e c h a n is m s  t h a t  h a v e  
b e e n  i n d i c a t e d :  n a m e ly ,  t h e  “ e a s y ”  p a t h  o f  l o w  
r e p u ls iv e  e n e r g y  le a d in g  t o  t h e  la r g e r  t u n n e l l in g  
d is t a n c e s  f o r  t h e  e le c t r o n ,  a n d  t h e  “ h a r d ”  p a t h  o f  
c l o s e  a p p r o a c h  w h e r e  « e h a s  a n  in c r e a s e d  v a lu e  
a p p r o a c h in g  u n i t y .  A t  s o m e  d e f in i t e  v a lu e  o f  r ab 
t h e s e  t w o  te n d e n c ie s  w i l l  b a la n c e  e a c h  o t h e r ,  a n d  
t h e r e  w i l l  b e  a  c r i t i c a l  o r  “ b e s t  ”  in t e r c a t i o n i c  d i s 
t a n c e  a t  w h i c h  t h e  r a t e  o f  r e a c t i o n  w i l l  h a v e  i t s  
m a x im u m  v a lu e .  I f  t h is  r e s is t a n c e  t o  e l e c t r o n  
e x c h a n g e  d id  n o t  e x is t , e l e c t r o n  t u n n e l l in g  w o u l d  
o c c u r  a t  la r g e  d is t a n c e s .

T o  f in d  t h e  c r i t i c a l  v a lu e  o f  t h e  in t e r c a t i o n i c  d is 
t a n c e  in  t h e  a c t i v a t e d  s t a t e ,  it  is  n e c e s s a r y  t o  f in d  
t h e  e x t r e m a l  v a lu e  f o r  t h e  s p e c i f i c  r a t e  c o n s t a n t  w it h  
r e s p e c t  t o  r ab. B y  d e f in in g  t h e  f o l l o w in g  d im e n 
s io n le s s  p a r a m e t e r s

_  MirhnebaZ*
° ~  9/i2

, __128x2»reeVof(n)
b =  W D

_  e2raanb 
C ”  kTDro

. 1  d A F r±

r0kT da ~ 0
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a n d  t h e  n o r m a l i z e d  v a r ia b le s w h ic h  e x p r e s s io n  is  s e t  e q u a l  t o  z e r o  a n d  o n  p r o p e r  
f a c t o r in g  r e d u c e s  t o

a'/«( 1 — b/2ax)/(l — b/ax)'/> =  c/x2 (15)

rB
e q u a t i o n  12  in  l o g a r i t h m ic  f o r m  c a n  th e n  b e  e x 
p r e s s e d  a s

— In y =  (ax2 — bx)lA - f  f a  dx +  c/x (13) 

M a x im iz in g  w i t h  r e s p e c t  t o  x, o n e  o b t a in s

— d In y/dx =  (2ax — 6)/2(ax2 — bx)Vt — c/x2 (14)

Z*. n¡ji b.
Fig. 4.

o~o
£

fc,<

Fig. 5.

U s in g  t h e  b in o m ia l  e x p a n s io n  o n  t h e  s q u a r e  r o o t  
t e r m  a n d  r e t a in in g  o n ly  t h e  f ir s t  t w o  t e r m s  o f  t h e  
e x p a n s io n ,  (1 5 )  s im p l i f ie s  t o

x 2 =  c /a 'A  (16a)

T h e  c r i t i c a l  p a r a m e t e r  in  t h is  e x p a n s io n  is  t h e  d i 
e le c t r i c  c o n s t a n t  o f  t h e  m e d iu m . I f  D is  s e t  e q u a l  
t o  8  a n d  t h e  v a lu e s  f in) =  6 .5 ,  r0 =  4 .3  X  1 0 -8  
c m . ,  Z* =  2 a n d  r ab =  6 .5  X  1 0 ~ 8 c m .  a r e  u s e d  f o r  
a ll  t h e  o t h e r  p a r a m e t e r s ,  t h e  e r r o r  is  f o u n d  t o  b e  
a b o u t  7 %  i f  t h e  q u a d r a t ic  t e r m  is  n e g le c t e d  in  
t h e  e x p a n s io n .  F o r  D ^  7 0 , t h is  e r r o r  is  r e d u c e d  t o  
le s s  t h a n  0 . 1 % .  S u b s t i t u t in g  t h e  p a r a m e t e r s  d e 
f in e d  a b o v e ,  t h e  e x p l i c i t  e x p r e s s io n  f o r  t h e  c r i t i c a l  
in t e r e a t io n ic  d is t a n c e  in  t h e  a c t i v a t e d  s t a t e  is , in  
th is  a p p r o x im a t io n

* 2 _  3e2rca»bW /* <.
r“b -  8rekDT(mZ*)'/■> ( >

Discussion
O n  t h e  b a s is  o f  t h e  e q u a t io n s  d e v e l o p e d  in  t h e  

p r e c e d in g  s e c t i o n ,  v a lu e s  o f  t h e  f r e e  e n e r g ie s  o f  a c 
t i v a t i o n  o f  e l e c t r o n - e x c h a n g e  r e a c t io n s  c a n  b e  c a l 
c u la t e d  p r o v id e d  v a lu e s  o f  AF^  a r e  k n o w n .  I f  
A F r *  is  t a k e n  e q u a l  t o  8 .1  k e a l .  f o r  a l l  t h e s e  r e a c 
t i o n s ,  o n e  f in d s  t h e  c a l c u la t e d  v a lu e s  g i v e n  in  t h e  
n e x t  t o  t h e  la s t  c o lu m n  o f  T a b le  I I I .  I n  r e a c t io n s  
w h e r e  t h e  c o o r d in a t i o n  is  d i f f e r e n t  f o r  t h e  t w o  r e 
a c t i n g  io n s  i t  is  n o t  s u r p r is in g  t o  f in d  A F r+  d i f f e r e n t  
f r o m  8 .1  k e a l .  T h e  c r i t i c a l  v a lu e s  o f  r * b, t h e  t u n 
n e l l in g  d i s t a n c e  f o r  th e o e x c h a n g in g  e le c t r o n ,  w e r e  
f o u n d  t o  v a r y  f r o m  3 .4  A .  f o r  t h e  F e +2- F e C l 2+1 s y s 
t e m  t o  9 .3  A .  f o r  t h e  C e +3- C e + 4 s y s t e m .  T h e s e  
d is t a n c e s  a p p e a r  t o  b e  o f  th e  r ig h t  o r d e r  o f  m a g n i 
t u d e  a n d  s o  p r o v id e  s o m e  ju s t i f i c a t i o n  o f  t h e  p r o 
p o s e d  m o d e l  f o r  t h e  e le c t r o n - e x c h a n g e  p r o c e s s .

T able III
C omparison o r  E lectrostatic M odel with  E x p e r i

mental D ata"

R e a c t io n
r*ab
(A .)

- R T  
In Ke A F ^ r e p .

A F = t T o t a l  
C a le d .  O b s .

C o ( e n ) 3+2- C o ( e n ) 3 +* 5 . 9 4 .3 8 4 .3 2 1 6 .8 2 3 .5
T l +1- T 1 0 H  +a 3 . 3 2 .6 3 2 .5 7 1 3 .3 2 3 . 9
V O H + 2 -V O + 2 4 . 4 4 . 0 0 3 . 8 6 1 6 .0 1 7 .2
F e +2- F e +8 6 . 0 4 .3 7 4 . 2 5 1 6 .7b 1 6 .7
F e +2- F e O H  +î 4 . 9 3 .5 7 3 .4 7 1 5 .1 1 2 .2
F e  +2- F e C I +2 4 . 9 3 .5 7 3 .4 7 1 5 .1 1 5 .3
F e +2- F e C h +1 3 . 4 2 . 4 8 2 . 5 0 1 3 .1 1 5 .1
C e +8- C e +4 9 . 3 5 .5 2 5 .4 8 1 9 .1 1 8 .0

“ All energy values in keal./mole for D =  78. 6 Fitted
value.

I t  is  o f  in t e r e s t  t o  e x a m in e  t h e  v a r ia t io n  o f  t h e  
c a l c u la t e d  f r e e  e n e r g ie s  o f  a c t i v a t i o n  w i t h  t h e  in d i 
v id u a l  p a r a m e t e r s  o f  th is  m o d e l .  T h e  r e s u l t s  a re  
i l lu s t r a t e d  in  F ig s .  3 , 4  a n d  5 . F ig u r e  3  s h o w s  t h e  
v a r ia t io n  o f  t h e  c a lc u la t e d  f r e e  e n e r g y  o f  a c t i v a t i o n  
w i t h  t h e  t u n n e l l in g  d is t a n c e .  T h e  c u r v e s  r e p r e 
s e n t e d  in  t h e  t h r e e  f ig u r e s  h a v e  b e e n  c a l c u la t e d  b y  
v a r y in g  o n l y  t h e  s p e c i f i c  p a r a m e t e r  n a m e d ,  w h i le  
h o ld in g  t h e  o t h e r  p a r a m e t e r s  c o n s t a n t .  T h e  F e + 2-  
F e +3 s y s t e m  h a s  b e e n  t h e  o n e  c h o s e n  f o r  t h e s e  f ig 
u r e s , a l t h o u g h  a n y  o f  t h e  o t h e r  s y s t e m s  w o u l d  h a v e  
s e r v e d  a s  w e ll .  F ig u r e  4  s h o w s  t h e  r e la t io n s h ip  
b e t w e e n  t h e  c a l c u la t e d  f r e e  e n e r g y  o f  a c t i v a t i o n
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a n d  (a )  t h e  c h a r g e  (Z*) o n  t h e  c e n t r a l  i o n  o f  s m a l le r  
io n iz a t io n  p o t e n t ia l  a n d  ( b )  t h e  p r o d u c t  ?iarn> o f  
t h e  c h a r g e s  o f  t h e  r e a c t a n t  c o m p le x  io n s .  B o t h  
th e s e  c u r v e s  s h o w  t h a t  a s  t h e  c h a r g e s  o n  io n s  a r e  
in c r e a s e d ,  t h e r e  is  a  c o r r e s p o n d in g  in c r e a s e  o f  t h e  
f r e e  e n e r g y  o f  a c t i v a t i o n .  T h is  in  t u r n  c o r r e s p o n d s  
t o  t h e  w e l l  k n o w n  f a c t  o b s e r v e d  in  e le c t r o n - e x 
c h a n g e  s t u d ie s  t h a t  t h e  r e a c t io n  w i l l  b e  s p e e d e d  u p  
a s  t h e  t o t a l  c h a r g e  o n  t h e  r e a c t a n t  c a t i o n s  is  r e 
d u c e d  e ith e r  b y  c o m p le x in g  w i t h  a n io n s  o r  b y  h y 
d r o ly s is .

F ig u r e  5  s h o w s  t h e  v a r ia t io n  o f  t h e  c a l c u la t e d  
f r e e  e n e r g y  o f  a c t i v a t i o n  w it h  t h e  r e c ip r o c a l  o f  t h e  
d ie l e c t r i c  c o n s t a n t .  T h is  r e la t io n  is  p a r t i c u la r ly  
im p o r t a n t ,  f o r  i t  p r o v id e s  a  c o n v e n ie n t  e x p e r i 
m e n t a l  a p p r o a c h  f o r  t e s t in g  t h e  c o r r e c t n e s s  o f  t h e  
p r o p o s e d  m o d e l  b y  s t u d y in g  t h e  k in e t ic s  o f  a n  e x 
c h a n g e - r e a c t io n  in  m e d ia  o f  v a r y in g  d ie l e c t r i c  c o n 
s t a n t .  T h e  d e p e n d e n c e  o f  t h e  c a l c u la t e d  f r e e  e n 
e r g y  o f  a c t i v a t i o n  o n  t h e  v a lu e  o f  r 0, w h ic h ,  in  tu r n , 
is  a  f u n c t i o n  o f  t h e  p r in c ip a l  a n d  o r b i t a l  q u a n t u m  
n u m b e r s  o f  t h e  e x c h a n g in g  e le c t r o n ,  is  a l s o  g iv e n  in  
F ig .  5 . H e r e  i t  is  s e e n  t h a t  s , p ,  d  a n d  f  e l e c t r o n s  
w i l l  e x c h a n g e  m o r e  r a p id ly  in  t h e  o r d e r  g iv e n ,  a n d

t h a t  t h e  p r in c ip a l  q u a n t u m  n u m b e r  is  o n l y  o f  s e c 
o n d a r y  im p o r t a n c e  in  d e t e r m in in g  t h e  p r o b a b i l i t y  
o f  e x c h a n g e .  R e c e n t l y  W .  F .  L i b b y 18 r e p o r t e d  
s o m e  a p p r o x im a t e  q u a n t u m - m e c h a n ic a l  c a l c u la 
t i o n s  o f  t h e  f r e q u e n c ie s  o f  e l e c t r o n  e x c h a n g e  in  t h e  
h y d r o g e n  m o l e c u l a r - i o n .  H e  f o u n d  a p p r e c ia b le  
f r e q u e n c ie s  o f  e x c h a n g e  f o r  3 d  e le c t r o n s  a t  d is t a n c e s  
o f  t h e  o r d e r  o f  3 0  A .

T h o u g h  t h e  e x p r e s s io n  f o r  t h e  f r e e  e n e r g y  o f  a c 
t i v a t i o n  is  a  c o m p l i c a t e d  f u n c t i o n  o f  t h e  t e m p e r a 
t u r e  b e c a u s e  o f  i t s  d e p e n d e n c e  o n  r at,* w h i c h  in  
t u r n  in v e r s e ly  d e p e n d s  o n  T'!\ c a l c u la t io n s  s h o w  
t h a t  o v e r  a  l im it e d  t e m p e r a t u r e  r a n g e  A F +  v a r ie s  
l in e a r ly  w i t h  t e m p e r a t u r e .  A s  m e n t i o n e d  e a r l ie r , 
t h e  g r e a t  s p e e d  o f  e le c t r o n - e x c h a n g e  r e a c t io n s  in 
v o l v i n g  t w o  a n io n s  is  p r e s u m a b ly  d u e  t o  a  l o w  v a lu e  
f o r  A Ft*, in  a c c o r d  w it h  t h e ir  d e c r e a s e d  t e n d e n c y  
t o  h y d r a t e .
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The reaction between 2,2-diphenvI-l-picrylhydrazyl and mercaptans in solution is a process of hydrogen atom abstraction 
in which the radical concentration is accurately known. The activation energy is approximately constant at 15.0 kcal./mole 
for a number of mercaptans, and A factors for the normal mercaptans are in the range 2-6 X 10u. ¿-Butyl mercaptan has 
a much lower rate constant than the normal mercaptans and this is reflected chiefly in a lower A factor. The results are 
discussed in relation to other hydrogen abstraction reactions in solution and in the gas phase.

H y d r o g e n  a b s t r a c t i o n  r e a c t io n s  o f  t h e  t y p e

CHr +  R H — ^ C IL  +  R- (1)

h a v e  b e e n  w id e ly  in v e s t ig a t e d  in  r e c e n t  y e a r s .1 
T h e  r e s u l t s  a r e  in i t ia l ly  e x p r e s s e d  in  t e r m s  o f  th e  
r a t e  o :  c o m b i n a t i o n  o f  m e t h y l  r a d ic a ls ,  b u t  a n  a c 
c u r a t e  s t u d y  o f  t h is  la t t e r  r e a c t i o n 2 h a s  r e s u l t e d  in  
t h e  e v a lu a t i o n  o f  a b s o lu t e  r a t e  c o n s t a n t s  f o r  r e a c 
t i o n  1. D a t a  f o r  t h e  a b s t r a c t i o n  o f  h y d r o g e n  a t 
o m s  in  t h e  g a s  p h a s e  f r o m  s o m e  f i f t y  c o m p o u n d s  
a r e  n o w  a v a i la b l e .3

I n v s s t i g a t i o n  o f  h y d r o g e n  a t o m  a b s t r a c t i o n  in  
s o lu t io n  h a s  b e e n  l im i t e d  m a in ly  t o  t h e  s t u d y  o f  
c h a in  t r a n s fe r  in  p o ly m e r i z a t i o n  p r o c e s s e s .4 A  r e 
la t i o n s h ip  b e t w e e n  r a t e  o f  p o ly m e r i z a t i o n  a n d  m o 
le c u la r  w e ig h t  o f  t h e  p o ly m e r  p r o d u c e d  g iv e s  t h e  
r a t i o  of t h e  r a t e  c o n s t a n t s  f o r  t r a n s fe r  a n d  p r o p a g a -

(1 ) J . O . S m ith  a n d  H . S. T a y lo r ,  J. Chem, Phys., 7 , 3 9 0  (1 9 3 9 ) ;  
R .  Gorraer a n d  W . A . N o y e s ,  J r ., J. Am. Chem. Soc., 7 1 , 3 3 9 0  (1 9 4 9 ) ;  
A .  F . T ir o tm a n -D ie k e n s o n  a n d  E . W . R .  S te a c ie , J. Chem. Phys., 18, 
1097 (1 9 5 0 ).

(2 ) R .  G o m e r  a n d  G . B . K is t ia k o w s k y , ibid., 1 9 , 8 5  (1 9 5 1 ) .
(3 )  A . F .  T r o t m a n -D ic k e n s o n ,  Quart. Revs. {London), 7 ,  198

(1 9 5 3 ).
(4 )  R .  A . G re g g  a n d  F . R .  M a y o ,  Discs. Faraday Soc., 3 , 3 2 8  

(1 9 4 7 ),

t i o n ,  a n d  t h e  r e c e n t  m e a s u r e m e n t  o f  r a t e  c o n s t a n s j  
f o r  t h e  p r o p a g a t io n  p r o c e s s 5 p e r m it s  t h e  e v a lu a t io n  
o f  a b s o lu t e  t r a n s fe r  c o n s t a n t s .

E d w a r d s  a n d  M a y o 6 h a v e  s t u d ie d  t h e  d e c o m p o 
s i t io n  o f  a c e t y l  p e r o x id e  in  m ix t u r e s  o f  c a r b o n  t e t r a 
c h lo r id e  a n d  v a r io u s  s o lv e n t s ,  a n d  h a v e  c o m p a r e d  
t h e  e a s e  o f  a b s t r a c t i o n  o f  a  h y d r o g e n  a t o m  f r o m  t h e  
s o lv e n t  w i t h  e a s e  o f  a b s t r a c t i o n  o f  a  c h lo r in e  a t o m  
f r o m  c a r b o n  t e t r a c h lo r id e .  T h e  r e s u l t s  c o m p a r e  
v e r y  w e ll  w it h  t h o s e  f o r  m e t h y l  r a d ic a l  r e a c t io n s  in  
t h e  g a s  p h a s e ,3 b u t  i t  is  n o t  c e r t a in  w h e t h e r  m e t h y l  
o r  a c e t a t e  r a d ic a l s  a r e  i n v o lv e d  in  t h e  r e a c t io n  in  
s o lu t io n .

T h e  p r o b le m  o f  s t u d y in g  h y d r o g e n  a b s t r a c t i o n  
r e a c t io n s  in  s o lu t io n  is  s im p l i f ie d  i f  t h e  c o n c e n t r a 
t i o n  o f  t h e  a t t a c k in g  r a d ic a l  is  a c c u r a t e ly  k n o w n ,  
a n d  i f  t h e  s y s t e m  is  n o t  c o m p l i c a t e d  b y  p o s s ib le  
c a g e  e f fe c t s .  T h e  r a d ic a l  2 ,2 - d i p h e n y l - l - p i c r y l h y -  
d r a z y l  ( D P P H )  w a s  c h o s e n  f o r  t h e  p r e s e n t  w o r k  b e 
c a u s e  i t  d o e s  n o t  d im e r iz e 7 a n d  t h e  p r o b le m  o f  a

(5 ) E.g., M .  S . M a t h e s o n , E .  E . A u e r , E . B . B e v ila c q u a  a n d  E . J. 
H a r t , J. Am. Chem. Soc., 7 3 ,  1 70 0  (1 9 5 1 ) .

(6 ) F . G . E d w a r d s  a n d  F . R .  M a y o ,  ibid., 7 2 , 1265  (1 9 5 0 ).
(7 ) E . M u lle r , I .  M u lle r -r to d lo f f  a n d  W , B u n g e , Ann., 5 20 ,  £ 2 5  

(1 0 3 5 ).
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c a g e  e f f e c t  d o e s  n o t  a r is e . I n  a d d i t i o n  i t  is  h ig h ly  
c o l o r e d  a n d  i t s  c o n c e n t r a t i o n  a t  a n y  t im e  c a n  b e  
e s t im a t e d  b y  i t s  a b s o r p t io n  in  t h e  v is ib le .  I t  w o u ld  
b e  e x p e c t e d  t h a t  a c t i v a t i o n  e n e r g ie s  f o r  h y d r o g e n  
a t o m  a b s t r a c t i o n  w i t h  D P P H  w o u ld  b e  h ig h e r  t h a n  
t h o s e  w i t h  t h e  m o r e  r e a c t iv e  m e t h y l  r a d ic a l ,  b u t  
o t h e r w is e  t h e  w o r k  s h o u ld  p r o v id e  a  c o m p a r is o n  
b e t w e e n  r e a c t io n s  in  t h e  g a s  p h a s e  a n d  in  s o lu t io n .

Experimental
Materials.—2,2-Diphenyl-l-picrylhydrazine and DPPH 

were prepared by the method of Goldschmidt and Renn.8 
The DPPH was further purified by recrystallization from 
an ether-chloroform mixture.

«-.Butyl mercaptan (Eastman Kodak Co.) and isobutyl 
and i-butyl mercaptans (Matheson Co.) were distilled at 
atmospheric pressure in a 15-plate column, the fractions 
collected having boiling point ranges less than 0.05°. n- 
Hexyl and n-octyl mercaptans (Matheson Co.) were dis
tilled at reduced pressure in an atmosphere of nitrogen. 
Middle fractions of boiling point range less than 0.25° were 
collected. The mercaptans were given one further distilla
tion in the high vacuum apparatus and stored at —80°.

Benzene (Mallinckrodt Analytical Reagent) was de
gassed in the vacuum apparatus. Cyclohexane (Matheson 
Co.) was shaken w;th sulfuric acid, and washed with sodium 
carbonate solution and water, and, after drying with cal
cium chloride, distilled in the 15-plate column. It was de
gassed in the vacuum apparatus.

Procedure.—About 0.0005 g. of DPPH was placed in a 
reaction tube of 1 cm. diameter and the tube pumped out to 
10-4 mm. on the vacuum apparatus. A known amount of 
mercaptan was added by freezing down the vapor contained 
in a 500-ml. bulb, and between 3-10 ml. of solvent, usually 
benzene, were distilled into the tube. It was sealed off and 
heated to the reaction temperature. At the end of the re
action, the tube was emptied and the weight of solvent de
termined by difference.

The reaction was followed by taking measurements of 
optical density with a Fisher electrophotometer using a 650 
iri/u filter.9 Temperatures of 20, 30, 45 and 60° were used. 
Three or four experiments were performed at each tempera
ture, the mercaptan concentration varying over a threefold 
range. With the normal mercaptans this concentration was 
of the order of 10 ~5 mole/cc. and with i-butyl mercaptan it 
was of the order of 10_1 mole/cc.

The rate of disappearance of DPPH in pure benzene is 
negligible, being less than 1%/day at 60°.

Results and Discussion

NO,

(3)

T h e  p r o d u c t  f r o m  t h e  r e a c t io n  o f  n -h e x y l  m e r 
c a p t a n  w i t h  D P P H  w a s  in v e s t ig a t e d .  I t s  a b s o r p 
t i o n  s p e c t r u m  in  t h e  r e g io n  3 8 0 - 5 5 0  m,u w a s  a lm o s t  
id e n t i c a l  w i t h  t h a t  o f  2 ,2 - d i p h e n y l - l - p i c r y l h y d r a -  
z in e . S o l id  p r o d u c t  o f  m e l t in g  p o in t  a b o u t  5 0 °  
b e lo w  t h a t  o f  2 ,2 - d ip h e n y l - l - p i c r y lh y d r a z in e  w a s  
i s o la t e d  f r o m  t h e  r e a c t io n  m ix t u r e .  I t  g a v e  a  p o s 
i t i v e  t e s t  f o r  s u l fu r  a n d  w a s  o x id iz e d  t o  D P P f i  in  
fa i r  y ie ld  b y  t r e a t m e n t  w it h  le a d  d io x id e .  I t s  in 
f r a r e d  s p e c t r u m  w a s  a lm o s t  id e n t i c a l  w i t h  t h a t  o f
2 ,2 - d ip h e n y l - l - p i c r y lh y d r a z in e  o v e r  t h e  r a n g e  6 5 0 -  
3 5 0 0  c m . - 1 . I n  p a r t i c u la r  t h e  N - H  s t r e t c h in g  v i 
b r a t io n  a t  3 2 9 0  c m . -1  o c c u r r e d  in  b o t h  s p e c t r a .  
T h e  p r o d u c t  a ls o  s h o w e d  m e d iu m  a b s o r p t io n s  a t  
2 8 5 0 , 2 9 2 0  a n d  2 9 5 0  c m . - 1  a n d  t h e s e  a r e  p r o b a b l y  
C - H  s t r e t c h in g  v ib r a t i o n s  f r o m  h e x y l  g r o u p s .  The 
p r o d u c t  th u s  a p p e a r s  t o  b e  a  m ix t u r e  o f  2 ,2 - d i 
p h e n y l - l - p i c r y l h y d r a z i n e  a n d  a  s u l f u r - c o n t a in in g  
c o m p o u n d  o f  r e la t e d  s t r u c t u r e ,  in  a g r e e m e n t  w it h  
t h e  m e c h a n is m  p u t  f o r w a r d  in  e q u a t io n s  2  a n d  3 .

A  t y p i c a l  c u r v e  f o r  t h e  d is a p p e a r a n c e  o f  D P P H  in  
a  b e n z e n e  s o lu t io n  o f  a  m e r c a p t a n  is  s h o w n  in  F ig .  
1. T h e  o r d e r  in  t h e  e a r ly  s ta g e s  is  s o m e w h a t  le s s  
t h a n  o n e  b u t  o v e r  t h e  m a j o r  p a r t  o f  t h e  r e a c t io n  
t h e  f ir s t  o r d e r  la w  is  f o l l o w e d .  I n  a n y  s in g le  e x 
p e r im e n t  t h e  m e r c a p t a n  is  in  s u f f ic ie n t  e x c e s s  f o r  
i t s  c o n c e n t r a t i o n  t o  b e  c o n s id e r e d  c o n s t a n t .  F r o m  
e x p e r im e n t s  in  w h i c h  t h e  m e r c a p t a n  c o n c e n t r a t io n  
w a s  v a r ie d  i t  w a s  s h o w n  t h a t  t h e  r e a c t io n  is  f ir s t  o r 
d e r  w it h  r e s p e c t  t o  m e r c a p t a n .  T h e s e  r e s u l t s  c a n  
b e  s u m m a r iz e d  in  t h e  f o r m

T h e  e x a m in a t i o n  o f  t h e  r e a c t io n  p r o d u c t s  g a v e  
e v id e n c e  t h a t  a  m ix t u r e  o f  s u b s t a n c e s  is  o b t a in e d  
b y  t h e  r e a c t io n  o f  D P P H  w i t h  a  m e r c a p t a n ,  o n e  
o f  w h i c h  is  2 ,2 - d ip h e n y l - l - p i c r y lh y d r a z in e .  I t  is  
w e l l  k n o w n  t h a t  t h e  S - H  b o n d  in  m e r c a p t a n s  is  r e l
a t i v e l y  w e a k ,  a n d  t h a t  t h e  h y d r o g e n  a t o m  is  r e a d 
i l y  r e m o v e d  b y  fr e e  r a d ic a l s  in  p o ly m e r i z a t i o n  r e a c 
t i o n s .  T h e  f o l l o w in g  m e c h a n is m  f o r  t h e  r e a c t io n  
b e t w e e n  D P P H  a n d  a  m e r c a p t a n  is  t h e r e fo r e  p u t  
f o r w a r d

N 02

+  RSH

CAR

CAR-

NO,

NO,
•N—N

\  NO, 
H

+  RS- (2)

(8 )  S . G o ld s c h m id t  a n d  Iv. R e n n , B e r 5 5 , 6 2 8  (1 9 2 2 ).
(9 )  C .  E , I I .  B a w n  and S. F . M e ll is h , Trans■ Faraday Soc., 4 7 , 

1210 (1951).

« dpph =  2/c[DPPH] [RSH]

w h e r e  F d p p i i  is  t h e  r a t e  o f  d is a p p e a r a n c e  o f  D P P H .  
S in c e  r e a c t io n  3  is  r a p id ,  a n d  r e a c t io n  2  is  s l o w  a n d  
r a t e  d e t e r m in in g ,  t h e  r a t e  o f  t h e  h y d r o g e n  a b s t r a c 
t i o n  r e a c t io n  is  g iv e n  b y  ' A S d p p h , a n d

‘ /«Sdpph =  k [DPPH] [RSH]
V a lu e s  o f  t h e  s e c o n d -o r d e r  r a t e  c o n s t a n t  fc w e r e  

o b t a in e d  a t  t e m p e r a t u r e s  o f  2 0 , 3 0 , 4 5  a n d  6 0 °  f o r  
n - b u t y l ,  i s o b u t y l ,  ( - b u t y l ,  n -h e x y l  a n d  n - o c t y l  m e r 
c a p t a n s .  F r o m  t h e s e  v a lu e s ,  a c t i v a t i o n  e n e r g ie s  
w e r e  c a lc u la t e d  f o r  t h e  h y d r o g e n  a b s t r a c t i o n  r e a c 
t i o n s  b y  m e a n s  o f  t h e  A r r h e n iu s  e q u a t io n

k =  Ae~E'RT
a n d  A f a c t o r s  w e r e  a ls o  d e d u c e d .  N o  a l l o w a n c e  
w a s  m a d e  in  th e s e  c a lc u la t io n s  f o r  t h e  t e m p e r a t u r e  
c o e f f i c ie n t  o f  t h e  c o l l i s io n  r a te .  T a b l e  I  c o n t a in s  
v a lu e s  o f  lc a t  6 0 °  in  c c . / m o l e / s e c . ,  t o g e t h e r  w it h  
a c t i v a t i o n  e n e r g ie s  a n d  A  f a c t o r s .  I t  is  e s t im a t e d  
t h a t  t h e  a c t i v a t i o n  e n e r g ie s  a r e  c o r r e c t  t o  a b o u t  0 .5  
k c a l . /m o l e ,  a n d  th is  c o r r e s p o n d s  t o  a n  e r r o r  o f  a  f a c 
t o r  o f  2 in A .
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T a b l e  I

M e r c a p t a n

k a t  6 0 °  
( c c . / m o l e /  

s e c .)
E

(k c a l . /m o le ) A

jj-Butyl 73 14.6 00 X 1011
Isobutyl 57 15.3 6.3 X 10»
¿-Butyl 3.8 15.3 4.2 X 1010
n-Hexyl 76 15.1 6.2 X 10»
ra-Octyl 46 14.6 1.8 X 10»

T h e  a c t i v a t i o n  e n e r g y  f o r  t h e  a b s t r a c t i o n  o f  a  
h y d r o g e n  a t o m  f r o m  th e s e  m e r c a p t a n s  b y  D P P H  is
1 5 .0  ±  0 .4  k c a l . /m o l e .  T h e  v a r ia t io n  is  w it h in  
t h e  e s t im a t e d  e x p e r im e n t a l  e r r o r ,  a n d  i t  is  t h o u g h t  
t h a t  t h e  d i f f e r e n c e s  b e t w e e n  m e r c a p t a n s  a r e  p r o b 
a b l y  n o t  s ig n i f i c a n t .  T h e  v a lu e  o f  1 5  k c a l . /m o l e  
c o m p a r e s  w i t h  7  k c a l . / m o l e  d e r iv e d  f r o m  t h e  w o r k  
o f  G r e g g ,  A ld e r m a n  a n d  M a y o 10 a n d  M a t h e s o n ,  
et al.,6 f o r  t h e  a c t i v a t i o n  e n e r g y  o f  t h e  r e a c t io n  b e 
t w e e n  p o l y s t v r y l  r a d ic a l s  a n d  ¿ - b u t y l  m e r c a p t a n .  
S u c h  a  d i f f e r e n c e  is  t o  b e  e x p e c t e d  f r o m  t h e  c o m 
p a r a t i v e ly  l o w  r e a c t i v i t y  o f  t h e  D P P H  r a d ic a l .  
A c t i v a t i o n  e n e r g ie s  a ls o  c a n  b e  d e r iv e d 4 f o r  h y d r o 
g e n  a t o m  a b s t r a c t i o n  b y  p o l y s t y r y l  r a d ic a l s  f r o m  
b e n z e n e  (2 2 .6  k c a l . / m o l e ) ,  t o lu e n e  ( 1 7 .9 ) ,  e t h y l 
b e n z e n e  (1 3 .3 )  a n d  d ip h e n y lm e t h a n e  ( 1 0 .5 ) .  T h e  
v a lu e  f o r  b e n z e n e  is  v e r y  m u c h  h ig h e r  t h a n  t h a t  
f o r  ¿ - b u t y l  m e r c a p t a n ,  a n d  a c c o u n t s  f o r  t h e  f a c t  
t h a t  in  t h e  p r e s e n t  w o r k  w i t h  D P P H ,  b e n z e n e  c a n  
b e  u s e d  a s  a  s o l v e n t  f o r  t h e  m e r c a p t a n .

T h e  h ig h  r e a c t i v i t y  o f  p o l y s t y r y l  r a d ic a l s  c o m 
p a r e d  w i t h  D P P H  r a d ic a l s  h a s  b e e n  n o t e d  a b o v e ,  
b u t  m e t h y l  r a d ic a l s  a r e  e v e n  m o r e  r e a c t iv e  t h a n  
p o l y s t y r y l  r a d ic a ls .  T h u s  a c t i v a t i o n  e n e r g ie s  f o r  
h y d r o g e n  a b s t r a c t i o n  f r o m  b e n z e n e  a n d  t o lu e n e  in  
t h e  g a s  p h a s e  a r e  a b o u t  9 .2  a n d  8 .3  k c a l . /m o l e ,  
r e s p e c t i v e ly .3 N o  d a t a  a r e  a v a i la b le  f o r  t h e  r e a c 
t i o n  b e t w e e n  m e t h y l  r a d ic a l s  a n d  m e r c a p t a n s ,  b u t  
t h e  a c t i v a t i o n  e n e r g y  is  p r o b a b l y  o f  t h e  o r d e r  o f  3 
k c a l . /m o l e .

T h e  v a r ia t io n  o f  A f a c t o r s  a m o n g  t h e  n o r m a l  m e r 
c a p t a n s  is  w i t h in  t h e  e x p e r im e n t a l  e r r o r  b u t  t h e r e  
is  a  c o n s id e r a b le  c h a n g e  in  t h e  c a s e  o f  ¿ - b u t y l  m e r 
c a p t a n .  T h e  l o w  A  f a c t o r  f o r  t h is  c o m p o u n d  is  
a s c r ib e d  t o  a  s t e r i c  e f f e c t ,  t h e  m e t h y l  g r o u p s  o f  t h e  
¿ - b u t y l  m e r c a p t a n  h in d e r in g  t h e  a t t a c k  o f  t h e  
D P P H  r a d ic a l .  S u c h  a n  e f f e c t  is  a ls o  o b s e r v e d  
w it h  c h a in  t r a n s fe r  o f  g r o w in g  p o ly m e r  c h a in s  
w i t h  m e r c a p t a n s .  M a y o ,  et al.,10 f o u n d  t h a t  a t  6 0 °  
d o d e c y l  m e r c a p t a n  w a s  f o u r  t im e s  a s  e f f e c t i v e  a s  t- 
b u t y l  m e r c a p t a n  in  t h e  t r a n s fe r  r e a c t i o n  w i t h  a  
p o l y s t y r y l  r a d ic a l .  T h e  p r e s e n t  w o r k  s h o w s  a  r a 
t i o  o f  r a t e  c o n s t a n t s  o f  a b o u t  2 0  f o r  w - b u t y l  a n d  t- 
b u t y l  m e r c a p t a n s ,  a n d  t h is  w o u ld  b e  e v e n  h ig h e r  
i f  t h e  ¿ - b u t y l  m e r c a p t a n  c o n t a in s  a  s l ig h t  a m o u n t  o f  
a n  is o m e r ic  m e r c a p t a n  a s  im p u r i t y .

T h e  A  f a c t o r s  f o r  t h e  r e a c t io n s  b e t w e e n  D P P H  
a n d  t h e  n o r m a l  m e r c a p t a n s  d o  n o t  d i f f e r  g r e a t ly  
f r o m  4  X  1 0 11. T r o t m a n - D i c k e n s o n ’ s r e v i e w 3

(1 0 ) R .  A . G re g g , D . M .  A ld e r m a n  a n d  F . R .  M a y o ,  J. Am. Chem. 
Soc., 7 0 , 3 7 4 0  (1 9 4 8 ).

Fig. 1.—The disappearance of DPPH in a benzene solution 
of «-butyl mercaptan (1.13 X 10-4 mole/cc.) at 30°.

s h o w s  t h a t  n e a r ly  a l l  t h e  h y d r o g e n  a b s t r a c t i o n  r e 
a c t i o n s  o f  m e t h y l  r a d ic a l s  h a v e  A  f a c t o r s  o f  1 0 11 
w it h in  a  f a c t o r  o f  10 . T h e  w o r k  w it h  D P P H  in  
s o lu t io n  th u s  s u b s t a n t ia t e s  t h e  c o n c lu s io n  a l r e a d y  
r e a c h e d  f o r  h y d r o g e n  a t o m  a b s t r a c t i o n  in  t h e  g a s  
p h a s e  t h a t  A f a c t o r s  o f  a b o u t  1 0 11 a r e  u s u a l ly  t o  b e  
e x p e c t e d ,  c o m p a r e d  w i t h  t h e  “ n o r m a l ”  c o l l i s io n  
t h e o r y  v a lu e  o f  t h e  o r d e r  o f  1 0 14.

I n  s o lu t io n  i t  is  f o u n d  t h a t  A  f a c t o r s  f o r  t h e  r e a c 
t i o n  b e t w e e n  p o l y s t y r y l  r a d ic a l s  a n d  h y d r o c a r b o n s  
a r e  g e n e r a l ly  in  t h e  r a n g e  1 0 9- 1 0 12. T h e s e  r e s u lts  
a r e  o b t a in e d  b y  c o m b i n in g  t h e  d a t a  o f  G r e g g  a n d  
M a y o 4 f o r  c h a in  t r a n s fe r  in  s t y r e n e  p o ly m e r iz a t io n ,  
r e fe r r e d  t o  t h e  p r o p a g a t i o n  r e a c t io n ,  w it h  t h e  r e 
s u lt s  o f  M a t h e s o n ,  et al., f o r  t h e  p r o p a g a t i o n  p r o c 
e s s .5 T h e  A f a c t o r s  f o r  b e n z e n e  a n d  ¿ -b u t y lb e n z e n e  
a r e  o f  t h e  o r d e r  o f  1 0 14, h o w e v e r ,  c o n s i d e r a b ly  
h ig h e r  t h a n  v a lu e s  r e p o r t e d  f o r  a n y  o t h e r  h y d r o g e n  
a b s t r a c t i o n  r e a c t io n .  G r e g g  a n d  M a y o  n o t e  t h a t  
t h e r e  is  a n  a p p r o x im a t e  c o r r e s p o n d e n c e  b e t w e e n  
h ig h  a c t i v a t i o n  e n e r g y  a n d  h ig h  f r e q u e n c y  f a c t o r ,  a  
c o n c lu s io n  w h i c h  a p p l ie s  t o  a  n u m b e r  o f  b im o le c u la r  
r e a c t i o n s .11

T h e  e f f e c t  o f  c h a n g in g  t h e  s o l v e n t  f r o m  b e n z e n e  
t o  c y c l o h e x a n e  w a s  in v e s t ig a t e d  f o r  t h e  r e a c t io n  
b e t w e e n  D P P H  a n d  n -h e x y l  m e r c a p t a n .  T h e  r a te  
c o n s t a n t s  w e r e  n e a r ly  t w ic e  a s  la r g e  a s  t h e  r a t e  
c o n s t a n t s  in  b e n z e n e .  B e n z e n e  f o r m s  a  w e a k  c o m 
p le x  w it h  D P P H , 7 a n d  i t  is  p o s s ib le  t h a t  s o lv a t i o n  
o f  t h e  D P P P I  is  t o  s o m e  e x t e n t  t h e  r e a s o n  f o r  t h e  
l o w e r  r a t e  c o n s t a n t s  in  b e n z e n e .  T h e  a c t i v a t i o n  
e n e r g y  a n d  A  f a c t o r  w e r e  1 4 .8  k c a l . / m o l e  a n d  7 .4  X  
1 0 11, r e s p e c t iv e ly ,  s h o w in g  t h a t  a  c h a n g e  o f  s o lv e n t  
is  u n l ik e ly  t o  a lt e r  t h e  g e n e r a l  c o n c lu s io n s  d is c u s s e d  
h e r e . W i t h  r e a c t io n s  in  c y c l o h e x a n e  a s  w e l l  a s  in  
b e n z e n e ,  t h e  o r d e r  is  a t  f ir s t  le s s  t h a n  o n e  w it h  r e 
s p e c t  t o  D P P H ,  b u t  i t  is  b e t w e e n  0 .9  a n d  1 o v e r  t h e  
m a j o r  p a r t  o f  t h e  r e a c t io n .  T h e  r e a s o n  f o r  t h is  
e f f e c t  is  n o t  k n o w n .  I t  o c c u r s  w h a t e v e r  t h e  in i t ia l  
c o n c e n t r a t io n  o f  D P P H ,  a n d  is  s o m e  p e c u l ia r i t y  o f  
t h e  in i t ia l  s t a g e  o f  t h e  r e a c t io n .

(1 1 ) R .  A . F a ir c lo u g h  a n d  C . N . H in s h e lw o o d , J. Chem. Soc., 538  
(1 9 3 7 ).
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For n-hexadecane, n-decylcyclopentane, n-decylcyolohexane, 1-hexadecene and n-decylbenzene, highly purified hydro
carbons of the API Research series, the following properties were measured: densities at 20, 25 and 30°; refractive indices 
at seven wave lengths at 20, 25 and 30°; and boiling points and vapor pressures from 50 to 760 mm. The data on refractive 
indices were correlated by means of modified Cauchy and Hartmann equations, and values of the constants are given for 
each compound, to permit precise evaluation of the refractive index as a function of wave length. The data on vapor 
pressures were correlated with the three-constant Antoine equation and values of the constants are given for each com
pound. Also included are calculated values of the specific dispersions, (rap — nc)/d and (?ig — no)/d.

T h e  A m e r i c a n  P e t r o le u m  I n s t i t u t e  R e s e a r c h  
P r o j e c t  6  h a s  s o  fa r  r e p o r t e d  d a t a  o n  t h e  d e n s it ie s ,  
r e f r a c t iv e  in d ic e s  a n d  b o i l in g  p o in t s  a n d  v a p o r  
p r e s s u r e s  f o r  7 6  d i f f e r e n t  A P I  R e s e a r c h  h y d r o c a r 
b o n s .2" 7 I n  t h is  p a p e r  a r e  r e p o r t e d  s im ila r  d a t a  
f o r  a n  a d d i t i o n a l  5  A P I  R e s e a r c h  h y d r o c a r b o n s  r e p 
r e s e n t in g  d i f f e r e n t  n o r m a l  a lk y l  s e r ie s , n a m e ly ,  n -  
h e x a d e c a n e ,  n -d e e y l c y l o p e n t a n e ,  n - d e c y l c y c l o h e x -  
a n e , 1 -h e x a d e c e n e  a n d  n -d e c y lb e n z e n e .

p r o c e s s  o f  p u b l i c a t i o n 8 b y  o t h e r  w o r k e r s .  T h e  
p u r i t y  o f  t h e  s a m p le s  m e a s u r e d  w a s  a s  f o l l o w s ,  in  
m o le  p e r  c e n t . :  n -h e x a d e c a n e ,  9 9 .9 6  ±  0 .0 4 ;  n -  
d e c y le y c lo p e n t a n e ,  9 9 .8 0  ±  0 .1 8 , n - d e c y l c y c l o h e x -  
a n e , 9 9 .8 8  ±  0 .1 1 ;  1 -h e x a d e c e n e ,  9 9 .9 3  ±  0 .0 6 ;  
a n d  n -d e c y lb e n z e n e ,  9 9 .8 8  ±  0 .1 0 .

T h e  m e a s u r e m e n t s  o f  d e n s i t y  w e r e  m a d e  a t  2 0 , 
2 5  a n d  3 0 ° ,  w i t h  a  d e n s i t y  b a la n c e  p r e v i o u s ly  d e 
s c r ib e d .9 T h e  e x p e r im e n t a l  v a lu e s  o f  d e n s i t y  a r e

T a b l e  I
V a l u e s  o f  D e n s i t y

T e m p .
c o e ff ic ie n t

C o m p o u n d F o r m u la 2 0 °
----------- D e n s it y 3 -----------

2 5 ° 3 0 °
o f  d e n s ity  

a t  2 5 °  ‘

n-Hexadecane C16H34 0 . 7 7 3 4 4 0.76996 0.76643 0.000701
n-Decylcyclopentane C15H30 .81097 .80739 .80383 .000714
w-Decylcyelohexane C16H32 .81858 .81517 .81183 .000675
1-Hexadeeene C16H32 .78112 .77759 .77409 .000703
ra-Decylbenzene Ci6H:6 .85553 .85189 .84833 .000720

For air-saturated hydrocarbons in the liquid state at 1 atm.

T h e s e  A P I  R e s e a r c h  h y d r o c a r b o n s  w e r e  m a d e  
a v a i la b le  b y  t h e  A m e r ic a n  P e t r o le u m  I n s t i t u t e  
t h r o u g h  t h e  A P I  R e s e a r c h  P r o j e c t  4 4  a t  t h e  C a r 
n e g ie  I n s t i t u t e  o f  T e c h n o l o g y .  T h e  s a m p le s  w e r e  
p u r i f ie d  b y  t h e  A P I  R e s e a r c h  P r o j e c t  6  f r o m  m a t e 
r ia l  s u p p l ie d  b y  t h e  f o l l o w in g  l a b o r a t o r i e s :  n -  
h e x a d e c a n e  a n d  1 -h e x a d e c e n e  b y  t h e  A P I  R e s e a r c h  
P r o j e c t  6  a t  t h e  C a r n e g ie  I n s t i t u t e  o f  T e c h n o l o g y :  
n -d e c y l c y c l o p e n t a n e ,  n -d e c y l c y c l o h e x a n e  a n d  n- 
d e c y lb e n z e n e  b y  t h e  A P I  R e s e a r c h  P r o j e c t  4 5  a t  
T h e  O h io  S t a t e  U n iv e r s i t y .  D e s c r ip t i o n  o f  th e  
p u r i f i c a t io n  a n d  p u r i t y  o f  th e s e  c o m p o u n d s  is  in

(1 )  T h is  in v e s t ig a t io n  w a s  p e r fo r m e d  a s  p a r t  o f  th e  w o rk  o f  th e  
A m e r ic a n  P e tr o le u m  In s t it u t e  R e s e a rc h  P r o je c t  6  in  t h e  P e tr o le u m  
R e s e a rc h  L a b o r a t o r y  o f  th e  C a rn e g ie  In s t it u t e  o f  T e c h n o lo g y ,  P it t s 
b u r g h , P e n n s y lv a n ia .  A  p o r t io n  o f  t h e  w o rk  d e s c r ib e d  w as c o m 
p le te d  b e fo r e  J u n e , 195 0 , w h en  th e  P r o je c t  w a s  m o v e d  fr o m  th e  
N a t io n a l  B u rea u  o f  S ta n d a rd s  t o  th e  C a rn e g ie  In s t it u t e  o f  T e c h n o lo g y .  
O n e  o f  th e  a u th o rs , A . F . F ., r e m a in e d  w ith  th e  N a t io n a l  B u re a u  o f  
S ta n d a rd s , tra n s fe rr in g  t o  th e  A m e r ic a n  D e n ta l  A s s o c ia t io n  R e se a rch  
F e l lo w s h ip  th e re .

(2 )  C .  B . W ill in g h a m , W . J . T a y lo r ,  J . M .  P ig n o c c o  a n d  F . D . 
R o s s in i ,  J. Research Natl. Bur. Standards, 3 5 ,  2 1 9  (1 9 4 5 ).

(3 ) A .  F .  F o r z ia t i  a n d  F . D .  R o s s in i , ibid., 4 3 ,  4 7 3  (1 9 4 9 ) .
(4 )  A .  F . F o rz ia t i.  W .  R .  N o rr is  a n d  F . D .  R o s s in i , ibid., 43, 555

(1 9 4 9 )  .
(5 )  A .  F . F o r z ia t i,  ibid., 44, 3 7 3  (1 9 5 0 ) .
(6 )  A .  F . F o r z ia t i  D . L . C a m in  a n d  F . D . R o s s in i ,  ibid., 45, 4 0 6

( 1 9 5 0 )  .
(7 )  F .  D . R o s s in i , B . J . M a ir  a n d  A . J . S tre iff , “ H y d r o c a r b o n s  f r o m  

P e t r o le u m , ’ ’  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y . ,  195 3 .

g iv e n  in  T a b le  I .  I n d iv id u a l  m e a s u r e m e n t s  w e r e  
r e p r o d u c ib le  w it h in  0 .0 0 0 0 3  g . / m l .  T h e  a c c u r a c y  
o f  t h e  t a b u la t e d  v a lu e s  is  e s t im a t e d  t o  b e  ± 0 . 0 0 0 0 5  
t o  ± 0 . 0 0 0 1 0  g . / m l .

T h e  r e f r a c t iv e  in d e x  w a s  m e a s u r e d  b y  m e a n s  o f  
t h e  a p p a r a t u s  a n d  p r o c e d u r e  p r e v i o u s ly  d e s c r i b e d .8 
T h e  c a lc u la t io n s  a n d  c o r r e la t io n s  w e r e  s im i la r ly  
m a d e  a s  d e s c r ib e d  p r e v i o u s ly .6 T a b l e  I I  g iv e s  t h e  
v a lu e s  o f  r e f r a c t iv e  in d e x  a t  7  w a v e  le n g t h s  a t  2 0 , 
2 5  a n d  3 0 °  a n d  t h e  v a lu e s  o f  t h e  c o n s t a n t s  o f  t h e  
m o d i f ie d  C a u c h y  a n d  H a r t m a n n  e q u a t io n s .  T h e  
f o u r t e e n t h  a n d  la s t  c o lu m n s  o f  T a b le  I I  g i v e  t h e  
r o o t  m e a n  s q u a r e  v a lu e s  o f  t h e  d e v ia t io n s  o f  t h e  o b 
s e r v e d  f r o m  t h e  c a lc u la t e d  p o in t s .  I n d iv id u a l  
m e a s u r e m e n ts  w e r e  r e p r o d u c ib le  w i t h in  ± 0 . 0 0 0 0 2  
t o  ± 0 .0 0 0 0 3 .  T h e  a c c u r a c y  o f  t h e  t a b u la t e d  
v a lu e s  is  e s t im a t e d  t o  b e  ± 0 . 0 0 0 0 5  t o  ± 0 .0 0 0 0 8 .

T a b le  I I I  g iv e s  t h e  v a lu e s  o f  t h e  s p e c i f i c  d i s p e r 
s io n s , 104O f — nc)/d  a n d  1 0 4(wg — wd) M  c a l c u 
la t e d  f r o m  t h e  v a lu e s  o f  r e f r a c t iv e  in d e x  in  T a b l e  I I  
a n d  o f  d e n s i t y  in  T a b le  I .

I n  p r e v io u s  r e p o r t s ,6'6 i t  w a s  i n d i c a t e d  t h a t  s o m e  
c o r r e la t io n  e x is t s  b e t w e e n  t h e  v a lu e s  o f  t h e  c o n -

(8 ) U n p u b lis h e d  d a ta  o f  th e  A P I  R e s e a rc h  P r o je c t  6 , P e tr o le u m  
R e s e a rc h  L a b o r a to ry ,  C a rn e g ie  In s t it u t e  o f  T e c h n o lo g y ,  P it t s b u r g h , 
P e n n s y lv a n ia , A t t e n t io n  o f  F re d e r ic k  D . R o s s in i .

(9 )  A ,  F .  F o r z ia t i,  B . J . M a ir  a n d  F . D . R o s s in i ,  J. Research Natl. 
Bur. Standards, 3 5 , 5 1 3  (1 9 4 5 ) .
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s t a n t s  n ro a n d  C  o f  t h e  H a r t m a n n  e q u a t io n  a n d  t h e  
n u m b e r  o f  c a r b o n  a t o m s  in  t h e  n o r m a l  a lk y l  r a d ic a l  
f o r  t h e  n o r m a l  p a r a f f in s ,  t h e  1 -a lk e n e s , a n d  t h e  n o r 
m a l a lk y lb e n z e n e s .  T h e  v a lu e s  o f  n «  a n d  C f o r  
f t -h e x a d e c a n e ,  1 -h e x a d e c e n e  a n d  ? i - d e c y lb e n z e n e  
f r o m  t h e  p r e s e n t  in v e s t ig a t io n  a r e  f o u n d  t o  b e  in  
g o o d  a c c o r d  w it h  t h o s e  p r e v i o u s ly  r e p o r t e d  f o r  t h e  
lo w e r  m e m b e r s  o f  t h e s e  s e r ie s .5-6

T h e  m e a s u r e m e n t s  a n d  c a l c u la t io n s  o f  v a p o r  
p r e s s u r e s  a n d  b o i l in g  p o in t s  w e r e  m a d e  a s  p r e v i 
o u s ly  d e s c r i b e d ,2-4-6 w i t h  t h e  s a m p le s  b e in g  in t r o 
d u c e d  in t o  t h e  a p p a r a t u s  w i t h o u t  c o n t a c t  w i t h  t h e  
a ir  o f  t h e  a t m o s p h e r e .6 B e c a u s e  o f  a  b r e a k  in  t h e  
m u l t i c o n t a c t  m e r c u r y  m a n o m e t e r ,  a  n e w  o n e  w a s  
m a d e  f o r  t h e  a p p a r a t u s ,  w i t h  r e s u l t in g  p r e s s u r e s  
f o r  t h e  g iv e n  c o n t a c t s  t h a t  w e r e  s l ig h t ly  d i f f e r e n t  
f r o m  t h o s e  o f  t h e  p r e v io u s  m a n o m e t e r .2 D u e  t o  t h e  
r e la t iv e ly  h ig h  n o r m a l  b o i l in g  p o in t s  f o r  t h e  c o m 
p o u n d s  o f  t h is  in v e s t ig a t io n ,  i t  b e c a m e  n e c e s s a r y  t o  
u se  a  p r o c e d u r e  w h i c h  m in im iz e d  t h e  t im e  a  g iv e n  
s a m p le  w a s  k e p t  a t  e l e v a t e d  t e m p e r a t u r e s  ( a b o v e  
2 0 0 ° ) .  T h is  w a s  d o n e  a s  f o l l o w s :  t w o  s a m p le s  o f  
e a c h  c o m p o u n d  w e r e  u s e d , w i t h  o n e  s a m p le  b e in g  
u s e d  f o r  t h e  lo w e r  r a n g e  o f  p r e s s u r e  (5 0  t o  4 0 3  m m .)  
a n d  t h e  s e c o n d  s a m p le  b e in g  u s e d  f o r  t h e  h ig h e r  
p r e s s u r e s  (4 0 3  t o  7 6 0  m m . ) .  F o r  t h e  m e a s u r e 
m e n t s  f r o m  5 0  t o  4 0 3  m m . t h e  b o i le r  a n d  j a c k e t  
w e r e  p r e h e a t e d  t o  1 0 0 °  b e fo r e  t h e  s a m p le  w a s  in 
t r o d u c e d .  A f t e r  i n t r o d u c t i o n ,  t h e  s a m p le  w a s  
q u i c k l y  b r o u g h t  t o  e q u i l ib r iu m  a n d  t e m p e r a t u r e  
m e a s u r e m e n t s  w e r e  m a d e  a t  s e le c t e d  p r e s s u r e s  
f r o m  5 0  t o  4 0 3  m m . T h e  f ir s t  s a m p le  w a s  th e n  
w it h d r a w n  a n d  t h e  a p p a r a t u s  w a s  t h o r o u g h ly  
c le a n e d .  B e f o r e  in t r o d u c in g  t h e  s e c o n d  s a m p le ,  
t h e  b o i le r  a n d  j a c k e t  w e r e  p r e h e a t e d  t o  2 0 0 °  a n d  
t h e  s a m p le  i t s e l f  w a s  p r e h e a t e d  t o  1 0 0 ° .  W h e n  t h e  
s a m p le  h a d  b e e n  in t r o d u c e d  i n t o  t h e  b o i l e r ,  i t  w a s  
q u i c k l y  b r o u g h t  t o  e q u i l ib r iu m  a n d  t e m p e r a t u r e  
m e a s u r e m e n t s  w e r e  m a d e  a t  s e le c t e d  p r e s s u r e s  f r o m  
4 0 3  t o  7 6 0  m m . A f t e r  t h e  m e a s u r e m e n t  a t  1 a t 
m o s p h e r e ,  t h e  p r e s s u r e  w a s  r e d u c e d  t o  4 0 3  m m . a n d  
t h e  t e m p e r a t u r e  w a s  r e m e a s u r e d  a s  a  c h e c k .

T a b le  I V  g iv e s  t h e  e x p e r im e n t a l  d a t a  o n  t h e  
t e m p e r a t u r e  a n d  p r e s s u r e s  o f  t h e  l i q u i d - v a p o r  
e q u i l ib r iu m  f o r  t h e  5  c o m p o u n d s .  T a b l e  V  g iv e s  
t h e  v a lu e s  o f  t h e  t h r e e  c o n s t a n t s  o f  t h e  A n t o in e  
e q u a t io n ,  t h e  n o r m a l  b o i l in g  p o in t  a t  7 6 0  m m .,  t h e  
p r e s s u r e  c o e f f i c ie n t  o f  t h e  b o i l in g  p o in t  a t  7 6 0  m m .,  
a n d  t h e  r a n g e  o f  m e a s u r e m e n t  in  p r e s s u r e  a n d  in  
t e m p e r a t u r e .  T h e  la s t  c o lu m n  o f  T a b l e  V  g iv e s  
t h e  r o o t  m e a n -s q u a r e  v a lu e  o f  t h e  r a t io s  o f  t h e  d e 
v ia t i o n s  o f  t h e  o b s e r v e d  p o in t s  f r o m  t h e  A n t o in e  
e q u a t io n  t o  t h e  e x p e c t e d  s t a n d a r d  d e v i a t i o n .4 
I n d iv id u a l  m e a s u r e m e n t s  o f  b o i l in g  p o in t s  w e r e  re 
p r o d u c ib le  w it h in  ± 0 . 0 0 2  t o  ± 0 . 0 0 3 ° .  T h e  a c c u r 
a c y  o f  t h e  t a b u la t e d  v a lu e s  o f  t h e  n o r m a l  b o i l in g  
p o in t  is  e s t im a t e d  t o  b e  ± 0 . 0 0 8  t o  ± 0 . 0 1 5 ° .

I n  e a r l ie r  r e p o r t s ,2-4-6 i t  w a s  p o in t e d  o u t  t h a t  s o m e  
c o r r e la t io n  e x is t s  b e t w e e n  t h e  v a lu e s  o f  t h e  c o n 
s t a n t s  B  a n d  C o f  t h e  A n t o in e  e q u a t i o n  f o r  v a p o r  
p r e s s u r e s  a n d  t h e  n u m b e r  o f  c a r b o n  a t o m s  in  t h e  
n o r m a l  a lk y l  s id e  c h a in  f o r  t h e  m e m b e r s  o f  t h e  s e v 
e r a l  n o r m a l  a lk y l  s e r ie s  o f  h y d r o c a r b o n s ,  a s  n o r m a l  
p a r a f f in s ,  n o r m a l  a lk y l c y c lo p e n t a n e s ,  n o r m a l  a lk y l -  
c y c l o h e x a n e s  a n d  n o r m a l  a lk y lb e n z e n e s ,  a n d  t h e  1 - 
a lk e n e s . T h e  v a lu e s  o f  t h e  B  a n d  C c o n s t a n t s  f o r
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T a b l e  I I I

C a l c u l a t e d  V a l u e s  o p  t h e  S p e c i f i c  D i s p e r s i o n

Temp.,
°C.

104(nF -  nc)/d 1 0 4(ng — ni})/d 1 0 4(nF -7ic)/d
1 0 4(ng — no)/d 104 (nF — na)/d 1 0 4(ng -n-D)/d 1 0 4(?lF — no) /d 1 0 4(ttg -

wd)/ d
10* (nF -nc)/d 1 0 4(ng -  nv)/d

n-Hexadecane n-Decylcyclopentane n-Decylcyclohexane l-Hexadecene n-Decylbenzene
2 0 98.00 124.90 96.55 123.19 97.73 124.48 107.03 136.73 136.99 177.32
25 98.19 125.07 96.86 123.48 97.77 124.51 107.25 137.09 136.40 176.67
30 98.38 125.26 97.16 123.78 97.80 124.53 107.48 137.45 130.62 170.94

T a b l e  IV
E x p e r i m e n t a l  D a t a  o n  t h e  T e m p e r a t u r e s  a n d  P r e s s u r e s  o p  t h e  L i q u i d - V a p o r  E q u i l i b r i u m

t, "C. P, mm. t, °C. P, mm. t, °c. P, mm. t, °c. P, mm. t, °c. P, mm.
n-Hexadccane n-Decvlcyolopentane n-Decylcyclohexane l-Hexadecene n-Decylhenzene

286.704 758.50 279.283 758.55 297.507 758.50 284.768 758.24 297.799 758.41
285.337 736.32 277.907 736.33 296.058 730.32 283.402 736.10 296.370 736.16
278.333 630.54
268.540 503.11 260.943 503.23 266.590 503.01 278.950 503.12
259.336 403.36 251.676 403.47 268.976 403.47 257.440 403.38
250.605 323.81 242.859 323.76 259.864 323.79 248.690 323.84 260.372 323.82
242.432 261.15
235.145 214.20 227.251 214.10 243.758 214.15 233.203 214.17 244.331 214.18
227.336 171.66 219.377 171.73 235.626 171.71 225.397 171.68
221.780 145.87 213.782 145.93 229.848 145.88 219.800 145.81 230.476 145.83
215.000 118.69
208.962 98.24 200.861 98.25 216.465 98.22 206.981 98.06 217.150 98.17
203.437 82.14 211.392 82.04
199.273 71.49 191.085 71.48 206.361 71.50 197.257 71.56
195.301 02.48 202.987 62.47
190.054 52.09 181.867 52.01 196.812 52.08 188.152 52.06

T a b l e  V

S u m m a r y  o f  t h e  R e s u l t s  o f  t h e  C o r r e l a t i o n  o f  t h e  E x p e r i m e n t a l  D a t a  w i t h  t h e  A n t o i n e  E q u a t i o n  f o r  V a p o r

P r e s s u r e

C o n s ta n ts  o f  th e  A n to in e  e q u a t io n  N o r m a l  P re ssu re
logio  P  =  A  — B/(C +  t) o r  b o i l in g  c o e ff ic ie n t  M e a s u r e

C o m p o u n d F o r m u la

t = 
p  

A

B/(A -  log io  P )  
in  m m . H g ;  t in 

B

-  c 
■c. c

p o in t  a t  
7 0 0  m m ., 

° C .

dt/dP a t  
7 6 0  m m ., 
° C . /m m .

R a n g e  o f  m e a s u re m e n t  
P re ssu re , T e m p . ,  

m m . ° C .

o f  p r e 
c is io n , 

P

n-Hexadecane C16H34 7.03044 1831.317 154.528 280.793 0.06077 52-760 190.0-286.8 1.30
n-Decylcyclo

pentane CisHso 7.00349 1825.748 163.479 279.376 .06138 52-760 181.8-279.4 1.04
n-Decylcyclo

hexane C I 6Ï Ï 32 7.01640 1896.974 161.106 297.589 .06338 52-760 196.8-297.6 1.55
l-Hexadecene C 16Ï Ï 32 7.04437 1843.581 157.917 284.873 .06077 52-760 188.1-284.8 1.71
n-Decylbenzene c 16h 26 7.03642 1904.132 160.318 297.890 .06301 62-760 202.9-297.9 1.50

e a c h  o f  t h e  f iv e  c o m p o u n d s  o f  t h e  p r e s e n t  in v e s t ig a -  v i o u s l y  r e p o r t e d  f o r  t h e  lo w e r  m e m b e r s  o f  t h e s e  
t i o n  a r e  f o u n d  t o  b e  in  g o o d  a c c o r d  w i t h  t h o s e  p r e -  s e r ie s .2-4’6
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C O R R E L A T I O N  O F  C R I T I C A L  T E M P E R A T U R E S  W I T H  T H E R M A L

E X P A N S I O N C O E F F I C I E N T S  O F  O R G A N I C  L I Q U I D S 1,2

B y  W m . T . Smith, Jr ., Sheldon Greenbaum and Gene P. Rutledge 
Department of Chemistry, University of Tennessee, Knoxville, Term.

Received February 13, 1954

Two equations relating thermal expansion coefficients with critical temperatures of organic liquids are presented. One 
of these equations is derived from the Ramsay-Shields-Eotvos and the McLeod and Sugden relations. The other equation 
has been obtained empirically with the aid of experimentally determined critical temperatures and densities. A comparison 
of the two equations is made.

T h e  t h e r m a l  e x p a n s io n  c o e f f i c i e n t  o f  a  l iq u id  is  o f  
in t e r e s t  b e c a u s e  o f  r e la t io n s  in v o l v i n g  t h is  c o e f f i 
c ie n t  a n d  t h e  h e a t  c a p a c i t y  o f  t h e  l iq u id  a n d  a ls o  
b e c a u s e  o f  t h e  p u r e ly  p r a c t i c a l  u se  o f  l iq u id  e x p a n 
s io n  in  t h e r m o r e g u la t in g  d e v ic e s .  A  f a i r l y  c o m 
p le t e  re\rie w  o f  m e t h o d s  f o r  p r e d i c t in g  c r i t i c a l  t e m 
p e r a t u r e s  a n d  t h e r m a l  e x p a n s io n  c o e f f i c ie n t s  is  
g iv e n  b y  P a r t i n g t o n .3 T h e  id e a l  m e t h o d  f o r  m a k 
in g  s u c h  p r e d i c t i o n s  s h o u ld  b e  a p p l i c a b le  t o  d i f f e r 
e n t  c la s s e s  o f  c o m p o u n d s  a n d  s h o u ld  i n v o l v e  o n ly  
d a t a  w h ic h  a r e  a l r e a d y  a v a i la b le  o r  a r e  e a s i ly  m e a s 
u r e d .

L a u t i e ,4 u s in g  t h e  R a m s a y - S h i e l d s - E o t v o s  e q u a 
t i o n  r e la t in g  s u r fa c e  t e n s io n  a n d  t e m p e r a t u r e

7 ( j Y '3 = k(Ta -  T  -  6) (l)

a n d  t h e  p a r a c h o r  r e la t io n  o f  M c L e o d  a n d  S u g d e n

[P] (neglecting vapor density) (2)

d e r iv e d  t h e  r e la t io n

( ¿ )  lJl + T  +  Z = T, (3)

S in c e  [P]4/k in  t h e  a b o v e  r e la t io n  is  c o n s t a n t  f o r  a  
g iv e n  l iq u id  a t  a  d e f in it e  t e m p e r a t u r e ,  t h e  r e la t io n  
m a y  b e  w r i t t e n

v  +  T  +  6 = Tc (4)

A s s u m in g  k' t o  b e  in d e p e n d e n t  o f  t e m p e r a t u r e ,  
w h ic h  is  a  v a l i d  a s s u m p t io n  in  c a s e s  w h e r e  n o  c h e m 
ic a l  c h a n g e  o c c u r s ,  a  r e la t io n  is  o b t a in e d  i n v o lv in g  
o n l y  d e n s i t y  a n d  t e m p e r a t u r e .

(dA 10,3 T2 -  T,
\dJ +  Tc -  T, -  6 (5)

T h e  e x p a n s io n  c o e f f i c ie n t ,  a, f o r  a  l iq u id  is  d e 
f in e d  a s  l/v(dv/dT)p. I f  f in it e  t e m p e r a t u r e  in t e r 
v a ls  a r e  u s e d  a n d  t h e  r e c ip r o c a ls  o f  t h e  d e n s it ie s  
s u b s t i t u t e d  f o r  v o lu m e s ,  t h e  d e f in i t io n  o f  a b e c o m e s  
(cli/di — 1 )/(To — Ti). S u b s t i t u t in g  f o r  d i / d 2 it s  
e q u iv a le n t  f r o m  e q .  5  w e  h a v e

k ( r ,  -  to  +  H10'3 = +  i (6)

(1 ) T h is  p a p e r  is  b a s e d  o n  th eses  p re s e n te d  b y  S h e ld o n  G re e n b a u m , 
M a r c h , 194 6 , a n d  G e n e  P . R u t le d g e ,  J u n e , 1948 , in  p a r t ia l fu lf i llm e n t  
o f  th e  re q u ire m e n ts  f o r  th e  M .S .  d e g re e . T h e  w o rk  w a s  s p o n s o r e d  
b y  th e  F u lt o n -S y lp h o n  C o m p a n y , K n o x v i l le ,  T e n n e sse e .

(2 ) P r e s e n te d  a t  th e  1 1 5 th  m e e t in g  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 a n  F r a n c is c o ,  C a lifo rn ia , M a r c h , 1949 .

(3 ) J. R . P a r t in g to 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 , ”  V o l .  I ,  L o n g m a n s , G re e n  a n d  C o m p a n y ,  L o n d o n , 1949 , p p .  6 4 6 -  
6 5 2 ; V o l .  I I ,  195 1 , p p .  4 3 -4 9 .

(4 ) R .  L a u tie , Bull, soc, chim. France, [5 ]  2 , 155, 2 23 4  (1 9 3 5 ).

U p o n  r e a r r a n g e m e n t  t h r e e  m o r e  c o n v e n ie n t  f o r m s  
o f  t h e  e q u a t io n  a r e  o b t a in e d .

1 + ;
AT

- T, )0.3

A T

T, = AT

To =

( a - A T  +  l)1»'3 -  1 
A T

+ T, +  6

(rflM)10' 3 -  1 +  To +  6

(6A)

(6B)

(6C)

T h e  e x p a n s io n  c o e f f i c ie n t  f o r  a n y  t e m p e r a t u r e  in 
t e r v a l  m a y  t h e n  b e  c a lc u la t e d  f r o m  t h e  c r i t i c a l  t e m 
p e r a t u r e  o f  t h e  l iq u id  o r  t h e  c r i t i c a l  t e m p e r a t u r e  
m a y  b e  c a lc u la t e d  f r o m  t h e  d e n s it ie s  a t  t w o  k n o w n  
t e m p e r a t u r e s .

E q u a t i o n  6  s h o w s  t h a t  t h e  c o e f f i c ie n t  o f  e x p a n s io n  
o f  a  l iq u id  r is e s  w it h  t h e  t e m p e r a t u r e  a n d  i t s  v a lu e  
is  a  f u n c t i o n  o f  t h e  m a g n it u d e  o f  t h e  in t e n t a i  b e 
t w e e n  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  d e n s it ie s  a re  
m e a s u r e d  a n d  t h e  c r i t i c a l  t e m p e r a t u r e  a s  w e l l  a s  a  
f u n c t i o n  o f  AT.

T a b le  I  a f fo r d s  a  c o m p a r is o n  o f  T0 c a l c u la t e d  u s 
in g  e q .  6 C  a n d  T0 o b t a in e d  b y  d i r e c t  m e a s u r e m e n t s  
o n  7 4  o r g a n ic  c o m p o u n d s .  Tc w a s  c a l c u la t e d  o v e r  
a  s m a lle r  r a n g e , u s u a l ly  a p p r o x im a t e ly  3 0 ° ,  a n d  a  
la r g e r  r a n g e , w h i c h  o r d in a r i ly  e x t e n d e d  f r o m  0  t o  
w it h in  a b o u t  1 0 °  o f  t h e  b o i l in g  p o in t .  T h e  t a b le

Fig. 1.—Thermal expansion coefficients for undecane 
(ref. h and d of Table I): © ealed. from density measure
ments; •, predicted from critical temperature (eq. C>A); 
O, predicted from critical temperature (eq. 7A).
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T able I

Experimental and Calculated Critical T emperatures

Dev. from exptl., %

Compound Density“ at temp.. Density“°K. °]
Toluene 0.877940' 281.2 0.779703
Benzene .891800' 281.2 .813835
o-Xylene .91595“* 250.25 .80573
m-Xylene .88113“* 273.2 .77172
p-Xylene .86544“* 288.1 .76658
Propionitrile .77152“* 303.2 .69837
Butyronitrile .78165“* 303.2 .71762
Capronitrile .79704“* 303.2 .74005
Chlorobenzene 1.0978“* 301.2 1.0100
Ethylbenzene 0.88458“* 273.2 0.77016
Propylbenzene .87804“* 273.2 .76608
Cyclohexane .78315“* 288.2 .70080
Methylcyclohexane . 78650“* 273.2 .69825
Acetone .81250“* 273.2 .77933
Carbon disulfide 1.29270“* 273.2 1.24817
Pentane 0.64543“* 273.2 0.61607
2-MethyIbutano .03945“* 273.2 .62470
Hexane . 67704“* 273.2 .65055
Heptane .70048“* 273.2 .67522
3-Ethylpentane .7160“* 273.2 .6442
Octane .71850“* 273.2 .69450
2,5-Dimethylhexn.ne .71020“* 273.2 . 68551
Isoöctane .7078“* 273.2 .6303
Nonane .73300“* 273.2 .70988
Decane . 74487“* 273.2 .72238
Undecane . 75483“* 273.2 .73282

.7182“* 323.2 .6224
Dodecane . 75248“* 288.2 .74157
Pentadecane .77197“* 288.2 .76146
Tridecane .77049“* 273.2 .74915
Dotriacontane .77910“* 348.2 .75185
Methyl formate 1.00317“* 273.2 .97421
Ethyl formate 0.94815“* 273.2 .90958

(1 .0 0 0 0 0  )« 273.2 (1.07882)
Ethyl acetate 0.92453“* 273.2 0.88851

Ethyl propionate
(1 .00000)* 273.2 (1.11094)
0.91251“* 273.2 0.87903

(1.00000)* 273.2 (1.12890)
Ethyl butyrate 0.89998“* 273.2 0.86871

(1 .00000)* 273.2 (1.15864)
Ethyl nonate 0.88156“* 273.2 0.85693
Ethyl octanoate .88351“* 273.2 .85802

(1.0000/ 273.2 (1.1798)
Acetic anhydride 1.0870“* 288.2 1.0443
Propyl acetate (1 .00000)* 273.2 (1.13422)
Propyl butyrate (1 .00000)* 273.2 (1.17389)
Methyl isobutyrate (1.00000)* 273.2 (1.12288)
Isobutyl isobutyrate (1 .00000)* 273.2 (1.03402)

Isobutyl butyrate
(1 .000 00 )« 273.2 (1.16397)
(1 .000 00 )« 273.2 (1.03425)

Isobutyl formate
(1 .0 0 0 0 0 )« 273.2 (1.18388)
(1.00000)« 273.2 (1.04225)

Isobutyl propionate
(1.00000)« 273.2 (1.13352)
(1 .000 00 )« 273.2 (1.03114)

Propyl isobutyrate
(1.00000)« 273.2 (1.17933)
(1.00000)« 273.2 (1.04098)

Propyl propionate
(1 .0 0 0 0 0 )« 273.2 (1.17875)
(1 .000 00 )« 273.2 (1.03424)

Methyl acetate
(1 .0 0 0 0 0 )« 273.2 (1.15902)
(1 .0 0 0 0 0 )« 273.2 (1 .0 7 3 5 3 )

Methyl propionate (1 .0 0 0 0 0 )« 2 7 3 .2 (1 .1 0 7 8 9 )

temp.,
Critical temp., 

Caled. Caled. 
Eq. 6B Eq. 7B

°K.
Exptl. 6

Eq. 6B Eq. 6B 
(smaller (larger 

interval) interval) Eq. 7B

3 8 3 .2 5 9 9 .0 5 8 7 .7 5 9 3 .8 0 .9 1 .0
3 5 3 .2 56 1 .1 5 4 4 .7 5 6 1 .7 0 .1 3 .0
37 9 .5 5 6 2 8 .3 6 4 0 .2 6 3 1 .5 0 .5 1 .4
3 9 9 .2 6 3 2 .0 6 3 1 .7 6 1 8 .8 2 .1 2 .1
39 8 .7 5 6 2 7 .0 62 3 .1 6 1 7 .6 1 .5 0 .9
3 7 2 .35 5 5 4 .0 5 2 3 .7 5 6 4 .4 1 .8 7 .2
3 6 8 .8 5 7 4 .0 5 5 5 .9 5 8 2 .2 1 .4 4 .5
3 7 0 .3 5 6 1 6 .0 6 2 3 .7 6 2 2 ,2 1 .0 0 .2
3 8 1 .8 6 4 0 .0 6 5 6 .2 6 3 2 .2 1 .2 3 .8
399 .1 6 1 9 .0 6 1 0 .6 6 1 9 .2 0 .1 1 .4
4 0 3 .2 6 3 4 .0 6 3 1 .7 6 3 8 .8 0 .8 1 .1
3 7 2 .4 5 6 6 .0 5 4 1 .5 5 5 4 .1 2 .1 2 .3
37 2 .7 0 5 8 3 .0 5 6 7 .6 5 7 4 .7 1 .4 1 .3
3 0 3 .2 5 1 0 .3 49 4 .1 5 0 8 .2 0 .4 2 .8
3 0 3 .2 5 5 1 .0 5 5 9 .3 5 4 6 .2 0 .9 2 .4
3 0 3 .2 4 8 7 .6 4 6 0 .7 4 7 0 .4 3 .6 2 .1
2 8 8 .2 4 7 9 .6 4 5 5 .7 4 6 1 .0 4 .0 1 .2
3 0 3 .2 5 1 9 .8 5 0 8 .8 5 0 8 .0 2 .3 0 .2
3 0 3 .2 5 3 9 .6 5 3 1 .5 5 4 0 .2 0 .1 1 .6
3 5 3 .2 5 4 3 .5 5 2 5 .0 5 4 0 .8 0 .5 2 .9
3 0 3 .2 5 6 0 .0 573 .1 569 .1 1 .5 0 .7
3 0 3 .2 5 4 8 .8 5 5 5 .3 5 5 0 .0 0 .2 1 .0
3 6 3 .2 5 5 9 .8 5 3 6 .5 5 4 4 .3 2 .8 1 .4
3 0 3 .2 5 7 7 .5 6 0 0 .7 5 9 6 .0 1 .9 0 .8
3 0 3 .2 5 8 8 .2 5 8 3 .7 6 0 3 .6 2 .6 3 .3
3 0 3 .2 5 9 9 .0 6 4 2 .8 6 4 2 .6 6 .8 0 .0
4 4 3 .2 6 4 5 .4 624 .1 6 4 2 .6 0 .4 2 .9
3 0 3 .2 6 1 0 .4 6 6 1 .8 6 5 8 .2 7 .2 0 .5
3 0 3 .2 6 2 9 .7 700.1 71 7 .6 1 2 .2 2 .4
3 0 3 .2 6 1 4 .3 6 7 3 .3 6 8 3 .2 1 0 .0 1 .4
3 9 1 .2 8 4 9 .8 8 3 3 .5 8 8 2 .2 3 .7 5 .5
2 9 3 .2 4 9 4 .3 4 7 4 .6 4 8 7 .2 1 .5 2 .6
3 0 3 .2 5 1 1 .4 4 9 5 .2 5 0 8 .5 0 .6 2 .6
3 2 6 .1 5 1 5 .9 4 9 0 .4 5 0 8 .5 1 .5 3 .6
3 0 3 .2 5 2 1 .2 5 0 8 .3 5 2 3 .3 0 .4 2 .9
3 4 6 .7 5 2 7 .6 4 9 6 .9 5 2 3 .3 0 .8 5 .0
3 0 3 .2 5 3 5 .3 5 3 3 .0 54 6 .1 2 .0 2 .4
3 6 3 .7 5 5 1 .4 52 3 .1 546.1 1 .0 4 .2
3 0 3 .2 5 4 9 .2 5 5 5 .5 5 6 6 .2 3 .0 1 .9
3 8 7 .6 57 4 .1 5 4 3 .7 5 6 6 .2 1 .4 4 .0
3 0 3 .2 6 1 2 .5 6 6 8 .0 6 7 3 .2 9 .0 0 .8
3 0 3 .2 6 0 1 .9 6 4 8 .9 6 5 9 .2 8 .6 1 .6
4 2 8 .5 6 4 5 .7 6 3 3 .5 6 5 9 .2 2 .0 3 .9
3 2 3 .2 5 7 4 .0 5 8 4 .4 5 6 9 .2 0 .9 2 .7
3 6 8 .7 5 5 7 .7 5 2 9 .9 5 4 9 .4 1 .5 3 .5
4 0 4 .1 5 9 5 .4 5 6 6 .8 6 0 0 .2 0 .8 5 .6
3 6 0 .3 5 5 0 .9 5 2 4 .5 5 4 0 .8 1 .9 3 .0
3 0 5 .6 5 8 6 .2 6 1 8 .6 6 0 2 .2 2 .7 2 .7
3 9 9 .9 5 9 8 .2 5 7 4 .2 6 0 2 .2 0 .7 4 .7
3 0 6 .3 5 9 0 .9 6 2 6 .5 6 1 1 .2 3 .3 2 .5
4 1 4 .7 6 0 8 .0 5 8 0 .1 6 1 1 .2 0 .5 5 .1
3 0 9 .1 5 5 7 .8 5 6 6 .7 5 5 1 .2 1 .2 2 .8
3 7 1 .8 5 6 7 .9 5 4 3 .9 5 5 1 .2 3 .0 1 .3
3 0 2 .2 5 7 7 .7 6 0 5 .6 5 9 2 .2 2 .4 2 .7
4 0 4 .5 5 8 9 .6 5 5 7 .3 5 9 2 .2 0 .4 5 .9
3 1 0 .2 5 7 4 .3 5 9 4 .5 5 8 9 .2 2 .5 0 .9
4 0 3 .1 5 8 7 .0 55 4 .1 5 8 9 .2 0 .3 6 .0
3 0 4 .0 5 6 9 .2 5 8 9 .7 5 7 8 .2 1 .6 2 .0
389 .21 5 7 8 .2 5 4 8 .4 5 7 8 .2 0 .0 5 .2
3 2 2 .8 5 1 4 .7 4 9 0 .2 5 0 6 .9 1 .5 3 .3
3 4 7 .6 5 3 6 .3 5 0 9 .3 5 3 0 .6 1 .0 4 .0
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C o m p o u n d  

Methyl butyrate 
Pyridine 
Phenol 
Aniline 
Anisole 
Chloroform 
Carbon tetrachloride 
Methylamine 
Ethylamine 
Acenic acid

Propionic acid

Butyric acid

Isot'Utyric acid 
Valeric acid

3-Methylbutyric acid 
Methanol 
Ethanol 
Butanol-1

Butanol-2 (racemic) 
2-Methylpropanol-l 
2-M ethylpropanol-2
2- M ethylbutanol-2
3- Methylbutanol-l 
Heptanol-1

Octanol-1

D e n s ity ®  a t  te m p .,
°K.

(1 .0 0 0 0 0 ) ' 2 7 3 .2
1 .0 0 3 1 “* 2 7 3 .2
1 .0 4 9 9 “* 3 2 3 .2
1 .0 390 5“* 2 7 3 .2
1 .0 124 3“* 2 7 3 .2
1 .5 2 6 3 8 “* 2 7 3 .2
1 .6 3 2 5 5 “* 2 7 3 .2
0 .7 6 9 0 3 “* 1 9 9 .0
0 .7 8 5 4 “* 20 0 .5 5
1 .0 492 6“* 2 9 3 .2

(1 .0 0 0 0 ) ' 2 7 3 .2
1 .0 150 3“* 2 7 3 .2

(1 .0 0 0 0 0 )« 2 7 3 .2
0 .9 7 7 6 2 “* 2 7 3 .2

(1 .0 0 0 0 ) ' 2 7 3 .2
0 .9 6 8 1 5 “* 2 7 3 .2

. 95744“* 2 7 3 .2
(1 .000 0 )« 2 7 3 .2
0 .9 4 4 6 2 “* 2 7 3 .2

.80999" 2 7 3 .2

.79784" 2 8 3 .2
(1 .000 0 )« 2 7 3 .2
(1 .0 0 0 0 ) ' 2 7 3 .2
0 .8 2 2 7 3 “* 2 7 3 .2

.81707“* 2 7 3 .2

. 78760«* 2 9 3 .2

.82 718“* 2 7 3 .2

.82392“* 2 7 3 .2
(1 .0 0 0 0 )« 2 7 3 .2
(1 .0 0 0 0 ) ' 2 7 3 .2
(1 .0 0 0 0 )« 2 7 3 .2
(1 .0 0 0 0 )« 2 7 3 .2

T a b l e  I  (Continued,)

Density® at temp.,
K.

(1 .1 3 1 8 3 ) 3 6 7 .5
0 .9 164 3 5 8 .2
1 .0325 3 4 3 .2
1 .01317 3 0 3 .2
0 .9 846 2 3 0 3 .2
1 .47060 3 0 3 .2
1 .57480 3 0 3 .2
0 .7 112 4 2 5 2 .2
0 .6 9 4 9 2 8 3 .3
1 .02679 3 1 3 .2

(1 .1 2 2 9 ) 3 8 0 .2
0 .9 826 0 3 0 3 .2

(1 .1 6 1 6 1 ) 4 0 5 .8
0 .9 479 7 3 0 3 .2

(1 .1 5 3 7 ) 4 0 4 .7
0 .9 378 2 3 0 3 .2

.93017 3 0 3 .2
(1 .1 5 7 6 ) 4 1 6 .7
0 .9 170 8 3 0 3 .2

.78184 3 0 3 .2

.77203 3 1 3 .2
(1 .0 3 6 2 ) 3 1 2 .5
(1 .1 2 0 3 ) 3 8 1 .7
0 .7 989 8 3 0 3 .2

.79437 3 0 3 .2

.77090 3 0 8 .2

.79974 3 0 3 .2

.80179 3 0 3 .2
(1 .0 3 6 2 ) 3 1 6 .8
(1 .1 7 2 2 ) 4 2 9 .6
(1 .0 2 2 9 ) 30 2 .1
(1 .2 0 7 6 ) 459

Critical temp., " K .
Calcd. 

E q . 6B
Calcd. 
E q . 7B Exptl. h

55 S .0 5 3 1 .0 5 5 4 .5
6 0 5 .9 6 1 6 .2 6 1 7 .2
6 9 7 .6 79 7 .2 6 9 2 .2
6 5 1 .6 7 5 3 .2 6 9 9 .2
618 .1 6 7 8 .5 6 4 2 .2
5 3 6 .3 5 3 4 .6 5 3 6 .2
5 4 4 .4 5 6 4 .6 5 5 6 .3
4 3 7 .0 409 .1 4 3 0 .0
4 5 3 .8 4 1 7 .0 4 5 6 .4
5 8 6 .5 6 1 1 .9 5 9 4 .8
6 1 4 .6 6 1 2 .9 5 9 4 .8
5 7 1 .7 5 9 4 .3 6 1 2 .7
6 1 6 .5 66 9 .1 6 1 2 .7
5 8 6 .7 6 2 1 .0 6 2 8 .2
6 2 6 ,0 6 1 7 .5 62 S .2
5 7 7 .7 604.1 6 0 9 .2
6 0 5 .9 6 5 6 .2 6 5 2 .2
6 5 0 .9 6 5 1 .9 6 5 2 .2
5 9 9 .0 6 4 2 .9 6 3 4 .2
5 4 9 .0 5 5 5 .4 5 1 3 .2
5 7 8 .4 5 9 8 .2 5 1 6 .3
6 3 0 .6 6 9 6 .2 5 6 0 .2
6 2 3 .3 6 2 9 .9 5 6 0 .2
6 0 1 .8 6 4 8 .5 5 3 8 .2
6 1 4 .6 6 7 1 .5 5 3 8 .2
5 1 7 .4 5 0 0 .9 5 0 8 .2
5 6 1 .3 5 7 6 .3 5 4 5 .2
6 2 5 .0 6 9 2 .8 5 8 0 .2
669.1 7 6 9 .7 6 3 8 .2
6 5 7 .5 6 5 3 .2 6 3 8 .2
6 7 6 .0 7 9 8 .3 6 5 8 .2
6 7 7 .4 6 6 4 .9 6 5 8 .2

D e v .  fr o m  e x p t l . ,  % 
E q . 6 B  E q . 6 B  
(s m a lle r  ( la rg e r
interval) interval) Eq. 7B

0 .6 4 .2
1 .8 0 .2

0 .8 1 5 .2
6 .8 7 .7
3 .7 5 .7
0 .0 0 .3
2 .1 1 .5

1 .6 4 .7
0 .6 8 .6

1 .3 2 .9
3 .3 3 .0

6 .7 3 .0
0 .6 9 .2

6 .6 1 .1
0 .4 1 .7

5 .2 0 .8
7 .1 0 .6

0 .2 0 .0
5 .5 1 .4
7 .0 8 .2

1 2 .0 1 5 .9
1 2 .5 2 4 .3

1 1 .2 1 2 .4
11 .8 2 0 .5
1 4 .1 2 4 .8

1 .8 1 .4
3 .0 5 .7
7 .7 1 9 .4
4 .6 2 0 .6

3 .0 2 .4
2 .7 2 1 .3

1 .4 1 .0
“ Values in the density column which are enclosed by parentheses represent relative volumes, the volume at 0° being taken 

as 1.00000. 1 The values for the experimental critical temperatures for the hydrocarbons were taken from M. P. Doss,
“Physical Constants of the Principal Hydrocarbons,”  3rd. Ed., The Texas Co., New York, N. Y., 1941. All others are 
from 3. D. Hodgman, “Handbook of Physics and Chemistry,” 25th Ed., Chemical Rubber Publishing Co., Cleveland, 
Ohio, 1941, p. 1703. « J. S. Burlew, J. Am. Chem. Soc., 62, 690 (1940). “* “Annual Tables of Physical Constants,”  Prince
ton, Frick Chemical Laboratories, New Jersey, 1942. « A. Zander, Ann., 224, 61ff. (1884). ! R. Gardenmeister, ibid.,
323, 286 (1886). g “ International Critical Tables,”  Vol. 3, McGraw-Hill Book Co., Inc., New York, N. Y., 1928, p. 28.

s h o w s  t h a t ,  in  f i f t e e n  o f  t h e  e ig h t e e n  c a s e s  w h e r e  T0 
w a s  c a l c u la t e d  u s in g  t h e  la r g e r  a n d  s m a lle r  t e m 
p e r a t u r e  in t e r v a ls ,  t h e r e  is  c lo s e r  a g r e e m e n t  b e 
t w e e n  T c c a l c u la t e d  a n d  o b s e r v e d  w h e n  t h e  la r g e r  
t e m p e r a t u r e  r a n g e  is  u s e d  in  t h e  c a l c u la t io n .  T h e  
t a b le  a l s o  in d i c a t e s  t h a t  h ig h ly  p o la r  l iq u id s  s u c h  
a s  a c id s  a n d  a l c o h o ls  d e p a r t  m o r e  f r o m  t h e  g e n e r a l  
r e la t io n  t h a n  t h e  le ss  p o la r  t y p e s .  T h is ,  o f  c o u r s e ,  
m ig h t  b e  e x p e c t e d  s in c e  b o t h  [ P ]  a n d  k v a r y  w it h  
t e m p e r a t u r e  f o r  th e s e  s u b s t a n c e s .  O u t  o f  t h e  f o r t y -  
f o u r  c o m p o u n d s  u s e d  in  c a lc u la t in g  Tc f r o m  t h e  
la r g e r  in t e r v a ls ,  o n l y  t h r e e  (a c e t i c  a c id ,  b u t a n o l -1  
a n d  d o t r ia c o n t a n e )  g iv e  v a lu e s  d e v ia t in g  b y  m o r e  
t h a n  3 %  f r o m  o b s e r v e d  v a lu e s .  T w e n t y - t w o  o f  
t h e  f o r t y - f o u r  d i f f e r  b y  1 %  o r  le ss .

A  m o r e  e x t e n s iv e  e v a lu a t io n  o f  e q .  6 A  c a n  b e  
a c c o m p l i s h e d  b y  a c t u a l ly  p r e d i c t in g  e x p a n s io n  
c o e f f ic ie n t s  c a l c u la t e d  f o r  a  s e r ie s  o f  s m a l l  u n i f o r m  
( 2 0 ° )  t e m p e r a t u r e  in t e r v a ls  f r o m  t h e  c r i t i c a l  t e m 
p e r a t u r e  o f  a  s u b s t a n c e .  U n d e c a n e  is  t a k e n  a s  a n  
e x a m p le  (F ig .  1 ) .  I t  is  e v id e n t  f r o m  F ig .  1 t h a t  e q . 
6 A  g iv e s  a  c u r v e  w h ic h  c r o s s e s  t h e  e x p e r im e n t a l  
c u r v e .  A l t h o u g h  t h e  a g r e e m e n t  b e t w e e n  v a lu e s  o n  
t h e  t w o  c u r v e s  is  f a i r ly  g o o d ,  t h e  t r e n d  is  u n m is 

t a k a b le .  A  la r g e r  t e m p e r a t u r e  in t e r v a l  u s e d  in  t h e  
c a l c u la t io n  u s u a l ly  w i l l  g i v e  b e t t e r  a g r e e m e n t  b e 
t w e e n  t h e  t w o  c u r v e s  s in c e  t h e  d e v ia t io n s  m a y  t e n d  
t o  c a n c e l .

A  r o t a t i o n  o f  t h e  c u r v e  p r e d i c t e d  u s in g  s m a l l  AT 
v a lu e s  is  n e c e s s a r y  t o  g i v e  a g r e e m e n t  o v e r  t h e  e n 
t i r e  t e m p e r a t u r e  r a n g e . S in c e  t h e  e x p a n s io n  c o 
e f f ic ie n t  is  a  f u n c t i o n  o f  (Tc —  Tav) w h e r e  T is  t h e  
a v e r a g e  t e m p e r a t u r e  o f  t h e  in t e r v a l  o v e r  w h i c h  t h e  
e x p a n s io n  c o e f f i c ie n t  is  d e t e r m in e d  t h e  n a t u r e  o f  t h e  
c u r v e  s u g g e s t s  t h e  e m p ir ic a l  e q u a t io n

«  =  a(T„ -  T„y  (7)

U s in g  t h e  c r i t i c a l  t e m p e r a t u r e  a n d  d e n s i t y  m e a s 
u r e m e n t s  o f  2 9  o r g a n ic  c o m p o u n d s  ( in c lu d in g  a n 
h y d r id e s ,  a c id s ,  h y d r o c a r b o n s ,  a l c o h o l s ,  f lu o r o c a r 
b o n s ,  e s te r s , k e t o n e s ,  n it r i le s ,  e th e r s  a n d  o t h e r s )  t h e  
b e s t  c u r v e ,  (AT =  3 0 °  o r  le s s )  b y  t h e  m e t h o d  o f  
le a s t  s q u a r e s ,  is  r e p r e s e n t e d  b y  t h e  e q u a t io n  (se e
T ig -  2 )

«  = 0.04314(1’,, -  U ,,)-0-6410 or (7A)



446 Wm. T. Smith, Jr., Sheldon Greenraum and Gene P. Rutledge Voi. 58

Ln (Tc -  r av).
Fig. 2.—(Curve 1), least squares plot for evaluation of constants“ in eq. 7A; (curve 2), plot for both Pettinolli’s eq. and 

for eq. 6B using AT = 8° and calculating a for assumed values of Te — T*v.: •, acetic anhydride; O, 2,2-dimethylpentane; 
x, heptane; A , toluene; A, eapronitrile; ■, cyclohexane; □ , chlorobenzene; Q, 3-ethylpentane; Q), undecane; ©, pyridine; 
O, acetonitrile; 9 , butyronitrile; C, benzene; ®, acetic acid; 0, propionic acid; H , ethyl propionate; [5, ethyl formate; 
B , ethyl acetate; O, acetone; /»-propanol; ♦, methanol; <>, thiophene; II, fluorobenzene; 8, chloroform; + , carbon 
tetrachloride; <1-, carbon disulfide; v , anisole; , -D>ethyl ether; A ,  perfiuoroheptane.

° Data on perfiuoroheptane from A. V. Grosse and G. H. Cady, Ind. Eng. Chem., 39, 3G7 (1947), and R. D. Fowler, J. D. 
Hamilton, J. S. Kasper, C. E. Weber, W. B. Buford and H. C. Anderson, ibid., 39, 375 (1947). All other data from same 
sources as in Table I.

T h is  e q u a t io n  g e n e r a l ly  g iv e s  b e t t e r  a g r e e m e n t  
t h a n  e q .  6 A  f o r  s m a lle r  t e m p e r a t u r e  r a n g e s  (s e e  
F ig .  1 ).

E i t h e r  2 ’0 o r  «  a r e  v e r y  e a s i ly  o b t a in e d  f o r  d i f 
f e r e n t  s u b s t a n c e s  u s in g  a  g e n e r a l  p l o t  o f  ( Tc — 
T av) vs. a (s e e  F ig .  3 ) .

Expansion coefficient (a X 103) 
Fig. 3.—Plot of eq. 7A.

A n  e q u a t io n  o f  t h e  s a m e  f o r m  a s  (7 A )  h a s  b e e n  
p u b l is h e d  b y  P e t t in e l l i .5 P e t t in e l l i  a s s u m e d  t h a t  
b, t h e  s l o p e  o f  t h e  l in e  o n  p l o t t i n g  ln  a vs. ln  ( Tc — 
T a v ), is  — 1 w h e r e a s  h e r e  i t  is f o u n d  t o  b e  — 0 .6 4 1 0 . 
P e t t in e l l i ’s c o n s t a n t ,  a, t h e  y in t e r c e p t  o f  t h e  ln  a vs. 
In  {Tc — 7 ’av) p l o t ,  v a r ie d  f r o m  0 .2 8 9  t o  0 .3 5 9  f o r  
t h e  14 c o m p o u n d s  h e  t e s t e d  w it h  a n  a v e r a g e  v a lu e  
o f  0 .3 1 9 . V a lu e s  o f  a c a l c u la t e d  f o r  s e v e r a l  T c — 
F av v a lu e s  u s in g  e q .  6 A  a n d  a s s u m in g  AT is  3 0 °  g iv e  
b =  — 1 .0 5 1  a n d  a =  0 .4 1 8 2  w h e n  s u b s t i t u t e d  in  e q .
7 . W h e n  A 7 ' =  1 2 °  t h e  v a lu e s  s o  o b t a in e d  a r e  b =  
— 1 .0 3 6  a n d  a =  0 .3 7 9 5 . A t  AT = 8 °  t h e  c o n 
s ta n ts ,  b =  — 0 .9 9 8  a n d  a =  0 .2 9 4 7 , c o m p a r e  c l o s e ly  
w it h  t h e  c o n s t a n t s  in  P e t t in e l l i ’s  e q u a t io n .  B y  
p l o t t i n g  th e s e  v a lu e s  o n  F ig .  2 , i t  is  e v id e n t  t h a t  e q .  
7 A  g iv e s  t h e  b e s t  a g r e e m e n t  o v e r  t h e  e n t ir e  t e m 
p e r a t u r e  r a n g e . T h is  is  a ls o  e v id e n t  in  F ig .  1. 
P e t t in e l l i  u s e d  t h e  e x p a n s io n  c o e f f i c ie n t  o f  a  l iq u id  
a t  o n ly  o n e  t e m p e r a t u r e  in  e v a lu a t in g  t h e  c o n s t a n t s .  
T a b le  I  s h o w s  t h a t  e q . 6 C ,  u s in g  s m a lle r  AT v a lu e s  
a n d  e x c lu d in g  a l c o h o ls ,  g iv e s  16 o u t  o f  3 9  c o m 
p o u n d s  d i f f e r in g  f r o m  t h e  e x p e r im e n t a l ly  d e t e r 
m in e d  Tc b y  m o r e  t h a n  3 % ,  w h e r e a s  f o r  e q .  7 B  
o n l y  4  o u t  o f  t h e  3 9  d i f f e r  b y  m o r e  th a n  3 % .

S in c e  s o  m a n y  v a r ia b le s  a r e  in v o l v e d ,  a  s t a 
t i s t ic a l  e v a lu a t io n  o f  t h e  a c c u r a c y  o f  th e s e  
e q u a t io n s  is  e s s e n t ia l ly  im p o s s ib le ;  h o w e v e r ,  a  
s u g g e s t e d  a c c u r a c y  o f  ± 3 %  f o r  Tc is  g i v e n  
f o r  e q .  6 C  u s in g  la r g e r  A T ’s  a n d  e q .  7 B  u s in g  
s m a lle r  AT’s. I f  s e v e r a l  d e n s i t y  v a lu e s  a r e  k n o w n ,  
s e v e r a l  p r e d i c t e d  v a lu e s  f o r  T0 m a y  b e  o b t a in e d .  
I n  t h is  c a s e  i t  is  s u g g e s t e d  t h a t  t h e  a v e r a g e  o f  t h e  
s e v e r a l  p r e d i c t e d  Tc v a lu e s  b e  u s e d .  I f  t h e  e x p a n 
s io n  c o e f f i c ie n t  is  n o t  a c c u r a t e ly  k n o w n ,  t h e  p r e -  

(.'>) i'. ivtiimiii, ./. piij/s., l, Astri (moro.
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d ie t e d  Tc c a n n o t  b e  r e l ia b le .  A  3 %  d i f f e r e n c e  in  
Tc is  r o u g h ly  e q u iv a le n t  t o  a  5 %  d i f f e r e n c e  in  a. 

A c k n o w le d g m e n t .— -T h is  w o r k  w a s  c a r r ie d  o u t

u n d e r  a  g r a n t  e s t a b l is h e d  a t  t h e  U n iv e r s i t y  o f  
T e n n e s s e e  b y  t h e  F u l t o n - S y l p h o n  C o m p a n y  o f  
K n o x v i l l e ,  T e n n e s s e e .
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S w a in 1 h a s  t r e a t e d ‘ c o n s e c u t iv e  i r r e v e r s ib le  f ir s t -  
o r d e r  k in e t i c s  f o r  t h e  c a s e  in  w h ic h  b o t h  p r o d u c t s

B  a n d  C  in  t h e  r e a c t io n  A  B  C  a r e  a n a ly z e d  
a s  a  s in g le  c h e m ic a l  s p e c ie s .  A  s t u d y  o f  a  f i r s t -o r d e r  
c o n s e c u t iv e  r e a c t io n  in  th is  L a b o r a t o r y  r e v e a ls  a  r e 
a c t i o n  in  w h i c h  t h e  o n ly  s p e c ie s  w h ic h  c a n  b e  m e a s 
u r e d  w i t h  a n y  e x p e r im e n t a l  p r e c is io n  is  t h e  s p e c ie s

C  r e p r e s e n t e d  in  t h e  e q u a t io n  A  — V  B  C . 
I f  ki a n d  fc2 a r e  t o  b e  e v a lu a t e d  f r o m  t h is  m e a s u r e 
m e n t  a lo n e ,  a  s e r ie s  o f  t e d io u s  a p p r o x im a t io n s  h a s  
b e e n  t h e  u s u a l  p r o c e d u r e  in  t h e  p a s t .

P a irs  o f  g ra p h s
(y/a) (y'/a) Offset log K log m K kit k\
0 .3 0 .4 0 .100 - 0 .2 8 5 Tangeney of curves

.3 .6 274 -  .300 0.476 0.502 2.99 0. 0997

.3 .7 359 -  .302 .562 .499 3.65 .1007

.4 .6 .173 -  .301 .475 .500 2.99 .0997

.4 .7 .258 -  .301 .561 .500 3.69 .1004

Av. 0 .50025 0 . IOOI05
h  = K  Ìh =  0.0500

Table of K  vs. m V alues

K y/a = 0.3 y/a = 0 .4 y/a = 0. G y/a = 0.7 K y/a = 0.3 y/a = 0.4 y/a = 0.0 y/a = 0.7
0.01000 36.6700 52.0900 92.6300 121.4000 1.5000 0.902S 1.1346 1.6742 2.0252

.01053 34.8935 49.5330 88.0460 115.3870 2.0000 . 7925 1.0008 1.4899 1 .SI18

.01111 33.1020 46.9260 83.4750 109.3590 3.0000 .6710 0.8539 1.2965 1.5956

.01176 31.3225 44.4295 i8.8885 103.3430 4.0000 .6024 .7736 1.1971 1.4888

.01250 29.5360 41.7600 74.3120 97.3280 5.0000 .5581 .7228 1.1373 1.4265

.01333 27.7575 39.3150 69.7275 91.3050 6.0000 .5270 . 6878 1.0979 1.3861

.01429 25.9770 36.7640 65.1490 85.2880 7.0000 . 5039 . 6623 1.0704 1.3581

.01539 24.1930 34.2095 60.5670 79.2675 8.0000 .4860 . 6429 1.0497 1.3375

.01667 22.4100 31.6560 55.9860 73.2480 9.0000 .4719 .6278 1.0341 1.3218

.01818 20.6250 29.1060 5.1.4030 67.2265 10.000 .4604 . 6158 1.0216 1.3093

.02000 18.8457 26.5500 46.8250 61.2100 15.000 .4255 . 5798 0.9853 1.2730

.02222 17.0640 23.9985 42.2460 55.1880 20.000 .4080 .5621 .9676 1.2553

.02500 15.2800 21.4.440 37.6640 49.1720 25.000 . 3975 .5516 .9571 1.2448

.02857 13.4995 18.8930 33.0855 43.1550 30.000 .3906 .5447 . 9502 1.2379

.03333 11.7180 16.3410 28.5060 37.1370 35.000 .3857 .5398 .9453 1.2330

.04000 9.9375 13.7900 23.9275 31.1200 40,000 .3820 .5361 .9416 1.2293

.05000 8.1600 11.2420 19.3520 25,1060 45.000 .3792 . 5333 .9388 1.2264

.06667 0.3825 8.6970 14.7795 19.0950 50.000 . 3769 .5310 . 9365 1.2242

.10000 4.6040 6.1580 10.2160 13.0930 55.000 . 3750 .5292 . 9346 1.2223

.11111 4.2471 5.6502 9.3069 11.8962 60.000 .3735 .5276 .9331 1.2208

.12500 3.8880 5.1432 8.3976 10.7000 65.000 .3722 .5263 .9318 1.2195

.14290 3.5273 4.6361 7.4928 9.5067 70.000 .3711 .5252 .9307 1.2184

.16667 3.1620 4.1268 6.5874 8.3166 75.000 .3701 .5242 .9297 1.2174

.20000 2.7905 3.6140 5.6865 7.1325 80.000 .3692 .5234 .9289 1.2166

.25000 2.4096 3.0944 4.7884 5.9552 85.000 .3685 .5227 .9281 1.2158

.33333 2.0130 2.5617 3.8895 4.7868 90.000 .3678 .5220 .9275 1.2151

.50000 1.5868 2.0016 2.9798 3.6236 95.000 .3673 .5214 .9268 1.2146

.66667 1.3542 1.7019 2.5113 3.0378 100.000 .3667 . 5209 .9263 1.2140

( 1 ) O. O. S\vai n, ./. Am. Chcm. Sor.. 66, 1090 (1944). I f  (a — .(•'), (x -  //) Íu id  y represent the a m o u n t  or
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c o n c e n t r a t i o n  o f  A ,  B  a n d  C ,  r e s p e c t iv e ly ,  w h e r e  a 
is  t h e  a m o u n t  o r  c o n c e n t r a t io n  o f  A  a t  t i m e  t =  0 , 
t h e  r a t e s  m a y  b e  w r i t t e n

dx/d t =  h(a — x) (1)
dy/dt = h{x — y) (2)

a n d  t h e  in t e g r a t io n  le a d s  t o

x =  a (l — e-k‘‘) (3)
y = a ll — [l/(fci — k2) — /cie~*2<)l (4)

I f  t h e  f o l l o w in g  s u b s t i t u t io n s  a r e  m a d e  in  e q u a t io n  
4 , o n e  o b t a in s

K  = fa/ki; m = kit
(y/a — 1)(1 — K) =  Ke~m — e~mK (5)

T h e  v a lu e  y/a r e p r e s e n t s  t h e  d e g r e e  o f  c o m p le t io n  
o f  t h e  r e a c t io n  a t  a n y  t im e .  I f  f o r ,  s a y ,  t w o  v a lu e s ,  
y/a a n d  y’/a, t h e  s o lu t io n  o f  (5 )  is  t a b u la t e d  w it h in  
t h e  r a n g e  o f  K  = 0 .0 1  t o  K  = 1 0 0 .0 , t h e  s p e c i f i c  
r e a c t i o n  r a t e  c o n s t a n t s  c a n  b e  e v a lu a t e d  in  t h e  f o l 
l o w in g  w a y .

F o r  e a c h  v a lu e ,  y/a a n d  y’/a, p l o t  a  g r a p h  o f  K  
versus l o g  m. T h is ,  f r o m  t h e  d e f in i t io n  o f  m, is  s e e n  
t o  h a v e  t h e  a b s c is s a  l o g  kt. I f  t h e  g r a p h  p a p e r  is  
t r a n s p a r e n t ,  t h e  a b s c is s a s  o f  t h e  t w o  g r a p h s  m a y  
b e  e q u a t e d  b y  o f f - s e t t in g  o n e  g r a p h  f r o m  t h e  o t h e r  
b y  a n  a m o u n t  e q u a l  t o  l o g  t — l o g  f ,  w h e r e  t

c o r r e s p o n d s  t o  t h e  t im e  w h e r e  y/a c o m p le t i o n  h a s  
o c c u r r e d .  T h e  in t e r s e c t io n  o f  t h e  t w o  g r a p h s  m u s t  
t h e n  g iv e  t h e  u n iq u e  s o lu t io n  f o r  K . T h i s  g e n e r 
a l l y  a p p l i c a b le  s o lu t io n  t h e n  r e s o lv e s  i t s e l f  i n t o  a  
t a b u la t io n  o f  K  versus m v a lu e s  f o r  t h r e e  o r  f o u r  
v a lu e s  o f  y/a. T h e  v a lu e s  o f  y/a =  0 .3 ,  0 .4 ,  0 .6  
a n d  0 .7  w o u l d  a l l o w  s e v e r a l  d e t e r m in a t i o n s  o f  K  
a t  v a r io u s  s t a g e s  o f  c o m p le t io n  o f  t h e  k in e t i c  p r o c 
e s s . F r o m  e q u a t io n  5  i t  c a n  b e  s e e n  t h a t  t h e r e  is  
n o  a lg e b r a ic  m e t h o d  f o r  e x p r e s s in g  m e x p l i c i t l y  a n d  
t h a t  o n l y  a  s e r ie s  o f  a p p r o x im a t io n s  w o u l d  le a d  t o  
a  v a lu e  o f  m f o r  a  g iv e n  s e t  o f  v a lu e s  y/a a n d  K. 
S o lu t io n s  w e r e  o b t a in e d  b y  u s in g  s u c c e s s iv e  a p 
p r o x im a t io n s  w i t h  t h e  a id  o f  m a t h e m a t i c a l  t a b l e s .2 
T h e  v a lu e s  o f  m , K  a n d  y/a a r e  g iv e n  in  T a b l e  I .  
T h e  m e t h o d  w a s  t e s t e d  b y  a p p ly in g  i t  t o  t h e  h y p o 
t h e t i c a l  r e a c t i o n  f o r  w h i c h  ki =  0 .1  m i n . - 1  a n d  
A:2 =  0 .0 5  m i n . - 1  f o r  w h i c h  t h e  t im e s  f o r  y/a =  
0 .3 ,  0 .4 ,  0 .6  a n d  0 .7  a r e  1 5 .8 7 , 2 0 .0 2 ,  2 9 .8 0  a n d  3 6 .2 4  
m in u t e s ,  r e s p e c t iv e ly .  G r a p h s  c o n s t r u c t e d  o n  
s u f f i c i e n t ly  la r g e  p a p e r  t o  p e r m it  a  p r e c is io n  o f  f o u r  
s ig n i f i c a n t  f ig u r e s  in  l o g  t a n d  t h r e e  in  l o g  m w e r e  
o f f s e t  o n  o n e  a n o t h e r  b y  l o g  t — l o g  t' a n d  K  r e a d  o f f  
d i r e c t ly .

(2 ) T a b le s  o f  E x p o n e n t ia l  F u n c t io n s ,  F e d e ra l  W o r k s  A g e n c y ,  
W o r k s  P r o je c t  A d m in is t r a t io n  (U n d e r  S p o n s o rs h ip  o f  N a t l .  B u r . 
S ta n d a r d s ) ,  1 9 3 9 ; “ A  N e w  M a n u a l o f  L o g a r ith m s ,”  K .  C .  B ru h n s , 
R e v .  e d .,  T h e  C h a r le s  T .  P o w n e r  C o . ,  C h ic a g o ,  I ll in o is , 1 9 4 2 .
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